UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII

Rozprawa doktorska

Synteza, struktura i wlasciwosci fotofizyczne nowych cyklometalowanych
kompleksow irydu(111) jako potencjalnych emiterow fosforescencyjnych dla
organicznych diod elektroluminescencyjnych (OLED)

Synthesis, structure, and photophysical properties of new cyclometalated
iridium(II1) complexes as potential phosphorescent emitters for organic
light-emitting diodes (OLED)

mgr Bartosz Orwat

Promotor pracy doktorskiej: Prof. UAM dr hab. Ireneusz Kownacki

Praca zostala wykonana w Zakladzie Chemii i Technologii Zwigzkéw Krzemu
Wydzialu Chemii Uniwersytetu im. Adama Mickiewicza w Poznaniu

UM

UNIWERSYTET
IM. ADAMA MICKIEWICZA
W POZNANIU

Poznan 2020



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII




=

UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

WYDZiAr CHEMII

Z catego serca dzigkuje

Panu Prof. UAM dr hab. Ireneuszowi Kownackiemu

za opieke merytoryczng przez caly okres studiow,
owocne dyskusje na réznorakie tematy, ogrom przekazanej wiedzy
oraz nieocenione wsparcie w kazdym dzialaniu

Narzeczonej Julii

za nieskonczone poklady cierpliwo$ci, wyrozumialo$¢ i wsparcie,
szczegolnie w najtrudniejszych chwilach

Rodzicom i Siostrze

za uczynienie mnie tym, kim jestem i niegasngcg wiare we mnie

Kolegom i Kolezankom z Centrum Zaawansowanych Technologii

za wsparcie, wspanialg atmosfere w pracy i wspdlnie spedzony czas



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII




UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII

Spis tresci

1. WyKaz stoSOWanych SKIGTOW......c.ouccrmiirimiiiiiiicceeieeecreecrreceeirecee e eecss e e eee 7
2. Streszczenie W JEZYKU POISKIIML......cuiuiiirieieiiietei ettt ettt ettt sttt eb ettt es e 9
3. Streszczenie W jezZyKu an@ielSKIIM ........ooccviiiiiiiiiiciec ettt ees 10
4. Ankieta dorobku NAUKOWEZO .....c.cveviiiieieiieiciietctetctettet ettt bbb bbb bbb 11
4.1. Publikacje wchodzace W skfad rOZPrawy ...t 11
4.2. POZOSLATe PUDIIKACIE ...ttt ettt bttt bt 11
4.3. Patenty i gloSZenia PAteNTOWE.......ccvvveieieieeerreireerr ettt neeenenesenenenen 12
4.4, STAZE NAUKOWE. ...ttt bbb bbbt et 12
4.5. Udzial w konferencjach NauRKOWYCH ......covoveiieiiiiececre e eenneen 12
4.6. Udzial w grantach badawczyCh ...ttt 13
4.7. StyPendia 1 NAGIOAY ....c.vovvveeeeiieeerrieerrree ettt ettt 14
B WISEEP bbb d e bbb et b e e e a e e s 15
6. Cel pracy i uzasadnienie podjecia tematyki Dadawcze] .....c.ceveveveveeiieiiiiiiiicccccccereeece s 25
7. Omoéwienie publikacji bedacych podstawa rOZPIrawy ...ttt 26
7.1. Jonowe zwiagzki kompleksowe o strukturze [Ir(bzq)a(NAN)FA™ oot 26
7.2. Kompleksy Ir(III) zawierajace fluorowane S-ketoiminianowe ligandy pomocnicze .........cccceccevurcnnnce. 33
7.3. Kompleksy Ir(III) zawierajace N-arylopodstawione ligandy -ketoiminianowe ..........ccccccceueueivecucunnees 39
7.4. Funkcjonalizacja benzo[h]chinoliny W POZYCIi 5.....c.cceeueriiiiiiiiiiiericcrceneereererereeneeeerecssnneens 45
7.5. Dwurdzeniowe kompleksy irydu(III) o strukturze [Ir(CAN)2(#-Cl)]2 coeveeeremeecmneinccrnccriceceirecnneaene 53
7.6. Zwiazki kompleksowe irydu(III) zawierajace 5-funkcjonalizowane pochodne bzq.......cccocevrvrvevrinencen. 62
8. PodSUMOWANIE I WIIOSKI ....cuuuiiiiiiciiicicici ettt 67
B B3 1 1 OO 70
10. OSWiadczenia WSPOTAULOTOW ......c.curuueurieiiieteieinictetciniet ettt ettt ettt ettt bbbttt bttt bt bbb eb bt s bt enebetenne 76
11. Kopie publikacji wchodzgcych w sklad rOZPrawy........cccvecececcoiiiccniiencceeeeeceicnesesececnseacesneeees 81



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII




UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII

1. Wykaz stosowanych skrotéw

W przedstawionej rozprawie zachowano symbolike zwigzkéw stosowana w publikacjach zrédtowych, dodajac
do nich po myélniku koncdwke wskazujaca zrédlo odniesienia, np. 1-P1 oznacza zwiazek o symbolu 1,
opisywany w pracy [P1].

[Pd] - zwiazek kompleksowy palladu, ogdlnie

acac - acetyloacetonian

ACN - acetonitryl

Ar - aryl

BINAP - 2,2’-bis(difenylofosfino)-1,1’-binaftyl

bpy - 2,2’-bipirydyna

bzq/bzqH - ligand powstaly w skutek usuniecia protonu z pozycji 10 benzo[h]chinoliny / benzo[h]chinolina
CD.ClL; - dichlorometan deuterowany

CDCl; - chloroform deuterowany

CID - kolizyjnie indukowana dysocjacja (ang. collision-induced dissociation)
COD - cis,cis-1,5-cyklooktadien

dba - dibenzylidenoaceton (1,5-difenylo-1,4-pentadien-3-on)

DCE - 1,2-dichloroetan

Dimer - skrotowe okredlenie dwurdzeniowych p-chlorkowych zwiazkéw kompleksowych irydu(IIl) o
strukturze [Ir(CAN),(u-Cl)]»

DMF - N,N-dimetyloformamid

DMSO/DMSO-ds - dimetylosulfotlenek/dimetylosulfotlenek deuterowany
DP - potencjal deklasteryzacyjny (ang. declustering potential)

dtbbpy - 4,4’-di-tert-butylo-2,2’-bipirydyna

EA - powinowactwo elektronowe (ang. electron affinity)

E; - przerwa energetyczna HOMO-LUMO (ang. energy gap)

eq - ekwiwalent

ESI-MS - spektrometria mas sprz¢zona z jonizacja typu electrospray

fac - izomer facjalny

HCI - kwas chlorowodorowy

IP - potencjal jonizacji (ang. ionization potential)

ITO - mieszany tlenek indu i cyny

IQE - wewnetrzna wydajno$¢ kwantowa (ang. internal quantum efficiency)

Kompleks - synonim okre$lenia ,,zwigzek kompleksowy” przez cze$¢ chemikéw uwazany za zargonowy,
jednakze bardzo powszechnie stosowany w chemii koordynacyjnej, szczegdlnie w jezyku angielskim

LC - przejscie elektronowe w obrebie liganda (ang. ligand-centered)

LEEC - elektroluminescencyjne ogniwo chemiczne (ang. Light-Emitting Electrochemical Cell)
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LLCT - przejscie ligand-ligand z przeniesieniem tadunku (ang. ligand-to-ligand charge transfer)
mer - izomer meridionalny

MLCT - przejécie metal-ligand z przeniesieniem tadunku (ang. metal-to-ligand charge transfer)
MW - promieniowanie mikrofalowe (ang. microwaves)

NaOtBu - fert-butanolan sodu

NBS - N-bromosukcynoimid

NMP - N-metylopirolidon

NMR -magnetyczny rezonans jadrowy (ang. Nuclear Magnetic Resonance)

OB - laznia olejowa (ang. oil bath)

OLED - dioda elektroluminescencyjna (ang. Organic Light-Emitting Diode)

One-pot - okredlenie stosowane do opisu procesu, na ktory sktada si¢ wigcej niz jedna reakcja chemiczna,
zachodzace jednoczesnie w tym samym naczyniu reakcyjnym

PBD - 2-tert-butylofenylo-5-bifenyl-1,3,4-oksadiazol

PEDOT:PSS - mieszanina poli(3,4-etyleno-1,4-dioksytiofen) oraz sulfonowanego polistyrenu

Ph - fenyl

phen - 1,10-fenantrolina

POSS - oligomeryczny poliedryczny silsekwioksan (ang. Polyhedral Oligomeric Silsesquioxane)

PVK - poli(winylokarbazol)

ppm - cze$ci na milion

ppY/ppYH - ligand powstaty w skutek usuniecia protonu z pozycji 1 2-fenylopirydyny / 2-fenylopirydyna
t — temperatura

TADF - termicznie aktywowana opdzniona fluorescencja (ang. thermally activated delayed fluorescence)
THEF - tetrahydrofuran

TsO - grupa 4-toluenosulfonylowa

TfO - grupa trifluorometanosulfonylowa

QY - wydajno$¢ kwantowa (ang. quantum yield)

UV-Vis - spektroskopia absorpcyjna w zakresie widzialnym i ultrafioletowym

XRD - dyfrakcja rentgenowska (ang. X-Ray Diffraction)
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2. Streszczenie w jezyku polskim

Przedstawiona rozprawa podejmuje bardzo istotne zagadnienie z obszaru chemii i inZynierii
materialdw, jakim jest technologia OLED. Organiczne panele elektroluminescencyjne od kilku lat sa
powszechnie dostepne na rynku komercyjnym w postaci ekrandéw stosowanych w telefonach komérkowych,
tabletach oraz odbiornikach telewizyjnych. Panele wyswietlajace obraz sa wykonane w technologii RGB, w
ktérych zwigzki koordynacyjne irydu(III) pelnia role fosforescencyjnych emiteréw swiatla czerwonego oraz
zielonego. Z uwagi na wydajnos¢ kwantowa emisji oraz stabilnos¢, szczegélnie uzyteczne okazaly sie emitery
zawierajace w swojej strukturze C,N-cyklometalujgce ligandy 2-fenylopirydynianowe oraz ich pochodne.
Zainteresowanie wzbudzil kontrast pomiedzy rozlegloscia wiedzy na temat wspomnianej klasy zwiazkéw, a
ubogim stanem wiedzy na temat analogicznych komplekséw irydu(IlI) wyposazonych w ligandy
benzo[h]chinolinianowe. Wykorzystanie tego typu pochodnych wydato si¢ bardzo atrakcyjne z powodu
zblizonego rozmiaru kieszeni koordynacyjnej benzo[h]chinoliny i 2-fenylopirydyny, ale znacznie sztywniejszej
struktury i wiekszego stopnia koniugacji tej pierwszej, co mogto mie¢ istotny wplyw na wlasciwosci
kompleksow wyposazonych w tego typu ligand. Wobec powyzszego, niniejsza rozprawa podejmuje tematyke
projektowania i otrzymywania nowych zwigzkéw koordynacyjnych irydu(III) zawierajacych motyw
benzo[h]chinoliny oraz analiz¢ wplywu zmian strukturalnych na wlasciwosci fotofizyczne,
elektroluminescencyjne, termiczne, elektrochemiczne i spektroskopowe wybranych klas zwigzkéw
ukierunkowanych na zastosowanie w technologii OLED. W szczegdlnosci skupiono sie na nastepujacych
zagadnieniach:

e Kompleksach jonowych o ogélnym wzorze [Ir(bzq)(NAN)]J*A’, wyposazonych w strukturalnie
zroznicowane ligandy N,N-donorowe [P1]

e Kompleksach obojetnych typu [Ir(bzq).(NAO)], stabilizowanych B-ketoiminianowymi ligandami
funkcjonalizowanymi atomami fluoru [P2]

e Kompleksach obojetnych o wzorze ogélnym [Ir(bzq).(NAO)], stabilizowanych {3-ketoiminianowymi
ligandami podstawionymi réznorodnymi ugrupowaniami arylowymi [P3]

e Opracowaniu efektywnych metod otrzymywania nowych pochodnych benzo[h]chinoliny, jako
potencjalnych prekursoréw ligandéw dla emiteréw fosforescencyjnych [P4]

e Opracowaniu efektywnej metody syntezy dwurdzeniowych komplekséw irydu(IlI) o strukturze
[Ir(CAN)2(u-CD)]2, z uzyciem nowych ligandéw bedacych pochodnymi bzq oraz badania ich
zachowania w rozpuszczalnikach koordynujgcych [P5]

e Syntezie nowych komplekséw irydu(Ill) o strukturach [Ir(CAN)(NAN)]*A™ oraz [Ir(CAN);],
wyposazonych w nowe ligandy bedace pochodnymi bzq [material nieopublikowany]

Badania opisane w rozprawie byly realizowane w ramach projektu OPUS 6 pt. Nowe emitery fosforescencyjne
dla organicznych diod elektroluminescencyjnych, w grupie Prof. UAM dr hab. Ireneusza Kownackiego z
Zakladu Chemii i Technologii Zwiazkéw Krzemu Uniwersytetu im. Adama Mickiewicza (kierownika
projektu). Realizacja projektu byla prowadzona w $cistej wspotpracy z grupami badawczymi: Prof. dr hab. inz.
Jacka Ulanskiego z Katedry Fizyki Molekularnej Politechniki Loédzkiej, Prof. dr hab. Mieczystawa
Lapkowskiego z Katedry Fizykochemii i Technologii Polimeréw Politechniki Slaskiej, Prof. dr hab. Marcina
Hoffmanna z Zakladu Chemii Kwantowej Uniwersytetu im. Adama Mickiewicza oraz Prof. dr hab. Macieja
Kubickiego z Zaktadu Krystalografii Uniwersytetu im. Adama Mickiewicza.
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3. Streszczenie w jezyku angielskim

Presented dissertation deals with a very important subject in the field of chemistry and material
engineering, that is the OLED technology. Organic electroluminescent panels have been widely available on
the commercial market for several years, in the form of screens used in mobile phones, tablets and TV sets.
The display panels are produced in RGB technology, in which iridium(III) coordination compounds act as
phosphorescent emitters of red and green light. Because of their high emission quantum efficiency and
stability, the emitters containing 2-phenylpyridinato ligands and their derivatives have proved to be
particularly useful. An interesting issue was the contrast between an extensive state of knowledge on the
abovementioned compounds and a poor state of knowledge on analogous iridium(III) complexes equipped
with benzo[h]quinolinato ligands. Application of the latter seemed interesting because of the similar size of
benzo[h]quinoline and 2-phenylpyridine coordination pockets, but much more rigid structure and a greater
degree of conjugation of the former, which could have a significant impact on the properties of complexes
equipped with this type of ligand. With regard to the above, this dissertation concerns the subject of the design
and synthesis of new iridium(III) coordination compounds equipped with benzo[h]quinoline motif, as well as
the analysis of the structural changes impact on photophysical, electroluminescent, thermal, electrochemical
and spectroscopic properties of selected classes of compounds targeted at the application in OLED technology.
To be more exact, the dissertation covers the following issues:

e Ionic complexes of general formula [Ir(bzq),(NAN)]*A", equipped with various N,N-donating ligands
(P1]

e Neutral complexes of general formula [Ir(bzq)(NAO)], stabilized with fluorinated p-ketoiminato
ligands [P2]

e Neutral complexes of general formula [Ir(bzq).(NAO)], stabilized with aryl-substituted -ketoiminato
ligands [P3]

e Development of efficient methods for the synthesis of new benzo[h]quinoline derivatives as potential
ligand precursors for phosphorescent emitters [P4]

e Development of efficient method for the synthesis of iridium(III) binuclear complexes of general
formula [Ir(CAN),(u-Cl)]; equipped with new bzq-based ligands and studies of their behavior in the
coordinating solvents environment [P5]

e Synthesis of new functionalized bzq-based iridium(III) complexes of general formula
[Ir(CAN)2(NAN)]*A" and [Ir(CAN);] [results unpublished]

The research work described in the dissertation was carried out as a part of the OPUS 6 project entitled
New phosphorescent emitters for organic electroluminescent diodes, in the group of Prof. UAM dr hab. Ireneusz
Kownacki from the Department of Chemistry and Technology of Silicon Compounds of Adam Mickiewicz
University (project manager). The project was carried out in close cooperation with the following research
groups: Prof. dr hab. eng. Jacek Ulanski from the Department of Molecular Physics of £L6dz University of
Technology, Prof. dr hab. Mieczystaw Lapkowski from the Department of Physical Chemistry and Technology
of Polymers of Silesian University of Technology, Prof. dr hab. Marcin Hoffmann from the Quantum
Chemistry Department of Adam Mickiewicz University, and Prof. dr hab. Maciej Kubicki from the
Department of Crystallography of Adam Mickiewicz University.
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10.

11.

12.

13.

14.

Synteza i charakterystyka wlasciwosci nowych kompleksow irydu(IIl) jako emiteréw dla diod OLED; IV
Poznanskie Sympozjum Mlodych Naukowcéw, 18 XI 2017, Poznan, Polska (wystapienie ustne)
Synteza i charakterystyka wlasciwosci fotofizycznych nowych C,N-cyklometalowanych kompleksow
irydu(III) jako fosforescencyjnych emiteréw dla organicznych diod elektroluminescencyjnych; 60 Zjazd
Naukowy Polskiego Towarzystwa Chemicznego, 17-21 IX 2017, Wroctaw, Polska (poster)

Synthesis and investigation of photophysical properties of the new C,N-cyclometalated iridium(III)
complexes as a phosphorescent dopants for organic light-emitting diodes; Iridium-promoted silylation of
terminal alkynes with halosilanes; XI Copernican International Young Scientists Conference, 28-30 VI
2017, Torun, Polska (wystapienie ustne - nagroda za najlepsza prezentacje; poster)

Synthesis and investigation of photophysical properties of the new C,N-cyclometalated iridium(1II)
complexes as a phosphorescent dopants for organic light-emitting diodes; 17" International Seminar of
PhD Students on Organometallic and Coordination Chemistry, 02-06 IV 2017, Kraskov, Czechy
(wystapienie ustne)

Synteza nowych pochodnych benzo[h]chinoliny oraz ich zastosowanie w otrzymywaniu nowych
kompleksow irydu(Ill), jako potencjalnych emiteréw diod OLED; I1I Poznanskie Sympozjum Mlodych
Naukowcdw, 05 XI 2016, Poznan, Polska (poster)

Synteza nowych ketoiminowych komplekséw irydu(II1) o potencjalnym zastosowaniu w technice OLED;
Synteza nowych pochodnych benzo[h]chinoliny oraz ich zastosowanie w otrzymywaniu nowych
komplekséw irydu(Ill), jako potencjalnych emiterow diod OLED; 59 Zjazd Naukowy Polskiego
Towarzystwa Chemicznego, 19-23 IX 2016, Poznan, Polska (poster; poster)

Iridium-promoted silylation of terminal alkynes with halosilanes; 8" European Silicon Days, 28-31 VIII
2016, Poznan, Polska (poster)

Nowa katalityczna metoda synteza alkinylosilanow i ich zastosowanie do otrzymywania pi-sprzezonych
zwigzkoéw krzemoorganicznych; 11 Poznanskie Sympozjum Mlodych Naukowcéw Nowe Oblicze Nauk
Przyrodniczych, 14 XI 2015, Poznan, Polska (poster)

Synteza nowych monomerow krzemoorganicznych jako potencjalnych prekursoréw polimerowych
matryc diod OLED; 58 Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 21-25 IX 2015, Gdansk,
Polska (poster)

4.6. Udzial w grantach badawczych

1.

PRELUDIUM 2018/29/N/ST5/02926 - kierownik

Synteza i charakterystyka nowych emiteréw dla niebieskich OLEDOw (Organicznych Diod
Elektroluminescencyjnych)

OPUS 2013/11/B/ST5/01334 - wykonawca

Nowe emitery fosforescencyjne dla organicznych diod elektroluminescencyjnych

SONATINA 2019/32/C/ST4/00178 - wykonawca

Synteza nowych funkcjonalizowanych poliolefin

Program Operacyjny Inteligentny Rozwéj 2014-2020 POIR.04.01.02-00-0045/17-00 — wykonawca
Mobilny system suszenia izolacji transformatorow rozdzielczych z wykorzystaniem medium ciektego
MAESTRO 2011/02/A/ST5/00472 - wykonawca

Kataliza metalonieorganiczna - nowa strategia syntezy metaloorganicznych reagentéw, polimerow i
nanomateriatow
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4.7. Stypendia i nagrody

AR S

10.
11.

12.
13.

Nagroda zespotowa Rektora UAM za osiagniecia naukowe; 2019

Stypendium naukowe Rektora UAM; 2018

Stypendium Doktoranckie; 2014-2018

Nagroda Polskiego Towarzystwa Chemicznego za najlepsza prace magisterska; 2015

Zwiekszenie stypendium doktoranckiego z dotacji podmiotowej na dofinansowanie zadan
projakosciowych; 2014-2015

Stypendium Rektora UAM dla najlepszych doktorantéw; 2014-2015

Jednorazowe stypendium naukowe Marszatka Wojewddztwa Wielkopolskiego; 2014

Medal dla najlepszych absolwentéw za wybitne osiggniecia w nauce i wyrdzniajacy udzial w zyciu
Uniwersytetu im. Adama Mickiewicza w Poznaniu; 2014

Stypendium Ministra Nauki i Szkolnictwa Wyzszego za wybitne osiggniecia; 2012-2013

Finalista konkursu Zloty medal chemii Instytutu Chemii Fizycznej PAN; 2012

Stypendium motywacyjne wspotfinansowane ze srodkéw Unii Europejskiej w ramach Europejskiego
Funduszu Spotecznego Program Operacyjny Kapitat Ludzki Chemia Warta Poznania; 2012-2014
Stypendium Rektora UAM dla najlepszych studentow; 2011-2014

Stypendium motywacyjne wspotfinansowane ze srodkéw Unii Europejskiej w ramach Europejskiego
Funduszu Spotecznego Program Operacyjny Kapital Ludzki Poczuj Chemig do Chemii; 2009-2012
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5. Wstep

Pomimo, ze wyswietlacze OLED na dobre zagoscily na rynku konsumenckim jako elementy urzadzen
mobilnych oraz odbiornikdéw telewizyjnych, tematyka diod organicznych nadal cieszy si¢ bardzo duzym
zainteresowaniem $rodowiska naukowego, jako alternatywa mogaca w przyszloéci catkowicie zastapic
pozostate technologie o$wietleniowe i wys$wietlania obrazu. W poréwnaniu do najpowszechniej stosowanych
paneli LCD, ekrany OLED cechujg si¢ lepszym poziomem czerni, wigkszym kontrastem, szerszym katem
widzenia, bogatsza paleta wyswietlanych barw, wieksza jednorodnoscig obrazu, mniejsza gruboscig paneli, a
takze poréwnywalnym lub nawet nizszym zuzyciem energii. Wymienione cechy w polaczeniu z mozliwoscia
produkgji paneli tanimi technikami drukarskimi s3 powodem szczegdlnie intensywnego rozwoju tej dziedziny.

Poczatki technologii OLED siegaja potowy XX wieku i obejmujg dwa istotne wydarzenia, a mianowicie
odkrycie przez Bernanose’a zjawiska elektroluminescencji oranzu akrydyny w postaci cienkiego filmu lub
rozproszonego w celulozie,'” a takze zaobserwowanie przez Pope’a elektroluminescencji krysztatéw zwigzkow
organicznych, np. antracenu (Rys. 1).** Jednakze, przetom nastgpit w 1987 roku, kiedy to Tang i VanSlyke
skonstruowali pierwsza diode fluorescencyjng na bazie hydroksychinolinianu glinu(III), ktéra emitowala
$wiatlo barwy zielonej (Rys. 1).° Powyzsze odkrycie stalo si¢ impulsem do intensywnego rozwoju tej
technologii, szczegélnie w kontekscie poszukiwania nowych materiatéw charakteryzujacych sie emisja w
szerokim zakresie pasma widzialnego. Dogodnymi do tego celu substancjami okazaly si¢ réznorodne
maloczasteczkowe zwigzki organiczne, takie jak perylen, rubren, chinakrydon oraz ich pochodne’” lub
polimery, takie jak poli(winylokarbazol)® poli(fluoren)®, poli(para-fenylen)™, a takze pochodne poli(para-

) 11,12
| X
—
= I N
Ny
—
>N N N~ o T ~o
I HCel |
antracen /N
oranz akrydyny
N

Alq;

fenyleno-winylenu

Rys. 1. Struktury chemiczne pierwszych zwigzkéw o wlasciwosciach elektroluminescencyjnych.

W przypadku powyzszych substancji mozliwe jest wykorzystanie jedynie standw singletowych, ktére
stanowig zaledwie 25 % populacji wszystkich stanéw wzbudzonych. Z kolei diody oparte na emiterach
fosforescencyjnych i TADF sa zdolne do osiggania 100 % wewnetrznej wydajnosci kwantowej. Z tego wzgledu,
w komercyjnych panelach czerwone oraz zielone emitery fluorescencyjne zostaly wyparte przez te
fosforescencyjne, co niestety nie objeto takze emiteréw niebieskich. Problemem okazata sie ich krétka
zywotno$¢ spowodowana relatywnie dlugim czasem zycia stanéw wzbudzonych oraz wysoka energia tych
standéw, prowadzac do degradacji urzadzenn w nastepstwie zachodzacych w warstwie emisyjnej proceséw
relaksacji bezpromienistej. Ten impas jest przyczyng, dla ktorej liczne grupy badawcze sa zaangazowane w
prowadzenie badan nad poszukiwaniem nowych organicznych lub metaloorganicznych ukltadéw

elektroluminescencyjnych, ktérych efektem ma by¢ poprawa whasciwosci uzytkowych OLEDGow.">™

Diody OLED sa urzadzeniami o konstrukcji warstwowej, grubosci rzedu kilkuset nanometréw,
emitujacymi promieniowanie §wietlne w skutek przeptywu pradu elektrycznego.'
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Katoda

Warstwa transportujgca
elektrony (ETL)

Warstwa emisyjna (EML)

Wartswa transportujgca

dziury (HTL) Katoda

Anoda
Anoda

Podioze .. =
NS

Rys. 2. Ogblny schemat urzqgdzenia OLED oraz ilustracja zasady dzialania.

Takie diody musza si¢ sktada¢ przynajmniej z anody i katody oraz umieszczonej pomiedzy nimi warstwy
emisyjnej, aczkolwiek moga zawierac takze dodatkowe warstwy (Rys. 2). Kazda warstwa sktadowa spetnia $cisle
okreslona funkcje. Katoda stuzy do wstrzykiwania elektronéw, z kolei na anodzie generowane sa dziury
elektronowe. Wygenerowane nosniki fadunkéw sg przenoszone przez warstwy wspomagajace ich transport,
trafiajac do warstwy emisyjnej. W niej dziury elektronowe i elektrony spotykaja sie i tworzg pary zwigzane
oddzialywaniem elektrostatycznym, nazywane ekscytonami. Rekombinacja promienista ekscytonéw z
udzialem emitera znajdujacego si¢ w warstwie emisyjnej powoduje emisje promieniowania o
charakterystycznej dlugosci fali. Struktura chemiczna determinuje nie tylko na barwe emitowanego swiatla, ale
takze znaczaco wplywa na efektywno$¢ pracy calego urzadzenia.

O— = * * * %

Rekombinacja 25 % ekscytonow 75 % ekscytonow
dziura-elektron daje: singletowych trypletowych
Emiter fluorescencyjny Emiter fosforescencyjny Emiter TADF
(1-sza Generacja) (2-ga Generacja) (3-cia Generacja)
-~ * -
Sy - 2 S, - Zo S - % ¥ ¥
So So - T
\ * K % \ ok ISC
- -
F Ny F | |DF
NR PH
S, <> S, - S, <>
Max IQE: 25 % Max IQE: 100 % Max IQE: 100 %

Rys. 3. Poréwnanie mechanizmow emisji promieniowania w trzech klasach emiterow (S - stan singletowy, T - stan
trypletowy, NR - bezpromieniste rozproszenie energii, F - fluorescencja, PH - fosforescencja, DF - opézniona
fluorescencja, ISC - przejscie migdzysystemowe, RISC - odwrdcone przejécie migdzysystemowe).
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W zaleznosci od mechanizmu emisji promieniowania, mozna wyréznié trzy gléwne klasy emiteréw
stosowanych w organicznych diodach (Rys. 3). Historycznie pierwsza poznang klasg byly emitery
fluorescencyjne, bedace najczesciej czysto organicznymi zwigzkami, efektywnie wykorzystujacymi jedynie
stany singletowe. Zgodnie z regutami statystyki spinowej, w skutek parowania elektronéw i dziur
elektronowych powstaje 25 % ekscytondéw singletowych oraz 75 % ekscytonéw trypletowych.'® Emitery
fluorescencyjne teoretycznie s3 w stanie wykorzysta¢ do emisji jedynie stany singletowe, gdyz przejicia ze
standw trypletowych sg dla nich wzbronione i ulegaja one dezaktywacji w sposob bezpromienisty. Z kolei ich
zaleta jest bardzo krotki czas zycia standéw wzbudzonych (rzedu nanosekund), odpowiadajacy za
spozytkowanie energii stanéw singletowych na oczekiwang emisj¢ promieniowania, a nie na przyktad
degradacje wigzan chemicznych emitera i jego otoczenia. Drugg generacje stanowig emitery fosforescencyjne,
w ktérych emisja zachodzi ze standw trypletowych.'” Sa to najcze$ciej zwigzki koordynacyjne metali ciezkich,
ktére wykazuja zdolno$¢ do promienistej rekombinacji stanéw trypletowych dzigki sprzezeniu spinowo-
orbitalnemu, ktérego wystepowanie jest charakterystyczne dla pierwiastkow o duzej liczbie atomowej. Dzieki
temu s3 one w stanie osiaga¢ teoretyczng wydajno$¢ kwantowg na poziomie 100 %.'* Z kolei do wad tej klasy
emiterdw nalezy zaliczy¢ dluzsze czasy zycia stanow wzbudzonych wzgledem emiteréw fluorescencyjnych
(rzedu mikrosekund) oraz przede wszystkim, wysokie koszty wytwarzania tego typu emiteréw wynikajace z
cen metali ciezkich w nich zawartych. Najnowsza, trzecia generacje stanowig emitery TADF, bazujace na
zjawisku termicznie aktywowanej op6znionej fluorescencji. Jest to rodzina emiteréw czysto organicznych lub
komplekséw metali przejsciowych, w ktérych emisja zachodzi wylacznie ze standéw singletowych, a stany
trypletowe moga zosta¢ do nich przekonwertowane." Efekt taki osiaga sie poprzez specjalnie zaprojektowang
strukture chemiczng, majacg na celu zminimalizowanie naktadania pozioméw HOMO i LUMO. Skutkuje to
niewielkg réznica energii stanéw singletowych i trypletowych tak, ze mozliwe jest odwrdcone przejicie
miedzysystemowe aktywowane energia termiczng (RISC). Zaleta emiteréw TADF jest mozliwo$¢ uzyskania
wewnetrznej wydajnosci kwantowej na poziomie 100 % oraz wyeliminowanie kosztownych metali
szlachetnych w przypadku struktur czysto organicznych, aczkolwiek w ostatnich latach na popularnosci
zyskaly m.in. emitery TADF na bazie zlota.** Funkgja stanu trypletowego jako magazynu energii stanowi
jednoczesnie najwiekszy mankament tego typu emiteréw, gdyz skutkuje to bardzo dlugimi czasami zycia
stanéw wzbudzonych (rzedu kilku do nawet kilkuset mikrosekund), co w konsekwencji moze prowadzi¢ do
szybko postepujacej degradacji czasteczek emitera. Nadzieje pokladane w emiterach TADF na przelamanie
impasu w konstrukeji jednocze$nie wydajnych oraz stabilnych niebieskich diod jak dotad nie zostaly
zrealizowane, wlasnie ze wzgledu na niestabilno$¢ tych emiter6w spowodowana relatywnie dlugimi czasami
zycia ich stanéw wzbudzonych.” Bilans powyzszych wad i zalet poszczegolnych klas emiteréw powoduje, ze
wszystkie z nich s3 nadal intensywnie badane i rozwijane.

Rys. 4. llustracja sprzezenia spinowo-orbitalnego (] - catkowity moment pedu, L - orbitalny moment pedu, S - spinowy
moment pedu).
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Jak wspomniano wcze$niej, jako emitery fosforescencyjne najczesciej stuza zwiazki zawierajace metale
ciezkie, miedzy innymi pallad, ruten, iryd, platyne, osm.** Jest to podyktowane wystepowaniem silnego
sprzezenia spinowo-orbitalnego umozliwiajagcego promieniste wykorzystanie energii zaréwno stanéw
singletowych, jak i trypletowych (Rys. 4). Spo$réd znanych emiteréw fosforescencyjnych, na szczegdlng
uwage zastuguja cyklometalowane zwiazki koordynacyjne irydu(IlI), poniewaz charakteryzujg sie one
szeregiem cech, ktére uczynily je najczesciej badanymi materialami pod katem zastosowan
optoelektronicznych wsréd komplekséw wszystkich ciezkich metali przejéciowych.” Do ich zalet mozna
zaliczy¢: bardzo duzg réznorodno$¢ w projektowaniu ich struktur, przestrajalno$é barwy emisji w szerokim
zakresie, przynaleznos$¢ do szdstego szeregu ukladu okresowego faworyzujaca zniesienie degeneracji orbitali
5d, wysokie wydajno$ci kwantowe emisji, mozliwo$¢ wptywania na czas zycia standw trypletowych, odporno$é
na foto-, termo- oraz chemodegradacje. Wiekszos¢ tych cech jest determinowana jedng z najwyzszych liczb
atomowych irydu wéréd stabilnych pierwiastkdw, ktéra odpowiada za relatywnie kroétkie czasy zycia standw
wzbudzonych oraz wysokie wydajnosci kwantowe, poprzez silne sprze¢zenie spinowo-orbitalne. Ponadto,
typowa liczba koordynacyjna wynoszaca 6 na III stopniu utlenienia stwarza mozliwos¢ przylaczania wielu
réznych ligandow, ktore pozwalajg modyfikowad barwe emitowanego $wiatta (Rys. 5).%

Rys. 5. Tlustracja mozliwosci przestrajania emisji kompleksow irydu(I1I) w zaleznosci od ich budowy.”

Jednym z pierwszych komplekséw irydu(III), ktéry zainicjowat tak duze zainteresowanie zwigzkami
tego metalu w kontekscie ich zastosowan jako emiteréw fosforescencyjnych, byt fac-[Ir(ppy)s].** Wynikato to
wlasnie z bardzo duzej wydajnosci kwantowej emisji, siegajacej az 97 %, w powigzaniu z relatywnie krotkim
czasem zycia stanu wzbudzonego.” Od tego czasu otrzymanych i przebadanych zostalo wiele kompleksow
wyposazonych w ligandy ppy oraz jego pochodne, z uwzglednieniem komplekséw homoleptycznych oraz
heteroleptycznych, zaréwno neutralnych, jak i jonowych.” Oprdcz tego, opracowano takze wiele innych
ligandéw cyklometalujacych, miedzy innymi pochodnych fenylopirydyny, 2-tiofen-2-ylopirydyny, 1-
fenyloizochinoliny, regioizomeréw fenylotriazoli, N-fenyloimidazolu, N-fenylobenzimidazolu i wiele, wiele
innych.’* Badania komplekséw w nie wyposazone udowodnily bardzo szeroka przestrajalno$¢ wlasciwosci
emiter6w w zaleznosci od struktury chemicznej liganda. Struktury przyktadowych irydowych emiteréw
przedstawiono na Rys. 6, a zainteresowanemu czytelnikowi nalezy poleci¢ ksigzke zatytutowana Iridium(111)
in Optoelectronic and Photonics Applications pod redakcja E. Zysmana-Colmana, ktéra stanowi niezwykle
obszerne i wyczerpujace kompendium wiedzy na temat zwigzkéw koordynacyjnych irydu stosowanych w
optoelektronice.”
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Rys. 6. Przyktady znanych kompleksow irydu(1I1) o wlasciwosciach elektroluminescencyjnych.

Analizujac zebrang literature dostrzezono pewna luke, ktéra byt bardzo ubogi stan wiedzy (na dzien
rozpoczecia badanl) na temat komplekséw irydu(III) wyposazonych w analogiczne do 2-
fenylopirydynianowych, ligandy benzo[h]chinolinianowe. Byto to tym bardziej zastanawiajace, ze kompleksy
irydu(III) zawierajace skoordynowany ligand bzq byly jednymi z pierwszych dwurdzeniowych otrzymanych
przez Nonoyame juz w 1974 roku.® Jedli chodzi o kompleksy monordzeniowe, to znane byly wylgcznie
[Ir(bzq)2(acac)] oraz [Ir(bzq)s] (Rys. 7). Temat ten wydawal si¢ interesujacy z powodu podobnego rozmiaru
kieszeni koordynacyjnej benzo[h]chinoliny i 2-fenylopirydyny, ale takze znacznie sztywniejszej struktury i
wiekszego stopnia koniugacji tej pierwszej, co mogto mie¢ istotny wplyw na wlasciwosci kompleksow
wyposazonych w tego typu ligand.

T | §
s

fac- oraz mer-[Ir(bzq)s] [Ir(bzq),(acac)]

=

Rys. 7. Struktury kompleksow irydu(I1l) z ligandem bzq znanych na dzien rozpoczecia badas.

Pierwotnie w roli emiteréw OLED badane byty gtéwnie zwiazki neutralne, jednak z czasem obiektem
zainteresowania naukowcéw zaczely sie stawac takze kompleksy jonowe wyposazone w ligandy C,N-
cyklometalujace oraz N,N-donorowe ligandy pomocnicze. Badania te w duzej mierze obejmowaly zwigzki

Osmu)39,40 37,41-46

rutenu oraz renu.*”* Jesli chodzi o jonowe zwigzki irydu(III), to byly one gléwnie badane w

kontekscie ich zastosowania w roli markeréw fluorescencyjnych® > oraz emiteréw w urzadzeniach LEEC.>*>°
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Jednym z pierwszych komplekséw irydu przebadanym w roli emitera OLED byt [Ir(ppy).(dtbbpy)]PFs,
przedstawiony na Rys. 8. Rozwéj tematyki miekkich soli irydu(III) byt sukcesywnie kontynuowany przez
innych badaczy, prowadzac do poszerzenia wiedzy na ich temat i raportowania urzadzein OLED o coraz
lepszych parametrach.”®*® W tym miejscu nalezy podkresli¢, ze postep w tej dziedzinie nie obejmowat
zwigzkéw zawierajgcych skoordynowany ligand bzq.

=

PFg

/z—»:<—z/
/N

\ 7/ \ 7/

=

[Ir(ppy)2(dtbbpy)]PFg

Rys. 8. Jeden z pierwszych cyklometalowanych kationowych irydowych emiteréw OLED.

Takze neutralne kompleksy heteroleptyczne wyposazone w réznorodne ligandy pomocnicze,
przyktadowo O,0- oraz N,O-donorowe (Rys. 9), stanowiag ciekawa grupe zwigzkéw koordynacyjnych,
zwlaszcza w kontekscie ich wykorzystania jako emiterow fosforescencyjnych. Szczegdlnie intensywnie
eksploatowana byla tematyka komplekséw acetyloacetonianowych, z uwagi na fatwo$¢ ich syntezy wzgledem
komplekséw homoleptycznych.””#"% Na uwage zastuguja takze kompleksy wyposazone w ligand 8-
hydroksychinolinianowy®®*® oraz pikolinianowy, obecny na przyktad w strukturze najbardziej popularnego
jasnoniebieskiego emitera, czyli FIrpic.® Ewolucje ligandéw acetyloacetonianowych w kierunku uktadéw N,O-
chelatowych mogly stanowi¢ pf-ketoiminiany (Rys. 9d). Wykorzystanie N,O-donorowego liganda -
ketoiminianowego ma zalete, ktorg jest mozliwo$¢ wplywania na gesto$¢ elektronowa bezposrednio na atomie
N-donorowym poprzez syntetycznie tatwa zmiane podstawnika R. W momencie rozpoczecia realizacji
projektu kompleksy irydu(III) zawierajace tego typu ligandy nie byly w ogdle znane, a prace Teetsa dotyczace
tego zagadnienia pojawily sie kilka lat pézniej,*”* potwierdzajac stuszno$¢ obranego przez nas kierunku badan,
gdyz w opublikowanych artykulach szczegélowo oméwiono szereg bardzo ciekawych zaleznosci pomiedzy
struktura liganda pomocniczego a wlasciwos$ciami badanych kompleksow. Jednakze, w literaturze nie byty
dostepne zadne doniesienia na temat f-ketoiminianowych komplekséw irydu(III) zawierajacych w swojej
strukturze ligand bzq.

a) b) C) d)

C\,Ilr/O A / / Ir
o T\o— C“‘ \ /

Rys. 9. Schematyczne przedstawienie zwigzkéw koordynacyjnych irydu(11l) wyposazonych w acetyloacetonianowy (a),
pikolinianowy (b), 8-hydroksychinolinianowy (c) oraz f-ketoiminianowy ligand pomocniczy (d).

Na uwage zastuguje takze aspekt chemicznej modyfikacji cyklometalujacego liganda, majacy na celu
przestrajanie emisji poprzez zmiang poziomow energetycznych HOMO i LUMO. Fundamentem do tych
rozwazan jest nieréwnomierne rozmieszczenie orbitali HOMO i LUMO w czgsteczce emitera irydowego,
ukazane na przyktadzie kompleksu fac-[Ir(ppy)s] na Rys. 10. W przypadku C,N-cyklometalowanych emiterow
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irydowych poziomy HOMO zwyczajowo sa zlokalizowane gléwnie na atomie centralnym oraz ligandzie
cyklometalujacym (z przesunietym s$rodkiem ciezkosci w kierunku czes$ci C-donorowej), z kolei poziomy
LUMO s3 zlokalizowane na ligandzie cyklometalujacym lub ligandzie pomocniczym. Dzigki takiemu stanowi
rzeczy, istnieje mozliwo$¢ selektywnego wplywania na poziomy energetyczne orbitali granicznych poprzez
umieszczanie podstawnikéw o réznych wtasciwosciach elektronowych w odpowiednich pozycjach szkieletu
liganda. Za najlepszy przyklad moze tu postuzy¢ zdecydowanie najbardziej rozpoznawany jasnoniebieski
emiter Flrpic, zawierajacy dwa C,N-cyklometalujace ligandy 2-(4,6-difluorofenylo)pirydynianowe oraz jeden
pikolinianowy ligand pomocniczy.**”° Przyczyna jasnoniebieskiej emisji tego kompleksu jest wtasnie obecno$¢
atomow fluoru przy pierscieniach fenylowych, ktéra powoduje stabilizacje w duzej mierze zlokalizowanego w
ich regionie poziomu HOMO, przy znacznie mniejszym wplywie na poziom LUMO. W efekcie, przerwa
energetyczna HOMO-LUMO ulega zwiekszeniu wzgledem kompleksu pozbawionego atoméw fluoru.

Rys. 10. Wizualizacje pozioméw HOMO (lewo) oraz LUMO (prawo) dla kompleksu fac-[Tr(ppy)s].”!

Wplyw ten zostal wyjasniony efektami elektronowymi wywieranymi przez podstawniki przy pierscieniu
aromatycznym, ktéry mozna mierzy¢ przy pomocy parametréw Hammetta. Na bazie tej koncepcji zostal
opracowany model pozwalajacy przewidywacé przesuniecie emisji komplekséw w zaleznosci od typu i miejsca
przytaczenia do liganda réznych podstawnikéw.”! Intrygujace bytoby przeprowadzenie podobnych rozwazan
dla komplekséw wyposazonych w ligand bzq.

Préby przewidywania wptywu modyfikacji chemicznej liganda bzq skoordynowanego do atomu irydu,
przy pomocy obliczenn kwantowo-chemicznych, zostaly juz przeprowadzone i opublikowane.” Przedmiotem
rozwazan zawartych w cytowanym artykule byty rezultaty badan teoretycznych nad izomerami mer oraz fac
homoleptycznych komplekséw irydu(III), w ktérych ligand cyklometalujacy wyposazono w podstawniki o
charakterze elektronodonorowym (metoksy, fenoksy, dimetyloamino), elektronoakceptorowym (fluoro,
pentafluorofenylo) oraz wspomagajacych transport dziur elektronowych (4-(N-difenyloamino)fenylo)),
zaprezentowanych na Rys. 11. Najbardziej istotnym parametrem poruszanym w omawianej publikacji, z
perspektywy zastosowan optoelektronicznych tego typu materialéw, byto rozmieszczenie HOMO i LUMO
oraz polozenie ich poziomdéw energetycznych. Parametry te determinuja warto$¢ przerwy energetycznej i sg
bardzo pomocne przy formulowaniu strategii majacej na celu zmiane E; poprzez modyfikacje struktury
chemicznej liganda, a tym samym réwniez docelowego kompleksu.
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=

izomer mer izomer fac
R =H (1), F (2), OMe (3), OPh (4), NMe, (5), CgF5 (6), p-CgH4-NPh, (7)

Rys. 11. Struktury chemiczne badanych komplekséw bazujgcych na rdzeniu [Ir(bzq)s].

Najprostszym modelem do zilustrowania tego przyktadu byt niemodyfikowany kompleks [Ir(bzq)s] (1), a
konkretnie jego izomer facjalny, w ktérym wszystkie ligandy sa réwnowazne chemicznie. Rzut na plaszczyzne
jednego z ligandéw w takim kompleksie z natozonymi wizualizacjami orbitali granicznych przedstawiono na
Rys. 12. Przygladajac sie¢ temu rysunkowi zauwazy¢ mozna, ze rozmieszczenie HOMO i LUMO jest
nieréwnomierne. HOMO w gléwnej mierze jest zlokalizowany na pierécieniu C-donorowym liganda oraz
atomie centralnym, z kolei LUMO gléwnie obejmuje fragment N-donorowy liganda oraz srodkowy pierscien
faczacy. Takie rozmieszczenie orbitali w obrebie czasteczki stwarza mozliwo$¢ relatywnie selektywnego
oddziatywania na nie poprzez dokonywanie chemicznej modyfikacji liganda w okreslonych pozycjach. Biorac
pod uwage aspekt syntetyczny, czyli mozliwos¢ funkcjonalizacji benzo[h]chinoliny w pozycji 5, do dalszych
rozwazan teoretycznych wybrano wlasnie pochodne funkcjonalizowane w tej pozycji. Bylo to jak najbardziej
uzasadnione w oparciu o przedstawiony na Rys. 12 model, ktéry wskazywal na mozliwo$¢ silniejszego
oddzialywania podstawnikéw wprowadzonych w tej pozycji na wartos¢ energii LUMO, anizeli HOMO.

a) l pozycja 5 b) l pozycja 5

Rys. 12. Rzut na plaszczyzng jednego z ligandéw w fac-[Ir(bzq)s] z natozong wizualizacig HOMO (a) i LUMO (b).
Strzatkg oznaczono lokalizacje pozycji 5 liganda.

Analizujac otrzymane dane stwierdzono, ze obliczone poziomy energetyczne s3 zalezne od struktury
chemicznej liganda. Oczywiscie, wynikéw tych obliczen nie nalezy interpretowac w sposéb bezwzgledny, lecz
W sposob pordwnawczy, najlepiej w odniesieniu do zwigzku modelowego dla catej serii (1). Przylaczenie grup
zawierajacych atomy fluoru (kompleksy 2 oraz 6) powodowalo zauwazalne obnizenie poziomoéw
energetycznych HOMO i LUMO. Byl to efekt jak najbardziej spodziewany, gdyz podstawniki
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elektronowyciagajace powinny przesuwac gestosc elektronowa w swoim kierunku, prowadzac do stabilizacji
pobliskiego orbitalu. Stabilizacja ta byta bardziej widoczna w przypadku LUMO niz HOMO, co potwierdza
zréznicowany wplyw podstawnikéw elektronowyciagajacych w pozycji 5 na poziomy energetyczne obydwu
typéw orbitali granicznych badanych komplekséw. W przypadku podstawnikéw elektronodonorowych
(kompleksy 3, 4, 5 oraz 7) stwierdzono odwrotny efekt. Mianowicie, powodowaly one podwyzszenie
pozioméw energetycznych wzgledem referencyjnego kompleksu 1. Jest to zgodne z oczekiwaniami, gdyz tego
typu podstawniki powinny przesuwac gesto$¢ elektronowa w kierunku liganda, skutkujac destabilizacja orbitali
zlokalizowanych w jego obrebie. Obliczenia teoretyczne wykazaly takze, ze kazda proponowana zmiana
struktury chemicznej liganda, niezaleznie od charakteru elektronowego przytaczanego podstawnika, powinna
przynajmniej w minimalnym stopniu obniza¢ przerwe energetyczng, tym samym powodujac batochromowe
przesuniecie maksiméw absorpcji i emisji komplekséw wyposazonych w proponowane podstawniki.
Przypuszcza sie, Ze jest to zwigzane ze zwigkszeniem koniugacji, co w przypadku zwiazkéw organicznych
zwykle prowadzi do obnizenia wartoéci przerwy HOMO-LUMO. Ponadto, stwierdzono ogélna zalezno$¢
polegajaca na wyrdznianiu sie izomerdw fac wigksza wartodcig przerwy energetycznej od ich odpowiednikéw
mer, co jest zgodne z danymi literaturowymi dla komplekséw zawierajacych pochodne ppy.** Konkluzjg pracy
bylo stwierdzenie zasadnosci funkcjonalizacji liganda benzo[h]chinolinianowego, gdyz strategia ta mogtaby sie
okazac przydatna w otrzymywaniu komplekséw irydu(III) o ciekawych wlasciwosciach fosforescencyjnych.

Monordzeniowe kompleksy irydu(III) sa czesto obiektem badan pod wzgledem mozliwosci ich
zastosowann jako biosensory, fotokatalizatory oraz emitery fosforescencyjne.®>”* Wiéréd ostatnich
najciekawszych doniesien na ten temat mozna wyrdzni¢ artykuly opisujace panele OLED zbudowane z
oligomerycznych fancuchéw zawierajacych kompleksy irydu(Ill) w roli emiteréw oraz mediatoréw
polimeryzacji;”® kompleksy irydu(III) o wtasciwoéciach mechanochromowych, mogacych stuzy¢ jako

mechaniczne lub chemiczne sensory;”®”

78

oraz nietoksycznych zwigzkéw stuzacych do barwienia komorek
rakowych szyjki macicy.”” Zdecydowanie najpopularniejsza droga syntezy tego typu materialéw jest
rozszczepienie u-chlorkowych dwurdzeniowych cyklometalowanych komplekséw irydu(III) o ogdélnym
wzorze [Ir(CAN),(u-Cl)], z uzyciem prekursora dodatkowego liganda, w obecnosci odpowiedniej zasady.
Analizujac literature na ten temat zauwazono, jak nieproporcjonalnie mato uwagi jest po§wiecane tym waznym
zwigzkom posrednim, biorgc pod uwage ich kluczowa role w wielu szlakach syntetycznych. Fakt ten wynika
gléwnie z malego zainteresowania dimerami samymi w sobie, a traktowaniem ich jako zwigzki posrednie w
syntezie bardziej ztozonych uktadéw koordynacyjnych. W wielu przypadkach bylo to przyczyng pomijania
wydajnosci syntez dimeréw, a nawet brakiem ich charakterystyki spektroskopowej, co z czasem stato si¢ dos¢
powszechna praktyka.”” 78! Jednakze, utrudnia to ocene skuteczno$ci metod ich otrzymywania, a takze
rzutuje na wydajnosci koncowych produktéw dluzszych szlakdw syntetycznych, co ma niebagatelne znaczenie
z powodu ceny irydu i jego zwigzkdw. Syntezy tego typu dimerdw zwyczajowo prowadzi si¢ ogrzewajac chlorek
irydu oraz prekursor liganda w mieszaninie alkoholu z woda (Rys. 13). Wada wielu opisanych preparatyk jest
umiarkowana wydajno$¢ otrzymywanych produktow, dtugi czas reakcji (do 48 godzin), relatywnie duze ilo$ci
stosowanych rozpuszczalnikow, a w nielicznych przypadkach konieczno$¢ oczyszczania produktu przy
pomocy chromatografii flash.®® Wszystko to sprawia, ze opracowanie uniwersalnej i skutecznej metody
syntezy tego typu zwigzkow jest nadal pozadane. Mozliwos¢ zniwelowania wyzej wymienionych
mankamentéw oferuje wykorzystanie pozytywnego wplywu promieniowania mikrofalowego na przebieg
reakcji cyklometalacji, co zostalo potwierdzone we wczesniejszych doniesieniach literaturowych na ten
temat.”>** Niestety, opisane w nich warunki rekcji nie tworza spdjnego obrazu i brak w nich wyraznego
poréwnania wplywu mikrofal na przebieg reakcji wzgledem innych klasycznych Zrodet ciepta.
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Rys. 13. Ogolny schemat najpopularniejszej reakcji tworzenia p-chlorkowych dwurdzeniowych kompleksow irydu(111).

Ponadto, jak dotad nie zostal wyjasniony wplyw wody na przebieg reakcji cyklometalacji, a jedynie
odnotowano konieczno$¢ jej stosowania w praktycznie kazdej opisanej metodologii.”” Wobec powyzszego,
szczegdlnie interesujace byloby zglebienie problematyki syntezy dimeréw w warunkach wspomagania
promieniowaniem mikrofalowym, opracowanie efektywnej metodologii otrzymywania g-chlorkowych
dimeroéw, okre$lenie wplywu dodatku wody na przebieg reakcji oraz przy okazji otrzymanie nowych zwigzkéw
wyposazonych w ligandy zawierajace rézne grupy funkcyjne, ktére stanowilyby atrakcyjne prekursory do
dalszych przeksztatcen.

Konkludujac wstep literaturowy, wykazano w nim spory potencjat do zgtebienia tematyki komplekséw
irydu(III) zawierajagcych w swojej strukturze ligandy benzo[h]chinolinianowe. Ponadto, szeroki wachlarz
mozliwosci stwarza funkcjonalizacja benzo[h]chinoliny i wykorzystanie jej pochodnych w syntezie nowych
cyklometalowanych zwiagzkdéw irydu(III), ktorych wlasciwoséci moga uczynié je przydatnymi w optoelektronice
oraz bioobrazowaniu.
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6. Cel pracy i uzasadnienie podjecia tematyki badawczej

W przedstawionym przegladzie literaturowym wykazano, ze zwiazki koordynacyjne irydu(III)
zawierajgce  w swojej strukturze ligandy bzq moga cechowaé sie ciekawymi wlasciwosciami
elektroluminescencyjnymi, ktére mozna modyfikowa¢ poprzez zmiane otoczenia koordynacyjnego jonu irydu.
W zwiagzku z powyzszym, za cel pracy obrano zaprojektowanie struktur i opracowanie metod otrzymywania
nowych irydowych emiteréw zawierajacych bzq jako gtéwny ligand C,N-cyklometalujacy oraz okredlenie
relacji pomiedzy struktura chemiczng, a wlasciwos$ciami fotofizycznymi, elektroluminescencyjnymi,
elektrochemicznymi i spektroskopowymi otrzymanych zwigzkéw koordynacyjnych. Badania podjete w
ramach niniejszej pracy obejmowaly synteze i interpretacj¢ wynikéw badan nastepujacych klas zwigzkow:

e Komplekséw jonowych o ogdlnym wzorze [Ir(bzq)(NAN)]*A’, wyposazonych w strukturalnie
zréznicowane ligandy N,N-donorowe [P1]

e Komplekséw obojetnych typu [Ir(bzq)(NAO)], stabilizowanych p-ketoiminianowymi ligandami
funkcjonalizowanymi atomami fluoru [P2]

e Komplekséw obojetnych o wzorze ogdlnym [Ir(bzq)(NAO)], stabilizowanych S-ketoiminianowymi
ligandami podstawionymi réznorodnymi ugrupowaniami arylowymi [P3]

Ponadto, prace badawcze podjete w ramach niniejszej dysertacji objely swoim zakresem takze synteze
nowych pochodnych benzo[h]chinoliny oraz zademonstrowanie ich potencjatu aplikacyjnego w syntezie C,N-
cyklometalowanych komplekséw irydu(III). Wyniki tych prac otwieraja mozliwo$¢ oceny wplywu modyfikacji
struktury ~ chemicznej ~ C,N-donorowych  ligandéw  w  przyszlych  badaniach  wlasciwosci
elektroluminescencyjnych. Prace te obejmowaly nastepujgce zagadnienia:

e Opracowanie efektywnych metod otrzymywania nowych pochodnych benzo[h]chinoliny, jako
potencjalnych prekursoréw ligandéw dla emiteréw fosforescencyjnych [P4]

e Opracowanie efektywnej metody syntezy dwurdzeniowych komplekséw irydu(III) o strukturze
[Ir(CAN)(u-CD)]. z uzyciem nowych ligandéw bedacych pochodnymi bzq oraz badania ich
zachowania w rozpuszczalnikach koordynujacych [P5]

e Syntez¢ nowych komplekséw irydu(III) o strukturach [Ir(CAN)(NAN)]*A™ oraz [Ir(CAN)s],
wyposazonych w nowe ligandy bedace pochodnymi bzq [material nieopublikowany]

Sformultowane cele byty realizowane w ramach projektu OPUS 6 pt. Nowe emitery fosforescencyjne dla
organicznych diod elektroluminescencyjnych, w grupie Prof. UAM dr hab. Ireneusza Kownackiego (kierownika
projektu). Realizacja projektu byta prowadzona we wspélpracy z grupami badawczymi: Prof. dr hab. inz. Jacka
Ulanskiego z Katedry Fizyki Molekularnej Politechniki Ldédzkiej, odpowiedzialng za badania fotofizyczne,
wytwarzanie i charakterystyke diod (Dr inz. Ewelina Witkowska, Dr inz. Gabriela Wiosna-Satyga, Dr hab. inz.
Ireneusz Glowacki, Dr hab. inz. Beata Luszczynska); Prof. dr hab. Mieczystawa Lapkowskiego z Katedry
Fizykochemii i Technologii Polimeréw Politechniki Slaskiej, odpowiedzialng za badania elektrochemiczne (Dr
inz. Przemystaw Ledwon); Prof. dr hab. Marcina Hoffmanna z Zakltadu Chemii Kwantowej Uniwersytetu im.
Adama Mickiewicza, odpowiedzialng za obliczenia kwantowo-chemiczne (Dr inz. Izabela Grzelak) oraz Prof.
dr hab. Macieja Kubickiego z Zaktadu Krystalografii Uniwersytetu im. Adama Mickiewicza, odpowiedzialng
za analize rentgenostrukturalng. Analiza wynikéw uzyskanych przez wspdtpracownikéw stanowi nieodtgczne
dopelnienie zalozonych celéw syntetycznych niniejszej pracy. Udzial w projekcie wymagal nadawania
kierunku prowadzonym badaniom oraz koordynowania wynikéw pracy wszystkich zespotéw, z uwagi na
nadrzedna role grupy Prof. UAM dr hab. Ireneusza Kownackiego oraz fakt, iz analiza jakichkolwiek
materialdéw wymagata w pierwszej kolejnoéci ich otrzymania. Opis realizacji zadan lezacych u podstaw
przedstawionej dysertacji zostal zawarty w kolejnych paragrafach.
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7. Oméwienie publikacji bedacych podstawa rozprawy
7.1. Jonowe zwigzki kompleksowe o strukturze [Ir(bzq).(NAN)]*A~

Pierwszy artykul przedstawionego cyklu [P1] porusza zagadnienie jonowych komplekséw irydu(III)
stabilizowanych dwoma ligandami bzq i jednym ligandem N,N-donorowym. Ideg pracy bylo przeprowadzenie
syntez zwigzkéw koordynacyjnych irydu(III) oraz skorelowanie ich wtasciwosci fotofizycznych,
elektrochemicznych oraz elektroluminescencyjnych ze struktura oraz wlasciwosciami elektronowymi liganda
pomocniczego. Zwigzki zawierajace komercyjnie dostepne pochodne 2,2’-bipirydyny oraz 1,10-fenantroliny
zostaly otrzymane w ukladzie onme-pot z wykorzystaniem wspomagajacego wplywu promieniowania

Y = PFg (A"), BPhy (B'), B(CeFs)4 (C')
B 60 - 86 %
2XY-P1

N> A-P1 B-P1 C-P1 D-P1

X-P1 O

mikrofalowego (Rys. 14).

F-P1 G-P1 H-P1

Rys. 14. Schematyczne przedstawienie zwigzkéw analizowanych w pracy [P1].

Zwigzki koordynacyjne irydu(III) o podobnej budowie byly jak dotad badane gltéwnie pod katem
zastosowania jako markery fluorescencyjne w ukladach biologicznych***>*>>*** oraz jako emitery w
urzadzeniach typu LEEC.”** Potencjat aplikacyjny w tych dziedzinach opierat si¢ na jonowym charakterze tych
zwigzkéw, ktoéry czynil je rozpuszczalnymi w polarnych rozpuszczalnikach (takich jak woda) oraz
przewodzacymi prad elektryczny ich roztwordéw w skutek dysocjacji. Niemniej jednak, w literaturze mozna
bylo napotka¢ takze nieliczne doniesienia opisujace zastosowanie tego typu jonowych ukladéw
fosforescencyjnych w konstrukcji OLEDOw, jak miato to miejsce w przypadku [Ir(ppy)(dtbbpy)]PFs.”
Wiegkszo$¢ zwiazkéw irydu(Ill) o wiasciwosciach elektroluminescencyjnych opisanych w przytoczonych
powyzej zrédlach stabilizowana byla ppy lub jej pochodnymi jako ligandami C,N-cyklometalujacymi, podczas
gdy w przypadku markeréw biologicznych, przebadane zostalo szersze spektrum ligandéw obejmujace takze
bzq. W zwiazku z tym, postanowiono otrzymac oraz gruntownie zbada¢ kompleksy irydu(III) stabilizowane
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dwoma ligandami bzq oraz jednym N,N-donorowym ligandem pomocniczym, ukierunkowujac prace na ich
zastosowanie w konstrukcji OLED6w. Skorelowano przy tym wplyw budowy chemicznej emiteréw na ich
wladciwosci fotofizyczne, elektrochemiczne, termiczne oraz elektroluminescencyjne.

Badania rozpoczeto od przeprowadzenia syntez docelowych zwigzkéw koordynacyjnych. W
poczatkowej fazie prac odwolano sie do literaturowych metod, wedlug ktérych kompleksy o podobnej

05105 Pierwszy z nich obejmowal reakcje

strukturze byly zazwyczaj otrzymywane dwuetapowo.
dwurdzeniowego u-chlorkowego kompleksu irydu(Ill) o strukturze [Ir(CAN),(u-Cl)], z ligandem N,N-
donorowym, dajac kompleks o strukturze [Ir(CAN)(NAN)]CL Drugim etapem byta wymiana anionu
chlorkowego z zewnetrznej sfery koordynacyjnej na inny docelowy anion. Zasadnicza wada tego szlaku
syntetycznego byta jego czaso- i pracochlonno$é, wynikajaca z koniecznosci izolacji oraz oczyszczania
produktu posredniego. Ponadto, wydajnosci otrzymywanych w ten sposéb zwiazkéw z uzyciem zattoczonych
sterycznie liganddw pomocniczych bywaly relatywnie niskie. W tych niedogodnosciach dostrzezono
mozliwo$¢ zmniejszenia nakladu pracy na synteze docelowych materiatéw poprzez przeprowadzenie reakeji
zgodnie z ideg one-pot, polegajaca na skondensowaniu dwoch reakcji chemicznych do jednej operacji, poprzez
umieszczenie wszystkich wymaganych komponentéw w tym samym naczyniu reakcyjnym, w tym samym
czasie (Rys. 15).
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Rys. 15. Schemat procesu one-pot prowadzgcego do otrzymania docelowych komplekséw irydu(I11).

Do testéw wyselekcjonowano dwa rozpuszczalniki (DCE i THF) oraz ligandy o relatywnie duzej zawadzie
sterycznej, czyli 6,6-dimetylo-2,2-bipirydyne (C-P1), 2,2-bischinoline (E-P1) i 2,9-dimetylo-4,7-difenylo-1,10-
fenantroline (H-P1). Pierwsze rezultaty nie byly obiecujace, gdyz uzyskano jedynie zanieczyszczone produkty
(stwierdzone przy pomocy analizy '"H NMR), w dodatku z niewielkimi wydajno$ciami (Tabela 1). W obliczu
tego niepowodzenia postanowiono sprobowac przeprowadzenia reakcji testowej w reaktorze mikrofalowym,
w oparciu o potwierdzone pozytywne efekty zastosowania promieniowania mikrofalowego w syntezie
organicznej.'®'"* Reakcje przeprowadzono w temperaturze 150 °C wylacznie w THE, gdyz jest to
rozpuszczalnik lepiej absorbujacy mikrofale anizeli DCE oraz cechujacy si¢ wlasciwosciami koordynujacymi,
co moglo mie¢ pozytywny efekt na aktywacje¢ prekursora 1-P1. W rezultacie uzyskano znaczaca poprawe
efektywnosci otrzymywania zwigzku 2CA’-P1 w stosunku do reakcji prowadzonej w tazni olejowej (Tabela 1).
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Ponadto, udato si¢ obnizy¢ molowy nadmiar stosowanego liganda pomocniczego oraz NaPFs do wartosci
wynoszacej zaledwie 2,5 %. Opracowane warunki okazaly sie takze skuteczne w syntezie komplekséw 2EA’-P1
oraz 2HA’-P1 wzgledem wczesniejszych préb przeprowadzonych w tazni olejowe;.

Tabela 1. Parametry reakcji testowych i wydajnosci uzyskanych produktéw.

Stosunek molowy reagentéw Temperatura Czas Wydajnosé

Kompleks Rozpuszczalnik 1-P1 : Ligand : NaPF, °C] [h] %]
DCE 1:22:2.2 65 12 26

2CA™-P1 1:22:22 65 12 36
THEF 1:2.05:2.05 150 0.167 12

1:2.05:2.05 150 0.167 64"

DCE 1:2.2:2.2 65 12 19

2EA’-P1 THF 1:2.2:2.2 65 12 28*
1:2.05:2.05 150 0.167 78

DCE 1:2.2:2.2 65 12 24

2HA’-P1 THF 1:2.2:2.2 65 12 33*
1:2.05:2.05 150 0.167 77

* oznacza reakcje przeprowadzona w reaktorze mikrofalowym

Syntezy pozostalych komplekséw przedstawionych na Rys. 14 przeprowadzono wedlug zoptymalizowanej
metodologii, uzyskujac docelowe kompleksy z wydajnosciami w zakresie 60 - 86 %. Identyfikacji oraz
potwierdzenia czystosci wszystkich zwigzkéw dokonano przy uzyciu techniki "H NMR, a struktury dwoch z
nich dodatkowo potwierdzono analizg rentgenostrukturalng (Rys. 16).

Rys. 16. Struktury krystaliczne zwigzkéw 2AA’-P1 (a) oraz 2FA’-P1 (b).

W artykule zamieszczono réwniez rezultaty badan wlasciwosci termicznych otrzymanych
kompleksow. Najwazniejszym wnioskiem plynacym z analizy termograwimetrycznej bylo stwierdzenie
stabilno$ci badanych zwiazkow kwalifikujacej je do zastosowania jako emitery dla diod OLED (temperatura
ubytku 5 % masy dla wszystkich zwiazkéw wynosila powyzej 120 °C, temperatury raczej nieosiagalnej w
warunkach pracy diod).

Nastepnym etapem charakterystyki zwigzkéw zamieszczonym w publikacji byly pomiary
woltamperometryczne, majace na celu okreslenie potencjatéw utleniania i redukgji, a tym samym wyznaczenia
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IP oraz EA. Wartodci te powinny korelowa¢ z poziomami energetycznymi HOMO i LUMO. Z badan
wykluczono kompleksy 2IA’-P1 oraz wszystkie wyposazone w anion [BPh,]’, z uwagi na niestabilnos¢ zwigzku
wyposazonego w ligand I-P1 oraz obserwacje utleniania anionu [BPhi], ktéra zaburzata okreélenie IP
zwigzkéw kompleksowych z tym przeciwjonem. Wyniki przedstawiono w Tabeli 2.

Tabela 2. Wyniki charakterystyki elektrochemicznej zwigzkéw kompleksowych.

Zwigzek Eoxonset [V]  Eredonset [V] E; [eV] IP [eV] EA [eV]

2AA’-P1 0.69 -1.71 2.40 5.8 3.4
2BA’-P1 0.47 -1.74 2.21 5.6 34
2CA’-P1 0.47 -1.73 2.20 5.6 3.4
2DA’-P1 0.49 -1.75 2.24 5.6 3.4
2EA’-P1 0.47 -1.26 1.73 5.6 3.8
2FA’-P1 0.73 -1.67 2.40 5.8 34
2GA’-P1 0.51 -1.66 2.17 5.6 3.4
2HA’-P1 0.41 -1.68 2.09 5.5 34

Wyniki badan elektrochemicznych wykazaly, ze kompleksy wyposazone w 2,2’-bipirydyne (2AA’-P1) oraz
1,10-fenantroline (2FA’-P1) powinny cechowaé sie najwieksza, a kompleks 2EA’-P1 zawierajacy 2,2-
bischinoling najmniejsza elektrochemiczng przerwa energetyczna (E,). Z kolei kompleksy wyposazone w
pozostate ligandy wykazywaly wartoéci posrednie, oscylujace wokdt 2.2 eV. Byt to do$¢ niespodziewany wynik,
gdyz oczekiwano wiekszego zréznicowania wpltywu zmiany liganda pomocniczego na przerwe energetyczna.
Z literatury wynikalo, Ze zmiana N,N-donorowego liganda powinna gléwnie modyfikowac energi¢ poziomu
LUMO kompleksu, gdyz to wlasnie w obrebie liganda pomocniczego powinien by¢ zlokalizowany ten orbital.
W przeciwienistwie, prawie wszystkie zwigzki charakteryzowaly sie tym samym EA na poziomie 3.4 eV.
Sugerowalo to, ze w obserwowany proces redukcji najprawdopodobniej nie jest zaangazowany orbital LUMO
odpowiedzialny za przejécie elektronowe w trakcie emisji promieniowania, a zachodzi inny proces
elektrochemiczny, wspdlny dla wiekszosci struktur. Jedynym wyraznie wyrézniajacym sie zwigzkiem byt 2EA’-
P1, co mozna powiazac¢ z najwigkszym stopniem koniugacji liganda N,N-donorowego, ktéra powodowala
znaczne obnizenie energii poziomu LUMO tego kompleksu. Jesli chodzi o energi¢ poziomu HOMO, to ulegata
ona zmianie w zakresie okolo 0.3 eV, co wynika ze zmiany gestosci elektronowej na atomie centralnym w
zaleznosci od charakteru donorowego liganda pomocniczego.

W artykule zamieszczono takze rezultaty badan teoretycznych, zmierzajacych do okreSlenia
rozmieszczenia orbitali granicznych oraz przewidywania przerw energetycznych badanych zwigzkéw
kompleksowych. Opracowane wyniki zamieszczono na Rys. 17. Wynikéw tych nie nalezy traktowac w sposéb
dostowny, lecz interpretowac w sposéb poréwnawczy, bardziej celem okreslenia trendu wptywu modyfikacji
struktury, niz ustalenia bezwzglednej wartosci parametréw. Zgodnie z oczekiwaniami, poziomy HOMO byty
zlokalizowane na atomie centralnym oraz ligandzie C,N-donorowym, z kolei poziomy LUMO na N,N-
donorowym ligandzie pomocniczym. Ponadto, obliczenia wykonane dla komplekséw bedacych pochodnymi
bpy wskazywaly, ze obecno$¢ podstawnikéw elektronodonorowych (metylo, metoksy; 2BA’-P1, 2CA’-Pl1,
2DA’-P1) powinna powodowa¢ zwigkszenie przerwy energetycznej wzgledem 2AA’-P1. Z kolei kompleks
2EA’-P1 zawierajacy ligand pomocniczy o najwiekszym stopniu koniugacji cechowat sie najmniejsza przerwa
energetyczng, co sugerowato wyrazne batochromowe przesuniecie jego maksimum emisji wzgledem 2AA’-P1.
W przypadku komplekséw bedacych pochodnymi phen otrzymano do$¢ niespojne wyniki, gdyz
wprowadzenie podstawnikéw fenylowych powinno powodowa¢ zwigkszenie koniugacji i obnizenie przerwy
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energetycznej. W opozycji do tego, kompleks 2GA’-P1 wykazywal sie wieksza przerwg w odniesieniu do
zwiazku 2FA’-P1. Z kolei kompleks wyposazony w dodatkowe elektronodonorowe podstawniki metylowe na
ligandzie pomocniczym (2HA’-P1) wykazywal sie najmniejsza przerwa energetyczng z calej serii pochodnych
phen. Przy wspdtczynniku korelacji réwnym 0.79 nalezy interpretowa¢ wyniki obliczen z duza ostroznoscia.

2.22 232 2.27 231

Energia [eV]

2AA’-P1 2BA-P1 2CA’-P1 2DA’-P1 2EA’-P1 2FA’-P1 2GA’-P1 2HA-P1
Rys. 17. Wizualizacje obliczonych HOMO (dolny rzqd) i LUMO (gérny rzgd) oraz przerwy energetyczne komplekséw P1.

Kolejnym aspektem analizy badanych zwiazkéw byly ich wlasciwosci fotofizyczne, poczynajac od
pomiaréw widm absorpcji i fotoluminescencji w roztworze chlorobenzenowym. Wszystkie zwiazki cechowata
obecnos¢ pasma absorpcji typu MLCT w okolicach 420 nm, ktére byly relatywnie stabe z uwagi na ich spinowo
wzbroniony charakter. Oprécz tego, obserwowano znacznie bardziej intensywne pasma ponizej 400 nm, ktére
przypisano dozwolonym przejsciom typu LC. Dopiero badania fotoluminescencji objawily wyrazny,
oczekiwany wplyw zmiany liganda N,N-donorowego (Rys. 18). Kompleks zawierajacy ppy (2AA’-P1)
wykazywal maksimum emisji przy 610 nm, a te wyposazone w podstawniki elektronodonorowe (2BA’-P1,
2CA’-P1 oraz 2DA’-P1) wykazywaly przesuniecie hipsochromowe o warto$ci maksymalnej 58 nm. Z kolei
kompleks 2EA’-P1 zawierajacy ligand o zwigkszonym stopniu aromatycznosci wykazal przesuniecie
batochromowe o wartoéci 45 nm. W przypadku serii komplekséw z ligandami na bazie rdzenia 1,10-
fenantrolinowego réwniez zaobserwowano przesuniecie batochromowe zwigzane z wprowadzeniem
podstawnikéw fenylowych (zwiekszajacych koniugacje), jednak efekt ten byt zdecydowanie mniej wyrazny. W
ten spos6b potwierdzono oczekiwany trend zmian przerwy energetycznej.
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Rys. 18. Znormalizowane widma emisji komplekséw 2(A-F)A’-P1 (a) oraz 2(F-H)A’-P1 (b) w roztworze.
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Zmierzona zostala takze wydajno$¢ kwantowa fotoluminescencji, ktéra osiggata 9 % w przypadku kompleksu
2EA’-P1 w atmosferze powietrza. Wydajnosci te byly zauwazalnie wieksze podczas pomiaréw w odtlenionych
roztworach, co dodatkowo potwierdza fosforescencyjny charakter emiteréow, gdyz tlen jest znanym
wygaszaczem wzbudzonych stanéw trypletowych. W tego typu pomiarach, najwyzsze wartosci zostaly
zarejestrowane dla komplekséw fenantrolinowych. Na uwage zastuguje najwigksza rdznica wydajnosci
kwantowej pomiedzy roztworem odtlenionym i nieodtlenionym w przypadku kompleksu 2FA’-P1.

Ostatnim aspektem badan przedstawionym w pracy [P1] byla analiza parametréw pracy prostych
diod, wykonanych w konfiguracji ITO/PEDOT:PSS/PVK:PBD + kompleks/Ca/Ag. Do wykonania testowych
urzadzenn OLED zostaly wyselekcjonowane 2AA’-P1, 2EA’-P1, 2FA’-P1 oraz 2GA’-P1, zwiazki cechujace si¢
najwyzszymi wydajno$ciami kwantowymi emisji w roztworze. Przede wszystkim zaobserwowano, ze podczas
badan elektroluminescencji zanika pasmo od matrycy, co sugeruje znacznie bardziej efektywny transfer energii
z matrycy do emitera, niz w przypadku fotoluminescencji w warstwie. Dla wszystkich czterech komplekséw
zaobserwowano hipsochromowe przesuniecie emisji wzgledem fotoluminescencji w warstwie, co zostato
powiazane ze zwigkszeniem sztywnosci o$rodka, powodujac przyjmowanie odmiennych konformacji molekut
emiteréw. Najwyzsza luminancjg oraz wydajnoscia pradows cechowala sie dioda oparta o emiter 2FA’-P1, co

korelowalo z zarejestrowaniem najwyzszej wydajnosci kwantowej fotoluminescencji tego kompleksu wéréd
wszystkich badanych zwiazkéw (Rys. 19).
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Rys. 19. Charakterystyka prgdowo-napieciowa diod wykonanych z uzyciem emiteréw 2AA’-P1 (a), 2EA’-P1 (b), 2FA’-P1
(c) oraz 2GA’-P1 (d).

Podsumowujac, w ramach pracy [P1] dokonano syntezy szeregu zwiazkéw kompleksowych o wzorze
ogoélnym [Ir(bzq)(NAN)]*A~, zawierajacych rézne ligandy pomocnicze bazujace na strukturze 2,2’-
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bipyrydyny oraz 1,10-fenantroliny. Zwiazki te otrzymano w asyscie promieniowania mikrofalowego, ktéra
umozliwita synteze docelowych zwigzkéw w czasie zaledwie 10 minut. Otrzymane materialy zostaly
scharakteryzowane przez wspolpracujace grupy badawcze pod katem wiasciwosdci termicznych,
elektrochemicznych i fotofizycznych oraz skorelowane z wynikami modelowania kwantowo-chemicznego.
Analiza uzyskanych danych pozwolila stwierdzi¢ efekt przestrajania pasma emisji w zalezno$ci od struktury
liganda pomocniczego. Wyposazanie ligandéw N,N-donorowych w podstawniki elektronodonorowe
powodowatlo przesuniecie emisji w kierunku niebieskim, z kolei zwigkszanie stopnia koniugacji powodowato
przesuniecie w kierunku czerwonym. Wybrane kompleksy postuzyly jako emitery do wytworzenia prostych
OLEDOw. Najbardziej efektywne diody cechowaly si¢ dobrymi parametrami pracy biorac pod uwage
wykonanie ich technikami roztworowymi oraz brak optymalizacji struktury urzadzen.
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7.2. Kompleksy Ir(III) zawierajace fluorowane 8-ketoiminianowe ligandy pomocnicze

W kolejnym artykule [P2] przedstawiono rezultaty badan dotyczacych heteroleptycznych neutralnych
komplekséw irydu(III) o ogélnym wzorze [Ir(bzq).(NAO)], stabilizowanych N,O-donorowymi ligandami -
ketoiminianowymi wyposazonymi w fluorowane ugrupowania aromatyczne. Ideg pracy bylo otrzymanie serii
zwigzkéw  koordynacyjnych oraz skorelowanie ich wlasciwosci fotofizycznych, termicznych,
elektrochemicznych i teoretycznych w odniesieniu do stopnia oraz miejsca podstawienia atomami fluoru
liganda pomocniczego. Zwienczeniem pracy byla dyskusja parametréw OLED6w wykonanych technika
roztworowa z uzyciem nowych komplekséw w roli emiteréw fosforescencyjnych (Rys. 20).
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Rys. 20. Graficzne przedstawienie zagadnieri poruszanych w pracy [P2].

Na podstawie przegladu literaturowego wyselekcjonowano do badan kompleksy irydu(III)
wyposazone w dwa ligandy bzq oraz jeden pomocniczy ligand f-ketoiminianowy o zmiennym stopniu
podstawienia atomami fluoru podstawnika N-arylowego. Punktem wyjscia do realizacji tego pomystu byta
synteza prekursoréw ligandow zawierajacych w swojej strukturze pierscient fenylowy podstawiony atomami

o o TsOH / benzen R
M +  HyN-R » O N
lub M
1-P2 2X-P2 Er(OTf)3/ toluen 3X-P2
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a b c
R= FF
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Rys. 21. Schemat otrzymywania [-ketoimin w pracy [P2].
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fluoru w pozycjach orto, meta i para, grupg trifluorometylowa w pozycji para oraz perfluorowany pierscien
fenylowy. Zwiazki te zostaly otrzymane w reakcji kondensacji pomiedzy acetyloacetonem, a odpowiednimi
pochodnymi aniliny, z wykorzystaniem kwasu para-toluenosulfonowego lub soli erbu(III) w roli katalizatoréw
(Rys. 21).""*'"* Otrzymane f-ketoiminy postuzyly do syntezy docelowych zwigzkéw kompleksowych, na drodze
rozszczepienia u-chlorkowego kompleksu 4-P2 w $rodowisku zasadowym (Rys. 22a). Tym razem réwniez
skorzystano z wspomagajacego efektu promieniowania mikrofalowego, co pozwolilo uzyska¢ oczekiwane
produkty w czasie jedynie 10 minut. Ostatni kompleks 5g-P2 zostat otrzymany przypadkowo podczas syntezy
zwigzku 5f-P2, gdy w ukladzie znalazla si¢ niewielka ilo§¢ 2-metoksyetanolu (musiala to by¢ pozostato$¢ po
otrzymaniu dimeru 4-P2) i doszlo do substytucji atomu fluoru w pozycji para. Postanowiono ten kompleks
takze wlaczy¢ do badan, a jego synteza zostata powtdérzona intencjonalnie z uzyciem $cisle okreslonej ilosci 2-
metoksyetanolanu sodu (Rys. 22b).
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Rys. 22. Schemat otrzymywania kompleksow p-ketoiminianowych.

Struktury otrzymanych komplekséw potwierdzono analiza 'H NMR oraz dyfrakcji promieniowania
rentgenowskiego na wyhodowanych monokrysztatach. Analiza XRD wykazala, ze geometria wielo$cianu
koordynacyjnego utworzonego przez atomy donorowe zblizona jest do regularnego oktaedru (Rys. 23).
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Rys. 23. Struktury krystaliczne zwigzkéw 5b-P2 (a) oraz 5e-P2 (b).

Analiza termograwimetryczna otrzymanych komplekséw wykazata ich zaskakujaco duza stabilno$¢
termiczng, gdyz 5-procentowy ubytek masy kazdej prébki przypadat dopiero w okolicach 270 °C. Tym samym
potwierdzono wystarczajaca stabilnos$¢ termiczna tych zwigzkéw do zastosowania w roli emiteréw OLED.

W dalszej kolejnosci przystapiono do analizy wlasciwosci elektrochemicznych. Woltamperometria
cykliczna potwierdzita niewielki wptyw zmian struktury chemicznej na potencjal jonizacji badanych zwigzkéw,
pozostajac bez wpltywu na warto$¢ powinowactwa elektronowego (Tabela 3). Poczynione obserwacje wyraznie
sugerowaly, ze na ligandzie ketoiminianowym powinien by¢ zlokalizowany przede wszystkim poziom HOMO,
a w znacznie mniejszym stopniu LUMO. Stopient wptywu na IP byt zalezny od ilo$ci podstawnikéw fluorowych
znajdujacych si¢ przy pierécieniu fenylowym i osiagat szczyt w przypadku kompleksow 5f-P2 oraz 5g-P2, co
wskazuje na stabilizacje poziomu HOMO poprzez elektronowyciagajacy charakter atoméw fluoru. Jednakze,
wplyw ten nie byt tak zauwazalny jak w przypadku modyfikacji szkieletu ketoiminianu.®®

Tabela 3. Wyniki pomiaréw woltamperometrycznych komplekséw z serii P2.

Zwiazek  Eoxomset [V]  Eredonset [V]  Eg[€V] IP [eV]  EA[eV]

5a-P2 0.14 -2.44 2.58 5.2 2.7
5b-P2 0.21 -2.42 2.63 5.3 2.7
5c-P2 0.18 -2.39 2.57 5.3 2.7
5d-P2 0.18 -2.43 2.62 5.3 2.7
5e-P2 0.12 -2.36 2.48 5.2 2.7
5f-P2 0.32 -2.41 2.73 5.4 2.7
5g-P2 0.30 -2.39 2.69 5.4 2.7

Kolejnym analizowanym aspektem byly wyniki obliczen kwantowo-chemicznych, ktére réwniez
potwierdzily przyjmowanie geometrii lekko znieksztalconego oktaedru przez badane zwigzki. Jednakze,
najbardziej istotne z punktu widzenia analizy ich wlasciwosci bylo rozmieszczenie orbitali granicznych oraz
wartoéci przewidywanych przerw energetycznych, ktére zostaly przedstawione na Rys. 24. Jak mozna
zauwazy¢, poziomy HOMO sg zlokalizowane we wszystkich przypadkach na atomie centralnym, ligandach
C,N-cyklometalujacych oraz ligandzie pomocniczym, ale jedynie w niewielkim stopniu na podstawniku N-
fenylowym. Prawdopodobnie to jest przyczyna niewielkiego wplywu stopnia fluorowania na IP badanych
zwigzkéw. Z kolei poziomy LUMO znajdowaly sie gtéwnie na ligandach C,N-cyklometalujacych, co
odpowiada za brak efektu zmiany struktury chemicznej na obserwowang wartos$¢ EA.
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Rys. 24. Wymodelowane orbitale HOMO (dolny rzqd) oraz LUMO (gérny rzgd) wraz wartosciami przerw energetycznych
kompleksow omawianych w pracy [P2].

Przewidywane przerwy energetyczne zawieraly si¢ w bardzo waskich granicach, z najwigkszymi wartosciami
dla kompleksow zawierajacych najwiekszg ilo$¢ atomoéw fluoru przylaczonych bezposrednio do pierscienia
fenylowego (5f-P2 i 5g-P2) oraz najmniejsza wartoscig dla kompleksu 5e-P2, zawierajacego trzy atomy fluoru
przylaczone do pierscienia poprzez dodatkowy atom wegla, w postaci grupy trifluorometylowej. Rezultaty te
pokrywaly si¢ z wynikami badan elektrochemicznych, jednakze nalezy podkredli¢, ze obie galezie badan
sugerowaly niewielkie przestrajanie potozenia pasma emisji (zmiane Eg).

Powyzszy wniosek mogla zweryfikowa¢ jedynie analiza wilasciwosci fotofizycznych badanych
zwigzkow koordynacyjnych. Wszystkie one wykazywaly sie bardzo podobnymi widmami absorpcji, na ktérych
mozna bylo zaobserwowaé szerokie pasma w zakresie 420-550 nm, ktére przypisano przejsciom MLCT.
Wzbudzanie w tym zakresie pozwolilo zarejestrowa¢ widma fotoluminescencji, przedstawione na Rys. 25.
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Rys. 25. Znormalizowane widma fotoluminescencji kompleksow serii P2 w chlorobenzenie.
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Jak mozna zauwazy¢, zostaly zarejestrowane bardzo szerokie pasma, typowe dla przej$¢ ze standw
trypletowych. Co ciekawe, z calej grupy zauwazalnie wyrdznialy sie kompleksy 5f-P2 oraz 5g-P2, ktérych
maksima emisji byly przesunigte hipsochromowo. Tak jak przypuszczano, zaobserwowano niewielki wplyw
podstawienia fluorem na potozenie maksimum emisji. Zwiazki zawierajace przynajmniej 4 atomy fluoru (5f-
P2 oraz 5g-P2) emitowaly przy 546-547 nm, zwiazki zawierajace jeden atom fluoru (5b-P2, 5¢-P2 oraz 5d-
P2) w zakresie 567-568 nm, a zwigzek referencyjny 5a-P2 nie zawierajacy zadnego atomu fluoru, emitowal
przy 577 nm. Trend ten potwierdza indukcyjny efekt podstawienia pierscienia N-fenylowego na stabilizacje
poziomu HOMO i zwigkszanie przerwy energetycznej (zmniejszanie Amax). Jedynym wyjatkiem byt zwigzek 5e-
P2 zawierajacy trzy atomy fluoru (Amsx = 569 nm), ktérych efekt byt wyraznie oslabiony z uwagi na
niebezposrednie przylaczenie do pierscienia fenylowego. Intrygujace byto jednak to, Ze nie stwierdzono
wplywu regiopodstawienia na przestrajanie w serii 5b-P2, 5¢-P2 oraz 5d-P2. Zmierzone wydajno$ci kwantowe
fotoluminescencji byly bardzo niskie w atmosferze powietrza i wyraznie rosty w odtlenionych roztworach, az
do wartosci 44 % dla kompleksu 5d-P2, potwierdzajac fosforescencyjny charakter emisji.

Bardzo podobne widma emisji zaobserwowano w przypadku pomiaru fotoluminescencji 1 % emitera
w filmie PVK/PBD, z wyjatkiem przesuniecia hipsochromowego wszystkich pasm, zwigzanego z efektem
usztywnienia matrycy. Na widmach zauwazalne bylo takze pasmo pochodzace od eksciplekséw pomigdzy

1% $wiadczace o niecatkowitym transferze energii do emitera. Najbardziej efektywne

komponentami matrycy,
w tym aspekcie okazaly sie kompleksy zawierajace przynajmniej cztery atomy fluoru, gdyz pasmo
ekscipleksowe bylto w ich przypadku najmniej intensywne, a wydajno$ci kwantowe fotoluminescencji w filmie

najwieksze (Rys. 26).
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Rys. 26. Znormalizowane widma fotoluminescencji badanych komplekséw w warstwie PVK/PBD. W nawiasach podano
wydajnosci kwantowe fotoluminescencji.

Ostatnim analizowanym aspektem byly parametry pracy prostych diod przygotowanych w oparciu o
badane zwigzki kompleksowe. Jak sie okazalo, wczesniej opisane trendy dotyczace wpltywu ilosci atomow
fluoru na przesuniecie maksimum emisji zostaly zachowane, gdyz najkrétsze dtugosci fali emitowaly diody
oparte o 5f-P2 oraz 5g-P2, a najdluzszg dioda oparta o 5a-P2. Jednakze nalezy podkresli¢, ze roznice byly na
niewielkim poziomie, gdyz maksima emitowanych pasm dla wszystkich komplekséw zawieraly sie w przedziale
17 nm. Jedli chodzi o wydajno$¢ pracy, to zaobserwowano zupelnie odwrotny trend wzgledem
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fotoluminescencji w warstwie, w ktérej najwyzsze wydajnoséci kwantowe uzyskaly kompleksy 5(e-g)-P2. W
przypadku elektroluminescencji, diody zawierajace te emitery uzyskiwaty najgorsze parametry w serii (Tabela
4). Najlepszymi parametrami pracy cechowaly si¢ diody zawierajace emitery 5a-P2, 5b-P2 oraz 5d-P2, przy
czym dominowaly te wyposazone w jeden atom fluoru w pozycji orto oraz para pierscienia N-fenylowego. W
ten sposéb zostat potwierdzony pozytywny efekt wprowadzenia atoméw fluoru do referencyjnej struktury 5a-
P2 na wlasciwosci elektroluminescencyjne badanych zwiazkéw.

Tabela 4. Parametry pracy urzgdzer opartych o emitery z serii P2.

Maksymalna Maksymalna Zewnetrzna Maksimum
Zwiazek luminancja wydajno$é wydajnosé elektroluminescencji

[cd/m?] pradowa [cd/A] kwantowa [%] [nm]
5a-P2 9500 9.1 2.71 560
5b-P2 10 000 9.7 2.75 553
5c-P2 6200 7.0 1.80 556
5d-P2 13 000 9.8 2.68 554
5e-P2 4 800 6.7 1.99 559
5f-P2 5000 4.1 1.13 543
5g-P2 5000 5.8 1.65 550

Podsumowujac, w ramach pracy [P2] zostaly zaprojektowane i otrzymane zwigzki kompleksowe o
wzorze ogélnym [Ir(bzq)(NAO)], zawierajace pomocniczy ligand f-ketoiminianowy o zréznicowanym
stopniu podstawienia atomami fluoru. Po raz kolejny potwierdzono skuteczno$¢ promieniowania
mikrofalowego w syntezie zwigzkéw kompleksowych irydu(III), gdyz docelowe zwigzki zostaly otrzymane w
czasie zaledwie 10 minut. Materialy te zostaly scharakteryzowane przez wspdtpracujace grupy badawcze pod
katem wlasciwoséci termicznych, elektrochemicznych i fotofizycznych oraz skorelowane z wynikami
modelowania kwantowo-chemicznego. Analiza uzyskanych danych pozwolita stwierdzi¢ niewielki efekt
przestrajania pasma emisji poprzez stabilizacje poziomu HOMO dzieki indukcyjnemu efektowi atomoéw
fluoru, w zaleznosci od ich ilo$ci w strukturze chemicznej liganda N,O-donorowego. Zamiast tego, stwierdzono
bardzo duzy wplyw na wydajnosci kwantowe fotoluminescencji oraz parametry pracy diod skonstruowanych
z udzialem badanych zwigzkéw. W fotoluminescencji najefektywniej sprawowaly si¢ kompleksy zawierajace
cztery lub pie¢ atoméw fluoru w strukturze, z kolei w elektroluminescencji najefektywniejsze okazaly sie
kompleksy zawierajace podstawnik para- oraz orto-fluorofenylowy. Najbardziej efektywne diody cechowaty
si¢ bardzo dobrymi parametrami pracy (maksymalna luminancja na poziomie 13 000 cd/m? maksymalna
wydajnosé¢ pradowa rzedu 10 cd/A) biorac pod uwage wykonanie ich technikami roztworowymi oraz brak
optymalizacji struktury urzadzen.
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7.3. Kompleksy Ir(IIT) zawierajace N-arylopodstawione ligandy p-ketoiminianowe

Praca [P3] jest kontynuacja tematyki heteroleptycznych zwiazkéw koordynacyjnych irydu(III) o
ogoélnym wzorze [Ir(bzq)(NAO)], tym razem wyposazonych w N,O-donorowe ligandy f-ketoiminianowe
zawierajace réznorodne ugrupowania aromatyczne oparte o rdzen benzenu, naftalenu i antracenu. Koncepcja
pracy byla blizniaczo podobna do poprzedniej i réwniez obejmowala synteze zaprojektowanych kompleksow
oraz analize ich wlasciwosci w relacji do struktury chemicznej ugrupowania arylowego polaczonego z
ketoiminianowym atomem azotu. Abstrakt graficzny publikacji przedstawiono na Rys. 27.
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Rys. 27. Przedstawienie struktur analizowanych zwigzkéw wraz z parametrami pracy najwydajniejszego emitera.

Kontynuujac tematyke komplekséw f-ketoiminianowych rozpoczeta we wczesniejszej pracy [P2], w
ramach ktérej potwierdzono wplyw struktury podstawnika przytaczonego do atomu azotu liganda
pomocniczego na wlasciwosci emisyjne oraz wykazano, ze najlepszymi parametrami pracy cechowata si¢ dioda
oparta o emiter wyposazony w podstawnik N-(para-fluorofenylowy), w kolejnej pracy postanowiono bardziej
szczegdlowo zbadaé efekt zmiany podstawnika para pierScienia N-fenylowego. Dodatkowe kompleksy
zawierajgce grupe nitrowa w pozycji meta oraz orto zostaly otrzymane celem zgtebienia wyrézniajacych sie
wlasciwosci elektrochemicznych tej klasy zwigzkéw. Ponadto, intencja byto zbadanie efektu obecnosci oraz
regiopodstawienia grup poliaromatycznych, takich jak naftyl oraz antracenyl, gdyz dotychczasowe prace w tym
zakresie byty ograniczone jedynie do komplekséw N-fenylowych.®”6%!"7

Rys. 28. Przyktadowe struktury krystaliczne ketoimin 3h-P3 (a) oraz 3j-P3 (b).

Prace syntetyczne rozpoczeto od otrzymania odpowiednich B-ketoimin zgodnie z procedurami
opisanymi w poprzedniej pracy [P2]. Jedynie 3-ketoimin zawierajacych podstawniki N-antracenylowe (3 (j-k)-

-39 -



UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

uAM WYDZiAr CHEMII

P3) nie udalo sie uzyska¢ wczesniej opracowanymi sposobami. W zwigzku z powyzszym, dla tej grupy
pochodnych opracowano alternatywne warunki ich syntezy z uzyciem reaktora mikrofalowego. Wszystkie
potrzebne prekursory ligandéw zostaly uzyskane z wydajnosciami siggajacymi 90 % (Rys. 29a). Analiza
rentgenostrukuralna potwierdzita otrzymanie zakladanych zwiazkdow, ktdre wystepowaly w fazie krystalicznej
w formie enolowej, stabilizowanej wigzaniem wodorowym N-H---O (Rys. 28).

Kolejnym krokiem byla synteza docelowych zwigzkéw koordynacyjnych z wykorzystaniem
prekursoréw ligandow B-ketoiminianowych poprzez rozszczepienie dimeru 4-P3 w warunkach zasadowych
(Rys. 29b). Tym razem syntezy przeprowadzono w lazni olejowej zamiast w reaktorze mikrofalowym.
Przyczyna tego byta prozaiczna, a mianowicie tymczasowa awaria reaktora wymuszajgca skorzystanie z
klasycznego zrodta ciepta. W trakcie analizy "H NMR zaobserwowano, ze niektére z otrzymanych zwigzkow
(5(c,f,i,k,1)-P3) stanowily mieszaniny izomeréw, ktérych rozdzielenie na kolumnie chromatograficznej

okazalo si¢ niemozliwe.
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Rys. 29. Schemat otrzymywania [-ketoimin oraz zwigzkéw kompleksowych badanych w pracy [P3].
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Analiza XRD monokrysztatéw wykazala, ze przyczyna izomerii jest odmienne skoordynowanie N,O-
donorowego liganda pomocniczego, prawdopodobnie spowodowane wlasciwosciami stereoelektronowymi
podstawnikéw N-arylowych oraz ich oddzialywaniem n-m stackingowym z ligandem bzq. Przykladowe
struktury komplekséw zaprezentowano na Rys. 30. W ramach badan nieopisanych w artykule [P3] udato sie
wyizolowacé czysty izomer zwigzku 5j-P3 oraz poréwnac jego wlasciwosci fotofizyczne i elektroluminescencyj-
ne z tymi uzyskanymi dla nierozdzielonej mieszaniny izomeréw. Charakterystyki obu probek byly praktycznie
identyczne, co wplyneto na decyzje o kontynuowaniu badan pozostatych mieszanin izomeréw.

b)

Rys. 30. Przyktadowe struktury krystaliczne komplekséw 5i-P3 (a) oraz 5j-P3 (b).

Analiza termograwimetryczna kompleksow bedacych przedmiotem dyskusji wykazala ich stabilno$¢
termiczng do temperatury przynajmniej 230 °C (ubytek 5% masy), co potwierdzato brak przeciwskazan w
aspekcie stabilnosci termicznej do kontynuowania ich badan.

Tabela 5. Wyniki badan elektrochemicznych zwigzkéw omawianych w pracy [P3].

Zwigzek Eoxonset [V]  Eredonset [V] E; [eV] IP [eV] EA [eV]
5a-P3 0.17 -2.32 2.49 5.3 2.8
5b-P3 0.12 -2.20 2.32 5.2 2.9
5¢-P3 0.21 -2.15 2.36 5.3 3.0
5d-P3 0.26 -1.73 1.99 5.4 3.4
5e-P3 0.26 -1.70 1.96 5.4 3.4
5f-P3 0.17 -1.72 1.89 5.3 3.4
5g-P3 0.29 -2.35 2.64 5.4 2.8
5h-P3 0.23 -2.28 2.51 53 2.8
5i-P3 0.16 -2.31 2.47 5.3 2.8
5j-P3 0.20 -2.29 2.49 5.3 2.8
5k-P3 0.18 -2.26 2.44 53 2.8
51-P3 0.15 -2.31 2.46 53 2.8

Kolejnym aspektem poruszanym w pracy byla analiza wynikéw woltamperometrii cyklicznej (Tabela
5). Jak mozna zauwazy¢, zmiana struktury chemicznej miata niewielki wplyw na wartosci IP analizowanych
zwiazkow, czego oczekiwano w oparciu o wyniki pracy [P2]. Poziom HOMO zlokalizowany w niewielkim
stopniu na podstawniku N-arylowym powinien by¢ destabilizowany obecnoscia elektronodonorowej grupy
metoksylowej (5b-P3) oraz stabilizowany obecnoscig elektronowyciagajacych grup nitrowej i 5-metylo-2-
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benzotiazylowej (5d-P3, 5e-P3, 5g-P3), czego odzwierciedleniem bylo odpowiednio obnizenie oraz
podwyzszenie wartoéci IP wzgledem kompleksu referencyjnego 5a-P3. O ile zmiana struktury mogla miec¢
wplyw na warto$¢ IP, o tyle nie spodziewano sie jej wplywu na EA. Ku zaskoczeniu, zaobserwowano bardzo
duze odchylenie od referencyjnej wartosci 2.8 eV w przypadku komplekséw wyposazonych w grupe nitrowa
(5(d-f)-P3) oraz mniejsze odchylenie w przypadku grupy nitrylowej (5¢-P3), co przektadato sie na
odpowiednio nizszg warto$¢ E; tych komplekséw. Wyniki te wydawaly sie nielogiczne, gdyz ewentualnie
mozna bylo oczekiwa¢ niewielkiej stabilizacji poziomu HOMO, ktéra powinna prowadzi¢ do zwigkszenia E,.
Z kolei wszystkie kompleksy zawierajace podstawniki czysto weglowodorowe cechowaly sie podobnymi
przerwami energetycznymi w okolicach 2.5 eV. Przyczyny tych rozbiezno$ci postanowiono wyjasni¢ przy
pomocy obliczen kwantowo-chemicznych.

Obliczenia bardzo dobrze odzwierciedlaly wyniki pomiaréw elektrochemicznych, wskazujac znaczace
obnizenie przerwy energetycznej kompleksow zawierajacych grupe nitrowa oraz zblizone wartosci dla
pozostatych zwiazkéw. Podobnie jak w poprzedniej pracy, obliczenia wykazaly umiejscowienie HOMO
gltownie na atomie metalu, czesci C-donorowej liganda cyklometalujacego oraz szkielecie ketoiminianu. Z kolei
poziomy LUMO znajdowaly si¢ gléwnie na ligandach cyklometalujacych, z wyjatkiem kompleksow
wyposazonych w grupe nitrowa, w przypadku ktérych znajdowal sie on gléwnie na pierscieniu
nitrofenylowym. Poréwnanie wizualizacji orbitali granicznych reprezentatywnych komplekséw 5a-P3 oraz 5f-
P3 przedstawiono na Rys. 31.

LUMO+1

LUMO

/Y

3.31eV 4

Energia [eV]

HOMO HOMO

5a-P3 5f-P3

Rys. 31. Wizualizacje obliczonych orbitali granicznych zwigzkow 5a-P3 oraz 5f-P3.

Jak mozna zauwazy¢, przerwa energetyczna HOMO - LUMO+1 kompleksu 5f-P3 byta praktycznie identyczna
z przerwa HOMO - LUMO kompleksu 5a-P3. Podobnie wygladat takze kontur orbitalu LUMO+1 kompleksu
5f-P3 oraz orbitali LUMO i LUMO+1 kompleksu 5a-P3. Jedyna wyrazng réznice stanowila obecnos¢
dodatkowego nieobsadzonego poziomu zwigzanego z obecnoscia grupy nitrowej, ktéry zmienial notacje wyzej
potozonych pozioméw. Tym samym obliczenia pozwolily stwierdzic¢, ze obnizenie EA dla komplekséw 5(d-f)-
P3 w pomiarach elektrochemicznych jest spowodowane wprowadzeniem dodatkowego nieobsadzonego
orbitalu grupy nitrowej, a wyznaczony potencjal redukcji tak naprawde odpowiada procesowi redukcji tej
grupy. Niewielki stopien pokrywania si¢ pozioméw HOMO i LUMO kompleksu 5f-P3 stanowil dowdd, ze
oznaczona elektrochemicznie przerwa energetyczna nie musi odpowiadaé przerwie optycznej, gdyz przejsicie
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elektronowe odpowiedzialne za emisje w kompleksach 5(d-f)-P3 nie bedzie zachodzilo pomiedzy orbitalami
HOMO i LUMO, ale raczej HOMO i LUMO+1. Wobec tego nalezalo oczekiwa¢, ze wszystkie badane
kompleksy beda cechowaly sie zblizonymi dlugosciami emitowanych fal.
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Rys. 32. Znormalizowane widma fotoluminescencji komplekséw z funkcjonalizowanym podstawnikiem N-fenylowym (a)
oraz czysto weglowodorowymi podstawnikami N-arylowymi (b) w chlorobenzenie.

Pierwsze potwierdzenie powyzszej tezy stanowily pomiary widm absorpcji badanych zwiazkéw w
roztworze, ktére byly bardzo zblizone w zakresie powyzej 400 nm, w ktérym oczekiwano pasm MLCT.
Zaobserwowano jedynie réznice w zakresie krétkofalowym, w ktérym nalezalo sie spodziewaé odmiennych
pasm od przej$¢ m-n*. Na tym etapie zaprzestano dalszych badan kompleksu 5d-P3, gdyz okazal sie on
nietrwaly w warunkach pomiaru. Znacznie ciekawsze rezultaty zostaly uzyskane podczas badania
fotoluminescencji w roztworze (Rys. 32). Okazalo si¢, ze zwiazki zawierajace podstawnik N-fenylowy z grupa
funkcyjng wykazywaly ustrukturyzowang emisje, a zwiazki wyposazone w czysto weglowodorowe podstawniki
N-arylowe cechowaly sie szerokim pasmem emisji charakterystycznym dla przejs¢ MLCT. Co ciekawe,
fenomen ten nie byl obserwowany podczas badan fotoluminescencji w filmie PVK/PBD, a kompleksy go
wykazujace charakteryzowaly sie pogorszonym transferem energii, co objawialo sie stosunkiem intensywnosci
pomiedzy pasmami pochodzacymi od emitera i matrycy (Rys. 33). Zamiast tego, kompleksy zawierajace
podstawniki antracenylowe wykazywaly dodatkowe pasma diugofalowe $§wiadczace o degradacji podstawnika
N-arylowego, co zostalo takze potwierdzone w pdzniejszych badaniach elektroluminescencyjnych. Najwyzsza
wydajnos¢ kwantowa fotoluminescencji w filmie zostata zarejestrowana dla kompleksu 5h-P3 (18 %).
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Rys. 33. Znormalizowane widma fotoluminescencji kompleksow z funkcjonalizowanym podstawnikiem N-fenylowym (a)
oraz czysto weglowodorowymi podstawnikami N-arylowymi (b) w filmie PVK/PBD.
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W oparciu o kompleksy serii P3 zostaly przygotowane proste diody elektroluminescencyjne o
konfiguracji ITO/PEDOT:PSS/PVK:PBD + emiter/Ca/Ag. Parametry pracy tych diod zostaly zebrane w Tabeli
6. Na widmach elektroluminescencji nie obserwowano pasm od matrycy widocznych w badaniach
fotoluminescencji, co $wiadczyto o calkowitym transferze energii do czasteczek emiteréw. Zgodnie z
oczekiwaniami, maksima emitowanych pasm ulegaly jedynie niewielkiemu przestrajaniu pod wplywem zmian
struktury ligandéw pomocniczych. Zamiast tego, stwierdzono bardzo duzy wplyw budowy tego liganda na
wydajnos$¢ foto- i elektroluminescencji. Najlepsze parametry uzyskaly diody zawierajace emitery 5(a,b,gh,i)-
P3, czyli takie wyposazone w podstawniki bogate w elektrony (metoksy oraz weglowodorowe ugrupowania
aromatyczne). Pochodne antracenylowe nie wpasowywaly si¢ w ten trend z uwagi na ich niewielka stabilno$¢
w warunkach przeptywu pradu. Najlepszym emiterem okazal sie kompleks 5h-P3, na ktorego bazie dioda
wykazywata maksymalng luminancje bliskg 16 000 cd/m?, maksymalng wydajno$¢ pradowa w okolicach 12
cd/A oraz zewnetrzng wydajnoscia kwantowa wynoszaca 3.2 %. Byly to wartoéci zauwazalnie lepsze niz
zarejestrowane dla referencyjnego zwigzku 5a-P3 i bardzo dobre jak na tak proste urzadzenia o
niezoptymalizowanej strukturze.

Tabela 6. Parametry pracy diod opisanych w artykule [P3].

Maksymalna Maksymalna Zewnetrzna Maksimum
Zwiazek luminancja wydajnosé wydajnosé elektroluminescencji
[cd/m?] pradowa [cd/A] kwantowa [%] [nm]
5a-P3 9500 9.1 2.71 559
5b-P3 1400 2.6 0.83 565
5¢-P3 600 1.5 0.48 559
5e-P3 180 0.2 0.07 567
5f-P3 580 0.3 0.10 563
5g-P3 4200 3.8 1.13 559
5h-P3 15700 12.3 3.20 556
5i-P3 5500 4.2 1.45 569
5j-P3 50 0.02 0.01 587,715
5k-P3 100 0.06 0.03 625, 697, 765
51-P3 70 0.02 0.02 575, 740

Podsumowujac, w artykule [P3] podjeto tematyke komplekséw o ogélnym wzorze [Ir(bzq).(NAO)],
zawierajacych  f-ketoiminianowe ligandy pomocnicze wyposazone w podstawniki N-fenylowe
funkcjonalizowane w pozycji para oraz podstawniki N-naftylowe i N-antracenylowe. Zwiazki te zostaly
zaprojektowane i otrzymane w celu zobrazowania wplywu podstawnika N-arylowego na ich wlasciwosci
elektrochemiczne oraz foto- i elektroluminescencyjne. Analiza wynikéw charakterystyki otrzymanych
materialéw i modelowania kwantowo-chemicznego pozwolila wyjasni¢ przyczyny odmiennego zachowania
komplekséw wyposazonych w grupe nitrowa. Zgodnie z oczekiwaniami, efekt przestrajania pasma emisji
komplekséw byt relatywnie niewielki, a wszystkie zwigzki byly emiterami barwy zielonej. Zamiast tego,
stwierdzony zostal bardzo duzy wplyw budowy chemicznej emiteréw na efektywnos¢ foto- i
elektroluminescencji. Najbardziej efektywny okazat sie emiter zawierajacy podstawnik 1-naftylowy, na ktérego
bazie dioda wykazywata maksymalng luminancje siegajacg 16 000 cd/m’. Z kolei zwigzki wyposazone w grupy
N-antracenylowe okazaly sie wyjatkowo niestabilne, co zdecydowanie wyklucza ich zastosowanie w
optoelektronice.
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7.4. Funkcjonalizacja benzo[h]chinoliny w pozycji 5

Artykul [P4] zaprezentowanego cyklu prac dotyczy otrzymywania nowych pochodnych
benzo[h]chinoliny podstawionych w pozycji 5 zréznicowanymi grupami funkcyjnymi, stanowiacych
potencjalne prekursory ligandéw C,N-cyklometalujacych. Celem tej pracy bylo opracowanie szlakéw
syntetycznych i warunkéw reakcji umozliwiajgcych przylaczenie ugrupowan o wlasciwosciach
elektronodonorowych, elektronoakceptorowych, wspomagajacych transport dziur elektronowych, a takze o
duzej zawadzie sterycznej, na drodze aktywacji wigzania C-Br (Rys. 34). Prace zostaly zainspirowane
wnioskami sformutowanymi w artykule, w ktérym na podstawie obliczen DFT wykazano mozliwo$¢
oddzialywania na poziomy energetyczne komplekséw typu [Ir(bzq)s] poprzez modytikacje struktury liganda
bzq.”> W pracy zaimplementowano ogrzewanie uktadu reakcyjnego promieniowaniem mikrofalowym, co
pozwolilo otrzymac czes¢ oczekiwanych produktow z wysoka wydajnoscig i w bardzo krétkim czasie.

N7 reakcje katalityczne i NZ
| stechiometryczne |

OO wydajnosc: 51 - 99 % OO
Br R

R = OMe, OPh, NH2, NMe,, NPh,, p-CgH4-NPh,, N-karbazolil,
N-fenotiazyl, F, CgF5, SiMesH, SiMe,-CH,CH»-SiMe,O-POSSiBu

Rys. 34. Ogdlny schemat otrzymywania pochodnych benzo[h]chinoliny.

W oparciu o szczegbélowy przeglad literaturowy ustalono, ze otrzymanie docelowych pochodnych
bzqH na drodze formacji pierscienia heterocyklicznego (reakcja Skraupa) byloby bardzo nieefektywne, ze
wzgledu na zwyczajowo umiarkowang wydajno$¢ tego procesu, konieczno$¢ stosowania kosztownych
katalizatoréw oraz drastyczne warunki prowadzenia procesu indukujace degradacje wielu grup
funkcyjnych.""®'¥ Ponadto, znacznej komplikacji ulegtby szlak syntetyczny, gdyz wymagatoby to otrzymanie
komercyjnie niedostepnych substratéw juz wyposazonych w pozadane grupy funkcyjne. Odrzucono réwniez
opcje bezposredniej funkcjonalizacji benzo[h]chinoliny poprzez aktywacje wiazania C-H, gdyz zgodnie z
wieloma zréddlami przebiega ona gléwnie w pozycji 10, tym samym uniemozliwiajac zastosowanie
otrzymanego produktu w roli liganda cyklometalujacego. Wobec tego, strategie syntetyczng postanowiono
oprzec o reakcje tworzenia wigzan pojedynczych, prowadzone w warunkach zapewniajacych kompatybilnos¢
z grupami funkcyjnymi o zréznicowanym charakterze chemicznym. Spelnienie tych kryteriéw byto mozliwe
dzieki wykorzystaniu wszechstronnej reaktywnosci wigzania C-Br w stechiometrycznych reakcjach
metaloorganicznych oraz reakcjach katalitycznych prowadzonych w obecnosci zwiagzkéw metali

przejsciowych.
N7 N”
| NBS |
Wydajnosc GC: 75 %
H,SO0, Woydajnosc izolacyjna: 56 %
<35°C, 24 h Br
1-P4

Rys. 35. Bromowanie benzo[h]chinoliny.

Zwiazkiem wyj$ciowym dla wszystkich opisanych przemian byla 5-bromobenzo[h]chinolina (1-P4),
ktéra okazala si¢ by¢ gtéwnym produktem bromowania benzo[h]chinoliny z uzyciem NBS w kwasie
siarkowym (Rys. 35), opartego na procedurze bromowania chinoliny.'”® Ponadto, koncept funkcjonalizacji
benzo[h]chinoliny w pozycji 5 byt zgodny z wynikami pracy, w ktorej wykazano réznice w lokalizacji orbitali
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HOMO i LUMO w obu izomerach [Ir(bzq)s], szczegdlnie w obszarze liganda cyklometalujacego.” Dzigki temu,
obecnos¢ grupy funkeyjnej w pozycji 5 skoordynowanej bzq powinna mie¢ wiekszy wptyw na LUMO niz na
HOMO odpowiedniego kompleksu, umozliwiajac zmiane wlasciwosci zwigzkéw kompleksowych irydu(III) ja
zawierajacych, co stanowi dodatkowa zalete z perspektywy chemii materiatowe;j.

a) NZ Cul (5 mOl%) N7
MeOLi |
99 weonmn (LI
Br 150 °C, 10 min OMe
1-P4 2-P4 99 %
b) N7 CuCl (15 mol%) N7
| OH Cs,CO3 |
- J
NMP, MW
Br 180 °C, 40 min 0
1-P4 3-P4 86 %

Rys. 36. Katalizowane zwigzkami miedzi tworzenie wigza#n C-O.

W poczatkowej fazie prac podjeto proby przylaczenia do rdzenia benzo[h]chinolinowego grup
metoksylowej i fenoksylowej, w wyniku utworzenia wiagzania C-O. Adaptacja znanych z literatury procedur
alkoksylowania bromoarenéw przy uzyciu metanolanu sodu w obecnosci jodku miedzi(I) oraz metanolu w

obecno$ci weglanu cezu i katalizatora palladowego zakonczyta sie niepowodzeniem,'*™

gdyz w tych
warunkach zachodzita jedynie debrominacja wyjsciowego substratu. Nieoczekiwanie prosta zmiana w doborze
reagentdw, polegajaca na zamianie metanolanu sodu na metanolan litu, doprowadzita do zahamowania
niepozadanego procesu i selektywnego otrzymania oczekiwanej 5-metoksybenzo[h]chinoliny (2-P4)."! Dzieki
zastosowaniu mikrofalowego reaktora ci$nieniowego uzyskano pelna konwersje halogenkowego substratu w
bardzo krétkim czasie (10 min), a produkt wyizolowano z praktycznie iloSciowa wydajnoscia (Rys. 36a).
Synteza 5-fenoksybenzo[h]chinoliny (3-P4) wymagata odmiennego podejscia z uwagi na zdecydowanie
bardziej kwasowy charakter fenolu wzgledem metanolu, a tym samym nizsza nukleofilowo$¢ anionu
fenolanowego wzgledem anionu metanolanowego. Badania rozpoczeto od zaadoptowania uktadu
katalitycznego umozliwiajacego efektywne O-arylowanie fenoli, opartego o jodek miedzi(I) i acetyloacetonian
zelaza(I11)."* Krotka optymalizacja warunkow reakcji sprowadzajaca sie do zwiekszenia ilosci uzytych
katalizatoréw, wydluzenia czasu i zwigkszenia temperatury reakcji, umozliwita uzyskanie petnej konsumpcji
halogenkowego substratu. Jednakze, wydajno$¢ wyizolowanego produktu wyniosta zaledwie 20 %, co
$wiadczylo o degradacji produktu lub substratu. Zamiast dalszej optymalizacji nieefektywnego procesu,
postanowiono poszukaé¢ procedury O-arylowania z wykorzystaniem innych reagentéw. W ten sposob
natrafiono na prace opisujaca arylowanie w srodowisku NMP, w obecnosci weglanu cezu i katalitycznych ilosci
halogenkéw miedzi(I)."** Przeprowadzenie reakcji z uzyciem 1-P4 wedtug opisanych w cytowanym zrédle
warunkéw doprowadzilo do uzyskania konwersji na poziomie 54 %, bez §ladéw debrominacji tego reagenta.
Uzyskanie pozytywnego rezultatu zachecito do dalszej optymalizacji warunkéw. W rezultacie przeprowadzenia
reakcji w reaktorze mikrofalowym i zwiekszenia ilosci katalizatora oraz temperatury reakcji, osiagnieto prawie
catkowita konwersje pochodnej 1-P4. Ponadto, wprowadzone modyfikacje literaturowej procedury
umozliwily takze skrdcenie czasu reakcji, podnoszac efektywnos$¢ calego procesu. Finalnie, oczekiwany
produkt 3-P4 uzyskano z 86-procentowa wydajnoscig izolacyjna (Rys. 36b).
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Oprocz przylaczania grup elektronodonorowych w oparciu o tworzenie wigzania C-O, postanowiono
takze przeprowadzi¢ synteze aminowych pochodnych benzo[h]chinoliny na drodze formacji wigzania C-N.
Bioragc pod uwage bardziej zasadowy charakter atomu azotu w odrdéznieniu od atomu tlenu grup
alkoksylowych i aryloksylowych, mozna bylto oczekiwac, ze aminowe grupy beda wykazywaly silniejszy efekt
przesuwania gestosci elektronowej w kierunku bzqH. Ponadto, w dalszym toku badan 5-
aminobenzo[h]chinolina (4-P4) okazala si¢ bardzo przydatnym prekursorem do otrzymywania innych 5-N-
funkcyjnych pochodnych benzo[h]chinoliny.

NH Pd,(dba)s (0.25 mol%)

N/
BINAP, NaOtBu
OO U T e
Br

150°C, 10min

1-P4

™ O
2
O O 4-P4 90 %

Rys. 37. Synteza 5-aminobenzo[h]chinoliny z wykorzystaniem ketoiminy w roli syntonu grupy aminowej.

z
\
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Majac na uwadze strukture produktu, najprostszym szlakiem syntetycznym umozliwiajagcym otrzymanie
takiego zwiazku wydawalo si¢ bezposrednie aminowanie 1-P4 z uzyciem amoniaku w obecnosci katalitycznych
iloéci zwigzkéw miedzi. W oparciu o literature zrédlowa przetestowano wiele procedur prowadzacych do
aminofunkcyjnych zwigzkéw arylowych, wykorzystujacych w roli katalizatoréw tlenek, chlorek oraz jodek
miedzi(I).”*" Niestety, zaden z opisanych sposobéw nie dawat satysfakcjonujacych rezultatéw, ze wzgledu na
znikoma konwersje substratu lub niewielka selektywnos¢ procesu. W najlepszym przypadku uzyskano 30 %
konwersji 1-P4 do oczekiwanego produktu przy zastosowaniu 10 mol% jodku miedzi(I), 40 mol%
acetyloacetonu oraz weglanu cezu w roli zasady."” Jednakze, wigzalo si¢ to ze znaczacym udziatem produktu
debrominacji w mieszaninie poreakcyjnej (11 %). Przeprowadzenie tej reakcji w reaktorze mikrofalowym w
temperaturze 150°C w czasie 10 min umozliwito podwyzszenie konwersji do 43 %, jednak nie zniwelowato
ubocznego procesu debrominacji, gdyz zawarto$¢ benzo[h]chinoliny w mieszaninie poreakcyjnej osiagala
warto$§¢ 12 %. Przebieg niepozadanego procesu ubocznego powodowatl nie tylko obnizenie dostepnosci
substratu dla wlasciwej reakcji, ale takze utrudnial izolacje czystego produktu. W obliczu nieskutecznosci
protokotéw syntetycznych opierajacych sie na katalizie zwigzkami miedzi, podjeto poszukiwania
alternatywnych sposobdw umozliwiajacych efektywne otrzymanie zwigzku 4-P4. W literaturze natrafiono na
koncepcje tzw. ,surogatéw” amoniaku, czyli zwigzkéw chemicznych bedacych jego pochodnymi, ktérych
reaktywnos¢ umozliwia latwiejsze przeprowadzenie pozadanej transformacji chemicznej i odzyskanie funkgji
aminowej po usunieciu grupy ochronnej.’*'* Szczegdlnie interesujagce wydato sie zastosowanie iminy
benzofenonu w roli takiego surogatu, ze wzgledu na tatwo$¢ usuniecia grupy blokujgcej oraz potwierdzona
skuteczno$¢ w aminowaniu bromoarenéw na drodze reakcji Buchwalda-Hartwiga.'** Reakcja sprzegania 1-P4
i wspomnianej wyzej ketiminy w obecnosci katalizatora palladowego przebiegala bardzo selektywnie w
warunkach zaczerpnigtych z literatury, dlatego postanowiono przetestowac jej przebieg rdwniez w reaktorze
mikrofalowym. W efekcie uzyskano ilosciowg konwersje bromopochodnej 4-P4 do produktu zaledwie w ciagu
10 minut (Rys. 37). Hydroliza produktu posredniego w warunkach kwasowych przebiegata bardzo szybko, co
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objawialo sie wytrgceniem osadu wolnego benzofenonu. Zasadowy charakter produktu 4-P4 odpowiadat za
jego przejscie do fazy wodnej, dzieki czemu mozna bylo fatwo usuna¢ wydzielony keton poprzez ekstrakcje
rozpuszczalnikiem organicznym. Po zneutralizowaniu ekstraktu uzyskano docelowy produkt 4-P4 ze
skumulowang wydajnoscia 90 %.

a) NZ Mel N7 |
| ~—— (1)
—_—
OO \ THF N~
2 20°C, 24 h I
4-P4 5-P4 97 %
b)

| NaNO, BF4

OO NH H,0, 0 °C N N NEt(iPr),
2 10 min 90°C, 24 h

4-P4 6-P4  85%

Rys. 38. Przeksztatcenia 5-aminobenzo[h]chinoliny.

Pierwszorzedowe grupy aminowe przytaczone do ukladéw aromatycznych sa relatywnie wrazliwe na
utlenianie, dlatego wartym rozwazenia byto zabezpieczenie tej grupy w 4-P4 poprzez podstawienie atoméw
wodoru. Alkilowanie grupy aminowej przeprowadzono w fagodnych warunkach z uzyciem wodorku sodu i
jodku  metylu, tak aby unikna¢ czwartorzedowania. W  rezultacie  otrzymano = 5-
dimetyloaminobenzo[h]chinoling (5-P4) z wydajnoscia bliska ilosciowej (Rys. 38a).

Aminowa pochodna 4-P4 okazata sie by¢ takze dogodnym reagentem w otrzymywaniu 5-
fluorobenzo[h]chinoliny (6-P4), potencjalnego liganda C,N-cyklometalujacego wyposazonego w podstawnik
o wlasciwosciach silnie elektronowyciagajacych. Pierwsze préby fluorowania benzo[h]chinoliny z uzyciem

N 2
d(PPhs), (2 mol%)
. THF
r
1-P4

ZnCI 65°C, 24 h

b)
N 90
| Pd(PPh3)s (1.5 mol%)
+ ! g
. /©/ \© THF N
;
65°C, 24 h
1.Pa Clzn @

8-P4 70 %

Rys. 39. Otrzymywanie pochodnych benzo[h]chinoliny na drodze sprzegania Negishi.
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komercyjnie dostgpnego $rodka Selectfluor® przebiegaly z bardzo niska selektywnoscia, prowadzac do
skomplikowanej mieszaniny wielu regioizomeréw. Rozdzielenie takiej mieszaniny bylo praktycznie
niemozliwe w skali preparatywnej. Dlatego, syntezy 6-P4 postanowiono dokona¢ poprzez przeksztalcenie
grupy funkcyjnej w uprzednio selektywnie sfunkcjonalizowanej pochodnej benzo[h]chinoliny. Analiza
retrosyntetyczna pozwolita wytypowac reakcje Balza-Schiemanna jako potencjalny szlak syntetyczny. Reakcja
ta polega na konwersji aminoarenéw do soli diazoniowych z anionem tetrafluoroboranowym, ktérych rozktad
daje fluoroareny z zachowaniem regioselektywnosci.'* Dzieki zastosowaniu opisanej metodologii udato sie
otrzymaé odpowiednig s6l diazoniowa ze zwigzku 4-P4, ktéra nastepnie przeksztalcono do docelowego
zwigzku 6-P4 poprzez ogrzewanie utworzonego tetrafluoroboranu diazoniowego w cieczy jonowej. Wlasciwy
produkt otrzymano z sumaryczng wydajnoscia 85 % (Rys. 38b).

Kolejnym podjetym wyzwaniem bylo przytaczenie ugrupowan aromatycznych o charakterze
elektronowyciggajacym (podstawnika pentafluorofenylowego) oraz wspomagajacym przewodnictwo
dziurowe (ugrupowanie 4-(N,N-difenyloamino)fenylowe) w wyniku utworzenia wigzania C-C. Synteze
docelowych zwigzkéw rozwazano na drodze trzech reakcji sprzegania: Kumady, Suzuki-Miyaura oraz Negishi.
Z uwagi na relatywnie wysoka nukleofilowos¢ zwigzkéw Grignarda (wykorzystywanych w reakcji Kumady)
mogaca powodowac reakcje uboczne zwigzane z aktywacja wigzania C-F, a takze koniecznoé¢ uprzedniego
otrzymania i wyizolowania odpowiednich kwaséw boronowych (stosowanych w sprzeganiu Suzuki-Miyaura),
to reakcje Negishi wytypowano jako najbardziej dogodng. Latwe do otrzymania reagenty cynkoorganiczne
poddano sprzeganiu z 1-P4 we wrzacym THF, w obecnosci katalitycznych ilosci [Pd(PPhs).] (Rys. 39). Obie
reakcje przebiegly selektywnie, w rezultacie umozliwiajgc uzyskanie czystych produktéw 7-P4 oraz 8-P4 z

wydajnosciami 70 %.
N e
NZ Pd(PPh3)4 2 mol%
NaOtBu
©/ \© Toluen, MW
Br 150 °C, 20 min
1-P4
9-P4 67 %
N |
NP Pd(PPhs), (1.5 mol%)
NaOtBu OO
@ ) ] N
Toluen, MW S
Br 150°C, 10min
1-P4
11-P4 79 %

Rys. 40. Otrzymywanie pochodnych benzo[h]chinoliny na drodze N-aminowania Buchwalda-Hartwiga.

Pozostajac w temacie wyposazania benzo[h]chinoliny w ugrupowania wspomagajace transport dziur
elektronowych, grupe tych zwiazkéw rozszerzono o kolejne przyktady wykorzystujac tworzenie wigzat C-N w
reakcji aminowania Buchwalda-Hartwiga. W roli reagentéw do sprzegania z 1-P4 wytypowano difenyloaming
oraz fenotiazyne, ugrupowania znane z przewodnictwa dziurowego indukowanego obecnoécia heteroatoméw
i wigzan wielokrotnych. W oparciu o bardzo pozytywny przebieg sprzegania 1-P4 z iming benzofenonu w
obecnosci zwigzkéw palladu, postanowiono w pierwszej kolejnosci przetestowal opracowane wczesniej
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warunki reakcji dla otrzymywania 4-P4, zastepujac jedynie katalizator bardziej przystepnym kompleksem
[Pd(PPhs)s] (Rys. 40). Zaskakujaco, w obu przypadkach uzyskano calkowitg konwersje 1-P4 w bardzo krétkim
czasie juz podczas pierwszej proby. Przebieg reakcji mozna bylo obserwowaé wizualnie poprzez wytracajacy
sie osad bromku sodu, ktéry zaczal sie pojawia¢ bardzo szybko juz przed osiggnieciem zadanej temperatury
reakcji. Po szybkiej procedurze oczyszczania metoda chromatografii flash, uzyskano 5-
(difenyloamino)benzo[h]chinoline (9-P4) oraz 5-(N-fenotiazylo)benzo[h]chinoline (11-P4) z wydajnosciami
odpowiednio 67 % 179 %.

Pd,(dba)s (5 mol%)
N7 | Br [HP(tBu)3]BF 4
N O NaOtBu
OO O Toluen, MW
NH»

Br 120°C, 24 h

4-P4
10-P4 80 %

Rys. 41. Skuteczna synteza 5-karbazolilobenzo[h]chinoliny na drodze podwdéjnego sprzegania Buchwalda-Hartwiga.

Ostatnim otrzymanym przykladem pochodnej benzo[h]chinoliny wyposazonym w ugrupowanie
wspomagajace przewodnictwo dziurowe byta 5-(N-karbazolilo)benzo[h]chinolina (10-P4). Opierajac si¢ na
zakonczonych powodzeniem syntezach pochodnych 9-P4 oraz 11-P4, zwiazek 10-P4 postanowiono otrzymac
w podobnych warunkach, czyli na drodze utworzenia wigzania C-N wykorzystujac 1-P4 oraz karbazol.
Niestety, w przypadku tego typu substratéw wygenerowanie wigzania C-N w oparciu o literaturowe metody
okazalo sie nie by¢ trywialne jak przypuszczano.'*'* Zastosowanie kombinacji réznych prekatalizatoréw
(octan palladu(Il), [Pdi(dba)s], [PdCl(fosfina).]), fosfin (tris-tert-butylofosfina, tricykloheksylofosfina,
trifenylofosfina, rac-BINAP) oraz zasad (tert-butanolan sodu i potasu) w toluenie nie doprowadzilo do
otrzymania chocby $ladowych ilosci oczekiwanego produktu. Wszystkie uktady reakcyjne okazaly sie
nieefektywne zaréwno w fazni olejowej (110 °C, 24h) , jak i w reaktorze mikrofalowym (150 °C, 60 min).
Problem ten rozwigzano poprzez zmiane strategii syntetycznej, ktéra polegala na zamianie stosowanych
substratéw (Rys. 41). W odrdznieniu od wczesniejszego podejscia, tym razem otrzymanie docelowego zwiazku
wymagato utworzenia pierécienia heterocyklicznego poprzez formacje dwoch wigzan C-N.'* W celu
unikniecia przebiegu niepozadanego procesu oligomeryzacji substratow, podwdjne aminowanie Buchwalda-
Hartwiga pomiedzy aminofunkcyjng 4-P4 oraz 2,2’-dibromobifenylem przeprowadzono w obnizonej
temperaturze (120 °C) oraz wydluzonym czasie (24 h) wzgledem transformacji przedstawionych na Rys. 40. W
rezultacie pochodng 10-P4 otrzymano z wydajnoscia 80 %. Zaskakujaco, uklad katalityczny skuteczny w
utworzeniu dwéch wigzan C-N okazal sie wczesniej by¢ nieefektywny w reakeji tworzenia pojedynczego
wigzania C-N pomiedzy 1-P4 oraz karbazolem.

Ostatnim celem syntetycznym opisanym w pracy [P4] bylo otrzymanie pochodnej benzo[h]chinoliny
wyposazonej w ugrupowanie o duzej zawadzie sterycznej, mogacej petnic role liganda inhibitujacego agregacje
irydowych emiteréw fosforescencyjnych, tym samym ograniczajac mozliwo$¢ przebiegu niekorzystnego
procesu stezeniowego wygaszania stanéw trypletowych. W oparciu o doswiadczenie cztonkéw zespolu
Zaktadu Chemii i Technologii Zwigzkéw Krzemu, postanowiono wykorzystaé steryczne wlasciwosci POSS.
Jako obiekt do badan wybrano silseskwioksan zwierajacy siedem grup izobutylowych oraz grupe
dimetylowinylosiloksylowa (przedstawiona na Rys. 42), chcac wykorzysta¢ reaktywno$¢ wigzania C=C grupy
winylowej. Pierwsza préba potaczenia benzo[h]chinoliny oraz ugrupowania POSS polegala na reakcji Hecka
pomiedzy 1-P4 oraz winylowa pochodng POSS w oparciu o cytowana literature.'”
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Katalizator Karstedta
(0.01 mol%)

N | HSiMe,CI | ° SI\ | \s'/
LY Oy
T _
OO THF Si\/ toluen Si
Br 20 °C, 24h | H 70 °C, 24h /\
1-P4 12-P4 60 % 13-P4 51 %
iBu
iBuBU ~O—gi”
Si; VO o
I O\Si/O\O\SI
POSS = O\ ;] P\

Si\o\ AS—~igy

iBu” \o\é)- O=Si_
=0 iBu
iBu

Rys. 42, Synteza pochodnych krzemowych benzo[h]chinoliny.

Niestety, w mieszaninie poreakcyjnej nie udalo si¢ zaobserwowa¢ nawet $Sladowych ilosci oczekiwanego
produktu, co $wiadczyto o wyjatkowej inertnosci tego ukladu reagentéw. Zatem, w celu podstawienia
benzo[h]chinoliny ugrupowaniem POSS postanowiono zaimplementowaé reakcje hydrosililowania,
najpowszechniej stosowane narzedzie syntetyczne w chemii zwigzkéw krzemoorganicznych.'™ Jednakze,
wymagalo to rozszerzenia szlaku syntetycznego o dodatkowa pochodng benzo[h]chinoliny, zawierajaca w
swojej strukturze reaktywne wigzanie Si-H. 5-dimetylosililobenzo[h]chinoline (12-P4) otrzymano w reakgji
substytucji nukleofilowej atomu chloru w HSiClMe; z uzyciem zwiazku Grignarda wytworzonego z 1-P4 (Rys.
42). Kluczem do sukcesu bylo przeprowadzenie reakcji tworzenia zwigzku magnezoorganicznego i substytucji
metoda in-situ. Polegala ona na wkraplaniu roztworu 1-P4 do ukladu zawierajacego aktywowany magnez oraz
HSiCIMe,. Wczesniej wybrana winylofunkcyjna pochodna POSS udato sie podda¢ reakcji hydrosililowania z
uzyciem zwigzku 12-P4 w obecnoéci katalizatora Karstedta, otrzymujac oczekiwana pochodna
benzo[h]chinoliny wyposazong w ugrupowanie o duzej zawadzie sterycznej (13-P4). Niezaleznie
wygenerowana magnezoorganiczna pochodna zwigzku 1-P4 tworzyta czarny roztwér w THF oraz nie
reagowala z chlorosilanem w oczekiwany sposéb, co moze $wiadczy¢ o jej degradacji lub dezaktywacji na
skutek koordynacji N>Mg.

a) FeA¥

¢HF17A
C18A

Rys. 43. Przyktadowe struktury krystaliczne zwigzkéw 7-P4 (a) oraz 10-P4 (b).
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Podsumowujac, w omawianej publikacji przedstawiono szereg metod umozliwiajacych otrzymanie
dotad nie opisanych w literaturze pochodnych benzo[h]chinoliny zawierajacych rézne grupy funkcyjne w
pozycji 5. Otrzymane zwiazki scharakteryzowano przy pomocy analizy NMR, a strukture kilku z nich
potwierdzono analiza XRD (Rys. 43). Ideg, ktéra przeswiecala wprowadzeniu tego typu grup byta zmiana
gestoéci elektronowej na rdzeniu liganda, wspomaganie pélprzewodnictwa dziurowego oraz zwiekszenie
zawady sterycznej utrudniajacej agregacje. Wszystkie otrzymane zwigzki posiadaly kieszenn koordynacyjna
zdolng do C,N-cyklometalacji, co czyni je potencjalnymi ligandami dla atoméw metali przejsciowych,
szczegodlnie fosforescencyjnych emiteréw uzytecznych w technologii OLED.
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7.5. Dwurdzeniowe kompleksy irydu(III) o strukturze [Ir(CAN),(u-Cl)],

Ostatni artykut z przedstawionego cyklu [P5] podejmuje tematyke otrzymywania y-chlorkowych
dwurdzeniowych kompleksow irydu(III) oraz charakterystyke ich wlasciwosci spektroskopowych. Kompleksy
te maja szczegdlne znaczenie dla technologii OLED, gdyz bardzo czesto pelnia role zwigzkéw posrednich w
szlakach syntetycznych irydowych emiterow fosforescencyjnych. Do najwiekszymi atutéw tej pracy nalezy
zaliczy¢: usprawnienie metodologii otrzymywania dwurdzeniowych komplekséw dzieki wykorzystaniu
promieniowania mikrofalowego; synteze nowych przykladéw zwiazkéw wyposazonych w grupy
elektronodonorowe, elektronowyciagajace oraz wspomagajace przewodnictwo dziurowe; a takze szczegoélowe
wyjasnienie watpliwosci wokoét zachowania tej klasy zwigzkéw w obecnosci rozpuszczalnikéw koordynujacych.
Wszystkie te aspekty ujeto schematycznie na abstrakcie graficznym (Rys. 44).

R R

R
ﬁ N N’\ﬂ ?’\N
| C\ |ir/C|”'~ Ilr‘ \\\\\ C MecN C, - 1 ‘\\\\\C|

P —
T Y ok
N N
R
wydajno$¢ do 96 % | ;qowodniono technikami
! NMR, ESI-MS, XRD

IrCl, » xH,O

+
prekursor liganda

rozp.

I
Y7

proces wspomagany
mikrofalowo

e-akceptorowe
R = grupy e-donorowe
p-pétprzewodzace

Rys. 44. Graficzne przedstawienie zagadnier poruszanych w publikacji [P5].

Inspiracje do podjetych badan stanowit kontrast pomiedzy mnogos$cia doniesien literaturowych
opisujacych synteze dimeréw w klasycznych, dla tego typu reakcji, warunkach (ogrzewanie w tazni olejowej

)% oraz niewielkg liczba doniesienn na temat syntez prowadzonych z uzyciem

przez okoto 24 godziny
niekonwencjonalnych 7rédet energii (takich jak promieniowanie mikrofalowe).””> Tym bardziej, ze w
literaturze jak dotad nie odnotowano spdjnego poréwnania wplywu medium grzewczego na efektywnosé
reakcji tworzenia dimeréw. Ponadto, dodatkowy impuls stanowily pozytywne efekty zastosowania
promieniowania mikrofalowego w syntezie organicznej, zaobserwowane w trakcie innych badan wlasnych."
13 Jako reakcje modelowg wybrano synteze zwiazku [Ir(u-Cl)(ppy)2]2-P5 z uzyciem uwodnionego chlorku

irydu(III) oraz 2-fenylopirydyny w §rodowisku 2-metoksyetanolu oraz wody (Rys. 45).

ppyH-P5
IrCl3 x nH,0O

H3COCH2CH20H
H,0

OB lub MW
10 min

[Ir(u-Cl)(ppY)2l2-P5

Rys. 45. Schemat reakcji modelowe;.
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Rys. 46. Wydajno$¢ reakcji modelowej w zaleznosci od temperatury i medium grzewczego.

Wyniki wstepnych préb cyklometalacji w reaktorze mikrofalowym wypadly bardzo pozytywnie,
dlatego zdecydowano o przeprowadzeniu szeregu systematycznych badan, majacych na celu zobrazowanie
efektu medium grzewczego oraz temperatury na przebieg reakcji (Rys. 46). W oparciu o uzyskane dane
stwierdzono wyrazny wplyw obu zmiennych na wydajnos¢ otrzymywanego produktu [Ir(-Cl)(ppy)2]2-P5.
Podsumowujac rezultaty uzyskane podczas tych badan stwierdzono, ze wydajno$¢ rosta wraz ze wzrostem
temperatury reakcji, a proces wspomagany promieniowaniem mikrofalowym przebiegal bardziej efektywnie,
anizeli z uzyciem klasycznego medium grzewczego. Okazalo sie, ze najwydajniej reakcja przebiegala w
reaktorze mikrofalowym, w temperaturze 170 °C, w czasie 10 minut. Niemniej jednak, niektére ligandy moga
okaza¢ si¢ niestabilne w tak drastycznych warunkach (nalezy mie¢ na uwadze wydzielajacy sie podczas
cyklometalacji HCl), co zostalo odnotowane w literaturze,” a takze dostrzezone w trakcie otrzymywania
niektérych dimeréw prezentowanych w pracy [P5]. Majac powyzsze na uwadze, zadecydowano o wyborze
nizszej temperatury (150 °C) jako optymalnej dla tego procesu, gdyz skutkowalo to jedynie minimalnym
obnizeniem wydajnosci, pozwalajagc w zamian unikngé¢ pracochtonnego oczyszczania konicowych produktéw
od zanieczyszczen powstalych w skutek degradacji.

87
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62 I I
0 5 10 15 20 25

Zawartos¢ wody [%]

90 - 87

Wydajnosé [%]
[%,] [<2} [<)} ~N ~N -] -]
wv o v o v o wv

u
o

30

Rys. 47. Wplyw zawartosci wody w srodowisku reakcji modelowej na wydajnosc.

Kolejnym parametrem, ktdry zostal przeanalizowany w ramach prezentowanej pracy byta zawartos¢
wody w ukfadzie reakcyjnym. W oparciu o dane literaturowe stwierdzono, ze woda jest niezbedna do
wladciwego przebiegu reakgcji tworzenia oczekiwanych dimeréw.* % Jednakze, kwestia ta nie byta w zaden
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sposdb systematycznie przebadana w dostepnych zrédlach literaturowych, a opisane metodologie cechowaty
sie relatywnie duza zmiennoscia tego parametru. W odpowiedzi na napotkang luke przeprowadzono serie
testow, w ktdrych jedyng zmienng byta procentowa zawartos¢ wody w srodowisku reakcji. Otrzymane rezultaty
przedstawiono w formie wykresu na Rys. 47. Jak mozna zauwazy¢, dodatek wody ma bardzo duze znaczenie
dla efektywnosci zachodzgcego procesu. Maksymalng wydajnos¢ uzyskano przy 25-procentowej zawartosci
wody w ukladzie, a dalsze jej zwigkszanie nie przynosito korzysci. Wrecz przeciwnie, zbyt duzy dodatek wody
moze negatywnie wplywac¢ na rozpuszczalnos$¢ organicznych prekursoréw ligandéw, tym samym zmniejszajac
ich stezenie w roztworze, co moze mie¢ przelozenie na znacznie nizsza wydajnos¢ oczekiwanego produktu.
Warto przy tym wspomnieé, ze w przypadku braku dodatku wody obserwowano wyrazne czastki
nieprzereagowanego chlorku irydu(III) w mieszaninie poreakcyjnej. Majac na uwadze poczynione obserwacje
nalezy przyja¢, ze woda jako polarny rozpuszczalnik pelni dwojaka role w badanym procesie: podnosi stezenie
jonéw metalu w roztworze wspomagajac rozpuszczalno$¢ chlorku irydu, oraz poprawia efektywno$¢ transferu
energii poprzez wspomaganie absorpcji promieniowania mikrofalowego. W efekcie potwierdzono, ze najlepsze
rezultaty daje prowadzenie wspomaganej mikrofalowo reakcji w mieszaninie woda : 2-metoksyetanol w
stosunku 1 : 3. Wielka zaleta zoptymalizowanej metodologii bylo otrzymywanie produktu w formie
krystalicznej, ktéra utatwiata jego izolacje.

RZ= ~H RZ= ~vBr
[Ir(u-Cl)(bzq),1,-P5 92 % [Ir(u-Cl)(5-Brbzq),],-P5 96 %

[Ir(n-Cl)(ppPY)212-PS 87 %

R'= ~~F R2= wOMe
[Ir(u-Cl)(2,4-diFppy),],-P5 94 % [Ir(p-Cl)(5-MeObzq),],-P5 80 %

. F F e
R< = » R2 =
F

[Ir(u-Cl)(5-F5sCgbzq),],-P5 84 % [Ir(n-Cl)(5-PhObzq),],-P5 87 %

[Ir(u-C1)(5-Ph,Nbzq),],-P5 82 % [Ir(u-Cl)(5-(Ph,NCgH,)bzq),],-P5 90%

Rys. 48. Wzory strukturalne otrzymanych dwurdzeniowych kompleksow p-chlorkowych wraz z wydajnosciami reakcji.
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W oparciu o warunki reakcji zoptymalizowane dla modelowego ukladu reagentéw, przeprowadzono
syntezy rodziny dwurdzeniowych komplekso6w wykorzystujac takze prekursory ligandéw opisane w artykule
P4 (1-P4, 2-P4, 3-P4, 7-P4, 8-P4, 9-P4). Oprocz nowych, otrzymano takze znane z literatury zwigzki [Ir(u-
C1)(2,4-diFppy):].-P5 oraz [Ir(u-Cl)(bzq).].-P5, oba z bardzo wysokimi wydajno$ciami. Wzory otrzymanych
zwiazkéw zawierajacych motyw strukturalny ppy oraz bzq przedstawiono na Rys. 48. W grupie otrzymanych
komplekséw znalazly sie przyktady dimeréw wyposazonych w grupy elektronodonorowe (metoksy, fenoksy),
elektronowyciagajace (bromo, pentafluorofenylo) oraz wspomagajace przewodnictwo dziurowe (N-
difenyloamino, 4-(N-difenyloamino)fenylo). Relatywnie agresywne srodowisko reakcji nie miato negatywnego
wplywu na selektywnos$¢ procesu, w tym stabilnos¢ wigzan C-F oraz C-Br, a takze regioselektywnos¢
cyklometalacji w przypadku 5-Ph,NbzqH-P5. Otrzymane zwigzki stanowig pierwsze przyktady
cyklometalowanych komplekséw irydu(III) stabilizowanych ligandami bedacymi pochodnymi bzq, co moze
mie¢ duze znaczenie dla technologii OLED biorac pod uwage szeroka uzytecznos$¢ emiteréw bazujacych na
ligandach bedacych pochodnymi ppy. W dodatku, [Ir(u-Cl)(5-Brbzq).].-P5 stanowi bardzo uzyteczny
substrat do dalszych przeksztalcen na drodze aktywacji wigzania C-Br. Wszystkie wymienione dimery zostaty
otrzymane z bardzo wysokimi wydajnosciami, co stanowi niewatpliwg zalete tej metodologii z uwagi na wysoka
ceng irydu i jego zwigzkow.

NM92

Y

/ 5-Me,NbzqH-P5
/ \ / \ HsCOCH,CH,OH
120 °C, 6h
[Ir(u-Cl)(COD)],

NMe2 NM92

[Ir(u-C1)(5-Me,Nbzq),]1,-P5 86 %

Rys. 49. Alternatywna metoda otrzymywania [Ir(u-Cl)(5-Me;Nbzq )] -P5.

Niestety, opracowana metodologia zawiodla w przypadku syntezy zwiazku [Ir(g-Cl)(5-Me:Nbzq).].-
P5. Jak sie pdzniej okazalo, nie byto to spowodowane wplywem promieniowania mikrofalowego, gdyz rezultat
préby przeprowadzonej w tazni olejowej byl réownie niesatysfakcjonujgcy. Przypuszczalnie byl to efekt
obecnoéci grupy dimetyloaminowej w ligandzie, poprzez jej silne oddzialywanie z HCI wydzielajacym sie w
trakcie cyklometalacji, co jest niezalezne od medium grzewczego. Problem udato sie rozwigzal poprzez
zaimplementowanie innej metodologii, w trakcie ktérej pH nie ulega zmianie.” W tym wariancie role
prekursora metalu pelnil kompleks [Ir(u-CI)(COD)];, a obecnos¢ wody w $rodowisku reakcji nie byta
konieczna (Rys. 49). Finalnie udato sie otrzymac docelowy zwigzek z wydajnoscia 86 %.

Oprocz wezesniej wymienionych komplekséw dwurdzeniowych zawierajacych 5-czlonowe pierscienie
cyklometalowane, w publikacji [P5] opisano takze synteze dimerdw charakteryzujacych sie 6-cztonowym
pierscieniem cyklometalowanym. Zwigzki tego typu okazaly sie przydatne w konstrukcji emiterow
fosforescencyjnych z uwagi na brak sprzezenia pomiedzy cze$ciami C- oraz N- donorowymi, umozliwiajacy w
miare niezalezne wplywanie na gesto$¢ elektronowa w tych dwodch obszarach liganda."™™ Cecha ta ma
szczegolne znaczenie w konstrukcji emiteréw fosforescencyjnych z zakresu $wiatta niebieskiego. W omawianej
pracy [P5] zostala opisana synteza dimeréw z wykorzystaniem dwdch pochodnych 2-fenoksypirydyny:
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PhOPyMeH-P5 oraz F;CPhOPyH-P5 (Rys. 50). Otrzymane zwigzki stanowig atrakcyjny substrat do dalszych

przeksztalcen.
RZ
A 0 = A
L ol ] [ Lo
= NS —
R' N N
PhOPyMeH-P5 lub F;CPhOPyH-P5 Cl, R .
/,,,' “\‘\\\ R

|
HsCOCH,CH,OH Tr - Tr R!
H,0 ! N

MW, 100 °C, 10 min

[Ir(u-Cl)(PhOPyMe),],-P5 R'=H, R2=Me 88 %
[Ir(u-Cl)(F;CPhOPY),],-P5 R' = CF;, R?=H 64 %

IrCl3 x nH,O

Rys. 50. Schemat otrzymywania dimeréw z wykorzystaniem pochodnych 2-fenoksypirydyny.

Podsumowujac cze$¢ syntetyczng, wszystkie opisane dimery zostaly otrzymane z dobrymi lub bardzo
dobrymi wydajnosciami. Najwigksza zalete opisanej metodologii stanowit niezwykle kroétki czas reakeji (10
minut), mocno kontrastujacy z metodologiami opisywanymi w gtéwnym nurcie tej tematyki. Ponadto, w
wiekszosci doniesien literaturowych dimery byly syntezowane w formie surowej i wykorzystywane do dalszych
przeksztatcen bez oczyszczania, a w niektorych zrodlach ich czysto$¢ nawet nie byta werytikowana.””*>”% W
opozycji do tego, w omawianej publikacji [P5] potwierdzono wysoka czysto$¢ otrzymanych materialéw za
pomoca technik spektroskopowych. Opublikowane zostaly takze dwie struktury krystaliczne potwierdzajace

otrzymanie docelowych zwigzkéw chemicznych.

Analiza "H NMR otrzymanych dimeréw rozpuszczonych w DMSO-ds ujawnita doé¢ niespodziewany
rezultat, jakim bylo zaobserwowanie podwojonej ilosci sygnatéw pochodzacych od ligandéw
cyklometalujacych. Przykladowe widmo zarejestrowane dla zwigzku [Ir(u-Cl)(ppy).].-P5 przedstawiono na
Rys. 51. Bylo to o tyle niespodziewane, ze ligandy w tego typu zwigzkach kompleksowych powinny sie
charakteryzowa¢ réwnocennoscig chemiczna, w efekcie manifestujac tylko jeden komplet linii rezonansowych.
W rzeczy samej, wiele podobnych zwigzkéw opisanych w literaturze spelniato to kryterium.®'%%'¢! Jednakze,
byly to widma zarejestrowane w rozpuszczalnikach niepolarnych takich jak CD,Cl, czy CDCls, co od poczatku
sugerowalo, iz polarna i koordynujaca natura DMSO moze mie¢ z tym zwiazek. Podczas przeszukiwania
literatury napotkano na sprzeczne informacje, gdyz odnaleziono doktadnie te same dane spektroskopowe
przypisane do dwéch réznych zwigzkow.

T T il A AN RN — T T T

2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
00 98 96 94 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56
f1 (ppm)

Rys. 51. Fragment widma 'H NMR zwigzku [Ir(u-Cl)(ppy):]-P5 rozpuszczonego w DMSO-ds.
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Pierwsze 7r6dlo raportowalo ten sam zestaw linii rezonansowych na widmie 'H NMR zwigzku
[Ir(ppy)2(DMSO):]PFs,'* z kolei drugie przypisywato je [Ir(u-Cl)(ppy).]2-P5, lecz bez wyjasnienia przyczyny
podwojenia iloéci zarejestrowanych sygnatéw.* W pracy [P5] podjeto sie wyjasnienia napotkanych
rozbieznodci i ustalenia co faktycznie odpowiada za taki obraz spektroskopowy. Do badan wyselekcjonowano
nie tylko DMSO, ale takze ACN, ktory réwniez jest znany z wlasciwosci koordynujacych, a jego lotnos¢
umozliwia zastosowanie w ESI-MS, w odréznieniu od DMSO.

Analiza dostgpnej literatury na temat dwurdzeniowych u-chlorkowych komplekséw rodu(III) i
irydu(III) naprowadzita na trop, ze przyczyng badanego fenomenu moze by¢ rozszczepienie mostkéw u-
chlorkowych przez rozpuszczalniki koordynujace, w rezultacie dajace kompleksy monordzeniowe o strukturze
[Ir(CAN),Cl(rozpuszczalnik)].**' Jednakze, nie zostato to w pelni potwierdzone z uwagi na odwracalnos¢ tego
procesu i odtwarzanie oryginalnego dimeru w trakcie izolacji.'** Z tego wzgledu, najlepszym sposobem izolacji
produktéw rozszczepienia byla krystalizacja, proces wrecz wymagajacy obecnosci rozpuszczalnika w trakcie
formowania krysztatéw produktu. W rezultacie opisanych w pracy staran udato sie otrzyma¢ monokrysztaty
form monordzeniowych zawierajacych skoordynowane czasteczki zaréwno ACN jak i DMSO. Rozwigzane
struktury krystaliczne przedstawiono na Rys. 52. Otrzymane struktury cechujg sie brakiem elementéw
symetrii, co powinno by¢ przyczyng podwojenia ilosci obserwowanych linii rezonansowych na
zarejestrowanych widmach 'H NMR. Ponadto, ligandy ppy powinny by¢ réznicowane przez dysproporcje w
efekcie trans anionéw chlorkowych oraz czasteczek ACN i DMSO. W pracy podjeto takze krdtka dyskusje
parametrow sieci krystalicznych.

a)

Rys. 52. Struktury krystaliczne rozszczepionych komplekséw [Ir(ppy):CI(ACN)]-P5 (a) oraz [Ir(ppy).CI(DMSO)]-P5 (b).

Po potwierdzeniu przebiegu procesu rozszczepienia mostkéw u-chlorkowych przez rozpuszczalniki
koordynujace przy pomocy techniki XRD, postanowiono powigza¢ ten rezultat z obrazem w spektroskopii "H
NMR. W tym celu krysztaly [Ir(ppy).CI(ACN)]-P5 i [Ir(ppy).CI(DMSO)]-P5 rozpuszczono w CD,Cl, i
zarejestrowano widma 'H NMR dla otrzymanych roztwordw, oczekujgc zaobserwowania takze sygnatow
pochodzacych od czasteczek rozpuszczalnikéw. Nieoczekiwanie, stwierdzono bardzo duze réznice w obrazie
spektroskopowym analizowanych zwigzkéw. W przypadku [Ir(ppy).CI(ACN)]-P5 zaobserwowano jedynie
jeden komplet sygnatéw odpowiadajagcych ppy oraz singlet odpowiadajgcy wolnej czasteczce ACN. Swiadczyto
to o calkowitym odtworzeniu u-chlorkowego kompleksu dwurdzeniowego. Nawet dodatek kolejnych porcji
ACN do proébki nie zmienial stanu rownowagi. Z kolei w przypadku [Ir(ppy).CI(DMSO)]-P5 rezultat analizy
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"H NMR byt znacznie bardziej skomplikowany. Na widmie mozna byto zaobserwowaé nawet wiecej niz dwa
komplety sygnatéow odpowiadajacych réznocennym ligandom ppy, co $wiadczyto o znacznie bardziej
zbalansowanej rownowadze pomiedzy formg monordzeniowa i dwurdzeniowa, niz w przypadku ACN. W celu
zilustrowania przejécia pomiedzy obiema formami, przeprowadzono miareczkowanie [Ir(u-Cl)(ppy)2]2-P5 z
uzyciem DMSO, monitorujac proces przy uzyciu techniki '"H NMR (Rys. 53). Jako pierwsze zaprezentowano
widmo zwiazku [Ir(u-Cl)(ppy)2]-P5 zarejestrowane w czystym CD,Cl.. Kazde kolejne widmo przedstawia
analize wykonang po dodaniu 2 eq DMSO do roztworu badanego kompleksu dwurdzeniowego.

r...\‘

% ()\/@ czysty CD,Cl,
N

[Ir(u-Cl)(ppy)2]2-P5

+2eqDVSO |
M\ | WLL J%

J L

" +4 eq DMSO h 1 1 I I

H ” +6 eq DMSO
M + 8 eq DMSO

| S

o

N I,O

! s

Ir

<:|
+ 10 eqg DMSO
[Ir(ppy)2CI(DMSO)]-P5 J
T » T b T ol T % T % T ¥ T
9.0 8.5 8.0 7.5 7.0 6.5 6.0
f1 (ppm)

Rys. 53. Miareczkowanie 'H NMR probki [Ir(u-CL)(ppy):]>-P5 rozpuszczonej w CD.Cl,. Kazde kolejne widmo zostato
zarejestrowane po dodaniu 2 eq DMSO i wytrzgsaniu przez 5 minut w temperaturze pokojowej.
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Juz od pierwszego punktu widaé, ze intensywno$¢ sygnatéw formy dwurdzeniowej ulegata obnizeniu, a w
zamian pojawialy sie dodatkowe linie rezonansowe. Wraz z kolejnymi porcjami DMSO réwnowaga wyraznie
ulegata przesunieciu w kierunku produktu monordzeniowego, az do momentu dodania 10 eq bedacego
punktem koncowym miareczkowania. Na ostatnim widmie mozna wyraznie zaobserwowa¢ zduplikowanie
ilo$ci sygnatéw pochodzacych od ppy. Proces rozszczepienia mozna byto takze obserwowaé $ledzac sygnaly
pochodzace od DMSO w obszarze wysokiego pola. Oprécz linii odpowiadajacej nieskoordynowanej czasteczce
DMSO zaobserwowano takze dwa dodatkowe sygnaly, przesuniete o okoto 0,5 ppm w gore i w dét pola. Te
dwa sygnaly pochodzity od grup metylowych skoordynowanej czasteczki DMSQO, a ich integracja korelowata z
integracja sygnalow z zakresu aromatycznego. Oczywiscie, sygnaly te nigdy nie byly widoczne w trakcie analiz
wszystkich dimeréw w DMSO-ds, gdyz za rozszczepienie odpowiadaly molekuly rozpuszczalnika
deuterowanego, ktory nie jest obserwowany na widmach 'H NMR. Jako dow6d ustalania réwnowagi pomiedzy
tymi samymi formami mono- i dwurdzeniowymi zachodzacej w trakcie krystalizacji stuzy fakt, iz doktadnie te
same linie rezonansowe odpowiadajace [Ir(u-Cl)(ppy).]2-P5 oraz [Ir(ppy).CI(DMSO)]-P5 zaobserwowanym
w trakcie miareczkowania, zostaly zarejestrowane podczas analizy krysztatow [Ir(ppy).ClI(DMSO)]-P5
rozpuszczonych w CD,Cl,. W ten sposéb dostarczono bardzo przekonujacych dowodéw, ze dwurdzeniowe 2
chlorkowe kompleksy irydu(III) rzeczywidcie ulegaja odwracalnemu rozszczepieniu w obecnosci DMSO i
ACN (Rys. 54), przy czym ten drugi wykazuje zdecydowanie nizsze powinowactwo do irydu w tym procesie.
Uzyskane wyniki jednoznacznie $wiadcza o tym, ze autorzy pracy opublikowanej w Journal of American
Chemical Society mylnie zalozyli otrzymanie [Ir(ppy)(DMSO),]PFs, w rzeczywisto$ci dysponujac
[Ir(ppy).CI(DMSO)]-P5 lub [Ir(x-Cl)(ppy)=]2-P5.'” Tym samym mozna stwierdzié, ze trwale usuniecie
anionu chlorkowego z wewnetrznej sfery koordynacyjnej [Ir(u-Cl)(ppy)2].-P5 z  wykorzystaniem
monodentnego liganda moze by¢ niemozliwe bez uzycia soli srebra, np. AgPFs.'6>'%

N N rozp. /\ N
C\l /Cl,,,/, l “\\\\C koordynujacy C\l \‘\\\\CI
Ir I, > 2 N
C\\‘ T\Cl/ T\C o T\rOZp.
N N N

Rys. 54. Rozszczepienie [Ir(u-CI)(CAN):]. w obecnosci rozpuszczalnika koordynujgcego.

W trakcie analizy ESI-MS takze znaleziono dowody potwierdzajgce rozszczepianie p-chlorkowych
komplekséw irydu(III) w koordynujacym rozpuszczalniku (ACN). Zastosowana technika jonizacji jest
zaliczana do tzw. ,miekkich”, czyli takich, ktére nie powoduja daleko idacej fragmentacji jonizowanych
czasteczek, zatem dobrze odzwierciedla rownowage panujacg w roztworze. Poniewaz wéréd obserwowanych
jonéw wyraznie dominowaly te odpowiadajace warto$ciom m/z form monordzeniowych pozbawionych
anionu chlorkowego, stad wywnioskowano, ze rozszczepienie dimeréw w ACN rzeczywiscie ma miejsce. W
trakcie wykonywania analiz na dwdch réznych spektrometrach zaobserwowano wyrazng réznice w obrazie
spektroskopowym analizowanych zwigzkéw. Po zglebieniu problemu ustalono, ze za te réznice odpowiada
warto$¢ przylozonego DP, ktéra mogta by¢ modyfikowana za posrednictwem oprogramowania jednego z
aparatéw wykorzystywanych do pomiaréw, natomiast w drugim nie byta zalezna od ustawien operatora.
Parametr ten reguluje przyspieszenie jonéw w strefie sredniego ci$nienia w zrddle, tym samym pozwalajac
uzytkownikowi kontrolowac stopien CID (kolizyjnie indukowanej dysocjacji). Zjawisko to polega na zderzaniu
sie jondw z czasteczkami gazu tla (najczesciej stosowany jest azot), powodujac rozbicie klastréw sktadajacych
sie ze zjonizowanego analitu otoczonego czgsteczkami rozpuszczalnika. Zjawisko to generalnie jest pozadane
i wykorzystywane m. in. do uwalniania jonéw polipeptydéw od silnie zwigzanych z nimi czasteczek wody,

aczkolwiek bywa tez przyczyng usuwania neutralnych ligandéw ze zwiazkéw kompleksowych. 67168
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ROWNOWAGA W ROZTWORZE
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ZWEZKA - ZMIANA ABUNDANCJI OBSERWOWANYCH JONOW SKIMMER
CISNIENIE ATMOSFERYCZNE PROZNIA W ZRODLE (SREDNIA) PROZNIA ANALIZATORA (WYSOKA)

Rys. 55. Uproszczony schemat zZrédia jonow spektrometru ESI-MS, ilustrujgcy zaleznosé pomiedzy potencjatem
deklasteryzacji i obserwowanymi jonami.

Podobnie w przypadku zwiazku analizowanego w pracy [P5], warto$¢ DP wplywala na zmiane intensywnosci
obserwowanych jondéw, ktére réznily sie o warto$¢ m/z odpowiadajaca czasteczce ACN. Gdy przytozony
potencjal byt wysoki, dominowaly jony o strukturze [Ir(CAN),]*. Wraz z obnizaniem napiecia abundancja tych
jonow ulegala zmniejszeniu, a rosla intensywnos¢ [Ir(CAN).(ACN)]*. Zmiana napiecia jeszcze bardziej w
kierunku ujemnym powodowata uzyskiwanie obrazu spektroskopowego, na ktérym wyraznie dominowatly
jony o strukturze [Ir(CAN)>(ACN).]". Proces ten zostal schematycznie przedstawiony na Rys. 55. Kontynuujac
analizy na innym spektrometrze, ktéry nie byt wyposazony w mozliwo$¢ zmiany DP, obserwowano wylgcznie
jony typu [Ir(CAN),]*. Uzyskanie tak réznych wynikéw moze doprowadzi¢ do odmiennej interpretacji danych
i wyciagania blednych wnioskoéw, jak chocby stwierdzenia zdolnosci rozpuszczalnikéw koordynujacych do
substytucji obu anionéw chlorkowych w dwurdzeniowych g-chlorkowych kompleksach irydu(III).
Przypuszcza sie, ze ten fakt rowniez mégl mie¢ znaczenie przy btednej identyfikacji otrzymanego materiatu
jako [Ir(ppy)2(DMSO).]PFs.'* Identyfikacja tego zagrozenia stanowita niewatpliwg wartoé¢ omawianej
publikacji, wzbogacajac stan wiedzy w dziedzinie chemii zwigzkéw irydu.

Podsumowujac, w artykule [P5] przedstawiono zalety wynikajace z zastosowania promieniowania
mikrofalowego jako medium grzewczego w syntezie zwigzkéw metaloorganicznych irydu(III). Opracowana
metodologia umozliwita szybka i wydajng synteze szeregu dwurdzeniowych p-chlorkowych kompleksow
irydu(III) stabilizowanych ligandami wyposazonymi w grupy elektronodonorowe, elektronoakceptorowe oraz
wspomagajace przewodnictwo dziurowe. Otrzymane zwigzki zostaly dokladnie scharakteryzowane
technikami NMR, XRD i ESI-MS, oraz zbadano ich zachowanie w obecnoéci rozpuszczalnikéw
koordynujgcych (DMSO i ACN). Wyniki tych kompleksowych badan pozwolily udowodni¢ zachodzenie
procesu rozszczepiania mostkoéw g-chlorkowych przez rozpuszczalniki koordynujace, ktére w literaturze nie
bylo jednoznacznie wyjasniong kwestia. Wiedza ta okazala sie¢ przydatna w zrewidowaniu wczesniej
opublikowanych doniesien literaturowych.
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7.6. Zwigzki kompleksowe irydu(IIT) zawierajace 5-funkcjonalizowane pochodne bzq

Ostatni rozdzial sekcji omoéwienia wynikéw dotyczy monordzeniowych komplekséw irydu(III)
zawierajacych  5-funkcjonalizowane  ligandy  benzo[h]chinolinianowe,  stanowiacych  material
nieopublikowany. W ramach tego zagadnienia podjeto sie syntezy heteroleptycznych kompleksow o strukturze
[Ir(CAN)2(NAN)]PFs i homoleptycznych kompleksow o strukturze [Ir(CAN);] oraz analizy ich niektérych
wlasciwosci fotofizycznych, ktére zostaly dotad przebadane przez wspolpracownikéw.

N N
NaPFg
THF
150 °C, 10 min
MW

Y

z
z

5 R= ~Br R= i R= “‘ro\@

>=

[Ir(5-Brbzq),(ppy)IPFg | [Ir(5-F5Cebzq),(ppy)IPFs | [Ir(5-PhObzq),(ppy)IPFg | [Ir(5-(Ph,NCgH,)bzq),(ppy)IPFs
SN 90 % 87 % 74 % 77 %
]
=
N
[Ir(5-Brbzq),(phen)]PFg | [Ir(5-F5C¢bzq)s(phen)]PFg | [Ir(5-PhObzq),(phen)IPFg | [Ir(5-(Ph,NCgH,)bzq),(phen)]PFg
N 90 % 72 % 94 % 84 %
]

Rys. 56. Schemat otrzymywania, struktury i wydajnosci komplekséw jonowych typu [Ir(CAN),(NAN)]PFs.

W pierwszej kolejnosci otrzymano szereg zwigzkdéw jonowych wyposazonych w bpy i phen w roli
ligandéow pomocniczych oraz dwa cyklometalujace ligandy oparte na rdzeniu bzq. Otrzymane zwigzki
zawieraly grupy funkcyjne o zréznicowanym charakterze elektronowym (bromo, pentafluorofenylo, fenoksy,
4-(N-difenyloamino)fenylo). Syntezy wszystkich z nich wykonano wedlug metodologii opisanej w pracy [P1],
co zaowocowalo bardzo dobrymi wydajnosciami i mozliwoscia przeprowadzenia reakcji w czasie jedynie
dziesieciu minut (Rys. 56). Krdtka charakterystyke wlasciwosci fotofizycznych czterech kompleksow w
roztworze chlorobenzenowym oraz filmie PVK:PBD zebrano w postaci Tabeli 7. Nie zaobserwowano wyraznej
korelacji pomiedzy wydajnosciami kwantowymi fotoluminescencji, a struktura chemiczng badanych
zwigzkow, jednakze okazaly si¢ one nizsze od referencyjnych komplekséw 2AA’-P1 oraz 2FA’-P1. Z drugiej
strony, zaobserwowano wyrazny efekt przestrajania dlugosci fali emitowanego promieniowania. Obecnos¢
grupy 4-(N-difenyloamino)fenylo powodowata zmniejszenie przerwy energetycznej (zwigkszenie Amax)
poprzez zwiekszenie stopnia koniugacji, z kolei obecnos¢ grupy pentafluorofenylowej zwiekszala przerwe
energetyczng (zmniejszala Am.x). Efekt ten jest tym bardziej wyrazny, jedli wezmie si¢ pod uwage wartosci dla
niemodyfikowanych komplekséw 2AA’-P1 (Amas roztwsr = 610, Amafitm = 547) oraz 2FA’-P1 (Amax roztwor = 588, Aumax
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film= 544). Tym razem réwniez zaobserwowano wyrazne skrocenie dlugosci emitowanej fali w filmie wzgledem
pomiaru w roztworze, co moze by¢ spowodowane wieksza sztywnoscia otoczenia emitera i przyjecia przez
niego innej konfiguracji.

Tabela 7. Parametry fotofizyczne wybranych komplekséw jonowych.

. Wydajno$¢ kwantowa [%] | Amxfotoluminescencji [nm]
Zwiazek - - - -
Roztwér Film Roztwor Film
[Ir(5-FsCebzq)2(ppy)]PFs 2.5 10.2 575 533
[Ir(5-FsCsbzq)(phen)]PFs 1.0 9.3 577 535
[Ir(5-(Ph.NCgHi)bzq).(ppy)] PFs <1.0 5.8 623 576
[Ir(5-(Ph,NCgH,)bzq)(phen)| PF; 1.0 3.0 610 565

Kolejnym poruszonym zagadnieniem byly kompleksy homoleptyczne, wyposazone w trzy takie same
ligandy. Zwiazki te zostaly otrzymane w reakcji rozszczepiania komplekséw dwurdzeniowych otrzymanych w
pracy [P5] z uzyciem pochodnych benzo[h]chinoliny, w obecnosci zasady w glicerynie (Rys. 57). Zwiazki te
otrzymano wedtug literaturowych procedur, uzyskujac bardzo zréznicowane wydajnosci.’>'®

K,CO3

Y

CI/ T O gliceryna
N 150 °C, 3h

R R
= ~wNMe, R= ~OMe
[Ir(5-Me,;Nbzq)s]-mer 30 % [Ir(5-MeObzq);]-mer 31 %

[Ir(5-F5Cgbzq)s]-mer 90 % [Ir(5-PhObzq);]-mer 40 % [Ir(5-(PhyNCgH,4)bzq)s]-mer 91 %
Rys. 57. Schemat otrzymywania komplekséw meridionalnych typu [Ir(CAN);].

Seria zwigzkéw meridionalnych zostala poddana badaniom fotofizycznym oraz dodatkowo, na ich bazie
zostaly wytworzone diody w konfiguracji ITO/PEDOT:PSS/60 % PVK + 40 % PBD+1 % Emiter/Ca/Ag.
Wryniki analiz i charakterystyki diod zostaty zebrane w Tabeli 8. Niestety, nie udalo si¢ uzyska¢ do poréwnania
diod z mer-[Ir(bzq)s], ze wzgledu na jego bardzo niska rozpuszczalno$¢ w chlorobenzenie, stad pozostato
dokona¢ dyskusji parametréw w obrebie badanej grupy zwigzkéw. Jak mozna zauwazy¢, kompleksy cechowaly
sie bardzo niska wydajnoscia fotoluminescencji w roztworze, ktéra ulegata znacznej poprawie w filmie.
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Tabela 8. Zestawienie wybranych parametréw emiteréw meridionalnych.

Luminancja | Wydajno$¢| Wydajnosé Amaxfotolu- Amax elektro-
Zwigzek (15V) pradowa |kwantowa [%]|minescencji [nm] | luminescencji

[cd/m?] [cd/A] |Roztwér|Film |Roztwdr| Film [nm]

mer-[Ir(5-Me;Nbzq)s] 205 2.2 <1.0 4.0 608 585 580
mer-[Ir(5-MeObzq);] 1800 4.4 <1.0 8.2 600 575 575
mer-[Ir(5-FsCsbzq);] 2700 3.5 <1.0 16.6 615 595 600
mer-[Ir(5-PhObzq);] 4000 5.0 <1.0 15.5 615 590 595
mer-[Ir(5-(Ph,NCsHi)bzq)s] | 4200 4.0 <1.0 |156]| 600 590 595

Najwyzszymi wydajnosciami kwantowymi charakteryzowaly sie zwiazki wyposazone w ugrupowania
aromatyczne, a najnizszymi emitery wyposazone w grupy metoksylowa i dimetyloaminowa. Podobnie do
wczedniej opisanych komplekséw jonowych, badane zwiazki wykazywaly zauwazalne hipsochromowe
przesuniecie pasma emisji w filmie wzgledem pomiaréw w roztworze. Zaobserwowano takze niewielki wplyw
podstawnikéw na przestrajanie emitowanej dlugosci fali w filmie oraz w elektroluminescencji. Najkrotsze
diugosci emitowanych fal zanotowano dla komplekséw wyposazonych w elektronodonorowe podstawniki
metoksylowe i dimetyloaminowe, z kolei najwieksza dlugos¢ fali emitowal kompleks wyposazony w
pentafluorofenylowe ugrupowanie elektronowyciagajace. Wnioski te s3 zgodne 2z wczedniej
przeprowadzonymi obliczeniami kwantowo-chemicznymi.”> Najwyzsza luminancje zanotowala dioda
bazujaca na emiterze wyposazonym w grupe 4-(N-difenyloamino)fenylowa, co mogloby potwierdza¢ teze o
pozytywnym wplywie wlasciwosci pétprzewodzacych typu p ugrupowania trifenyloaminowego.

AgBF,

ACN T O 1,2-propanodiol O T O
N
3h, 80 °C _N 5h, 190 °C 7
@ g
X

fac-[Ir(5-PhObzq);] 90 % fac-[Ir(5-(Ph,NCgH,)bzq);] 61 %
Rys. 58. Skuteczny szlak syntetyczny prowadzqgcy do otrzymania facjalnych komplekséw typu [Ir(CAN);].

Po otrzymaniu i zbadaniu komplekséw meridionalnych, skierowano uwage w kierunku izomeréw
facjalnych. W celu ich otrzymania przetestowano wiele znanych z literatury sposobdow, wlaczajac w to
prowadzenie reakcji rozszczepiania dimeréw w temperaturach powyzej 200 °C,"”° oraz izomeryzacje

162 lub naswietlania

komplekséw meridionalnych pod wplywem ogrzewania w stopionym fenolu
promieniowaniem UV w rozpuszczalnikach koordynujacych.”” Niestety, kazda z tych procedur okazata sie by¢
nieskuteczna, prowadzac w najlepszym razie do odzyskania wyjsciowych materiatéw, a w wiekszosci

przypadkow do degradacji calej mieszaniny.
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Rys. 59. Znormalizowane widma fotoluminescencji kompleksow homoleptycznych wyposazonych w grupy fenoksy oraz 4-
(N-difenyloamino)fenylo, w filmie PVK:PBD.

Jedynym skutecznym rozwigzaniem okazalo si¢ zastosowanie procedury opisanej w patencie, ktéra wymagata
syntezy kompleksu posredniego, zawierajgcego skoordynowane czasteczki ACN."”" Odbywalo sie to poprzez
rozszczepienie dimeru z uzyciem ACN, z jednoczesnym usunig¢ciem anionu chlorkowego z wewnetrznej stery
koordynacyjnej w obecnosci soli srebra. Dopiero tak uzyskany kompleks posredni byl podatny na zastapienie
ligandéw ACN i selektywne przeksztalcenie w izomer facjalny oczekiwanego produktu (Rys. 58). W ten sposéb
udato sie otrzyma¢ dwa przyklady komplekséw facjalnych, a mianowicie fac-[Ir(5-PhObzq);] oraz fac-[Ir(5-
(Ph,NCsH4)bzq)s]. Zwiazki te zostaly wyselekcjonowane na podstawie wynikéw badan komplekséw
meridionalnych, gdyz to diody bazujace na emiterach wyposazonych w grupy fenoksy oraz 4-(N-
difenyloamino)fenylo cechowaly si¢ najwyzszymi warto$ciami luminancji. Poréwnanie ich widm
fotoluminescencji w filmie przedstawiono na Rys. 59. Maksimum emisji komplekséw facjalnych przypadato w
okolicach 565 nm, z kolei meridionalnych w okolicach 590 nm. Na widmach mozna takze zaobserwowa¢
pasmo od matrycy, bedace oznaka niecatkowitego transferu energii do emitera. Réznice we wlasciwoséciach
fotofizycznych izomerdéw sg wyrazne i wynikajg z odmiennej symetrii, co zostalo przewidziane we wczesniej
omoéwionej pracy teoretycznej.”” Roznica ta ma swoje odzwierciedlenie takze w analizie NMR, w ktorej
symetryczny izomer facjalny daje uproszczony obraz spektroskopowy wzgledem niesymetrycznego izomeru
meridionalnego, z uwagi na chemiczng réwnocenno$¢ cyklometalujgcych ligandéw (Rys. 60).

Podsumowujac, w ramach prac opisanych w tym rozdziale podjeto sie otrzymania zwigzkéw
kompleksowych o ogélnych wzorach [Ir(CAN)(NAN)]PFs oraz [Ir(CAN)s], zawierajacych 5-funkcyjne
skoordynowane pochodne bzq otrzymane w ramach pracy [P4]. Cze¢$ciowa charakterystyka wlasciwosci
fotofizycznych i elektroluminescencyjnych badanych zwigzkéw udowodnita mozliwo$¢ wplywu na parametry
emisyjne poprzez zmiane struktury liganda cyklometalujgcego oraz potencjal tych zwiazkéw w zastosowaniu
w roli emiteréw OLED.
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Rys. 60. Fragmenty widm 'H NMR komplekséw mer-[Ir(5-(Ph,NCsH)bzq);] (a) oraz fac-[Ir(5-(Ph.NCsH,)bzq)s] (b).
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8. Podsumowanie i wnioski

Celem niniejszej rozprawy doktorskiej byto zaprojektowanie, opracowanie efektywnych metod
otrzymywania i charakterystyka spektroskopowa nowych koordynacyjnych zwiagzkéw irydu(I1I) zawierajacych
w swojej strukturze motyw benzo[h]chinoliny; okreslenie relacji pomiedzy budowg chemiczng otrzymanych
komplekséw oraz ich wlasciwosciami; a takze zademonstrowanie potencjalu aplikacyjnego nowych
prekursorow ligandéw C,N-donorowych w syntezie cyklometalowanych kompleksow irydu(III).

Przedmiotem pracy [P1] bylo zaprojektowanie, optymalizacja i przeprowadzenie syntez komplekséw
jonowych irydu(Ill) o ogélnym wzorze [Ir(bzq)(NAN)]*A~, zawierajacych N,N-donorowe ligandy
pomocnicze o zroznicowanej strukturze oraz wlasciwosciach  elektronowych. Implementacja
niekonwencjonalnego zrddla energii w postaci promieniowania mikrofalowego pozwolita na znaczne
skrécenie czasu reakcji oraz uproszczenia calego procesu syntezy tego typu zwiazkéw wzgledem metod
dotychczas opisanych w literaturze, dzigki zastosowaniu metodologii one-pot, zapewniajacej tym samym
wysoka wydajnos$¢ syntez. Struktury otrzymanych komplekséw zostaly potwierdzone przy uzyciu
spektroskopii NMR oraz analizy rentgenostrukturalnej. Analiza rezultatéw badan elektrochemicznych,
fotofizycznych i kwantowo-chemicznych wykazala, ze struktura chemiczna otrzymanych substancji ma wplyw
na ich wtasciwosci, co wynikato gléwnie z lokalizacji poziomu LUMO w obrebie liganda N,N-donorowego.
Wprowadzenie do struktury 2,2-bipirydyny ugrupowan o charakterze elektronodonorowym (metylo oraz
metoksy) prowadzilo do hipsochromowego przesuniecia maksiméw emisji fotoluminescencji, z kolei
rozbudowa ukltadu aromatycznego liganda powodowata przesuniecie batochromowe. Byt to efekt oczekiwany,
gdyz zwickszanie/zmniejszanie  gestosci  elektronowej na ligandzie pomocniczym  powinno
destabilizowa¢/stabilizowac zlokalizowany tam poziom LUMO, tym samym zwiekszajac/zmniejszajac przerwe
energetyczng HOMO-LUMO determinujacg dlugos$¢ emitowanej fali. Ostatecznie, przykladowe diody
skonstruowane w oparciu o nowe zwiazki osiagaly luminancje na poziomie 10 000 cd/m? potwierdzajac ich
potencjat do zastosowania w technologii OLED jako emiteréw fosforescencyjnych.

W pracy [P2] poruszono tematyke komplekséw neutralnych o strukturze [Ir(bzq)>(NAO)],
wyposazonych w fluorowane f-ketoiminianowe ligandy pomocnicze. Zaprojektowane struktury kompleksow
roznily sie stopniem oraz regioizomeria podstawienia pierscienia fenylowego liganda pomocniczego atomami
fluoru. Podobnie jak w przypadku syntezy polaczen jonowych, réwniez i tym razem wykorzystano
wspomagajacy efekt promieniowania mikrofalowego do efektywnego przeprowadzenia syntezy docelowych
komplekséw. Analiza rezultatéw badan elektrochemicznych oraz obliczen kwantowo-chemicznych
potwierdzita, ze modyfikacja chemiczna w obrgbie liganda pomocniczego w gldwnej mierze wplywa na poziom
HOMO, aczkolwiek obserwowany wplyw byl relatywnie niewielki. Wynikato to gtéwnie z nieznacznego
udzialu podstawionego pierscienia fenylowego w przestrzeni zajmowanej przez poziom HOMO, wobec czego
mozliwy byt jedynie niewielki wplyw indukcyjny na szkielet ketoiminowy, na ktérym obecnoé¢ HOMO byta
znaczgca. Tym samym, zaobserwowany w badaniach fotofizycznych wpltyw modyfikacji chemicznych na
przestrajanie pasma emisji byl nieznaczny. Zaskakujaco, zmiana struktury chemicznej miata bardzo duzy
wplyw na parametry pracy diod skonstruowanych w oparciu o nowe emitery. Najwyzszymi warto$ciami
luminancji i wydajnosci pradowej charakteryzowaly sie diody zawierajace emitery wyposazone w atomy fluoru
W pozycji para oraz orto, przewyzszajac emiter referencyjny niefunkcjonalizowany atomami fluoru.

Praca [P3] byla kontynuacja tematyki komplekséw pf-ketoiminianowych o strukturze
[Ir(bzq)(NAO)], tym razem wyposazonych w grupy metoksy, nitrylo, nitro i 5-metylo-2-benzotiazylo
przylaczone do podstawnika N-fenylowego, a takze podstawniki N-naftylowe i N-antracenylowe. Ideg artykutu
byta ocena wplywu struktury chemicznej podstawnika arylowego przylaczonego do ketoiminianowego atomu
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azotu na wlasciwosci elektrochemiczne, fotofizyczne i elektroluminescencyjne badanych zwiazkéw, przy
wsparciu modelowania kwantowo-chemicznego. W pierwszej fazie prac zostaly zaprojektowane i otrzymane
wybrane prekursory ligandéow oraz docelowe zwigzki kompleksowe irydu(III), ktére nastepnie zostaly
przebadane przez wspolpracownikéw. Badania elektrochemiczne wykazaly zauwazalng odmiennosé
komplekséw zawierajacych grupe nitrowg w aspekcie powinowactwa elektronowego. Jednakze, udalo sie
zidentyfikowac ten fenomen przy uzyciu innych metod jako redukcje grupy nitrowej, niemajacej drastycznego
wplywu na zmiane maksimum emitowanej dlugosci fali. Zgodnie z wnioskami plynacymi z pracy [P2], tym
razem rowniez zaobserwowano jedynie niewielki efekt przestrajania maksimum emisji, a wszystkie kompleksy
okazaly sie emiterami barwy zielonej. Jednakze, stwierdzono bardzo duzy wplyw rodzaju podstawnika N-
arylowego na wydajno$¢ fotoluminescencji oraz elektroluminescencji, co moze by¢ spowodowane
wspomaganiem pulapkowania nosnikéw ladunku na czasteczkach emitera. Zdecydowanie najgorsze
parametry zaobserwowano dla emiteréw zawierajacych grupy antracenylowe, gdyz ulegaly one szybkiej foto- i
elektrodegradacji. Prosta dioda sporzadzona metoda roztworowa przy uzyciu najlepszego emitera
(zawierajgcego podstawnik 1-naftylowy) osiggneta maksymalng luminancje na poziomie 16 000 cd/m?
wydajnos¢ pradowy zblizong do 12 c¢d/A oraz zewnetrzng wydajno$¢ kwantowa w okolicach 3.2 %, co bylo
bardzo dobrym wynikiem jak na urzadzenie o tak prostej budowie.

W przedostatniej pracy [P4] cyklu opracowano szlaki syntetyczne umozliwiajace synteze szeregu
nowych pochodnych benzo[h]chinoliny podstawionych réznymi grupami funkcyjnymi w pozycji 5. Spektrum
tych grup obejmowalo podstawniki elektronodonorowe (metoksy, fenoksy, amino, dimetyloamino),
elektronowyciagajace (fluoro, pentafluorofenylo, bromo), ugrupowania wspomagajace przewodnictwo
dziurowe (N-difenyloamino, N-fenotiazylo, N-karbazolilo, 4-(N-difenyloamino)fenylo) oraz ugrupowanie
POSS o duzej zawadzie sterycznej. W wiekszosci przypadkdw reakcje prowadzono w reaktorze mikrofalowym,
osiagajac bardzo wysokie wydajnosci oczekiwanych produktow w bardzo krétkim czasie. Wszystkie otrzymane
zwigzki posiadaja kieszen koordynacyjng zdolng do C,N-cyklometalacji, dzieki czemu stanowia potencjalne
prekursory do otrzymywania zwigzkéw koordynacyjnych metali przej$ciowych. Jest to szczegdlnie atrakcyjny
material do konstrukgji fosforescencyjnych emiteréw platynowych lub irydowych stosowanych w technologii
OLED, z uwagi na mozliwo$¢ modyfikacji wlasciwosci komplekséw poprzez odpowiedni dobdr grupy
funkcyjnej cyklometalujacego liganda.

W ramach pracy [P5] potwierdzono pozytywny efekt zastosowania ogrzewania mikrofalowego w
syntezie cyklometalowanych u-chlorkowych dwurdzeniowych kompleksow irydu(III) oraz znaczenie wody w
tym procesie. W rezultacie przeprowadzonej optymalizacji dobrano warunki reakcji umozliwiajace otrzymanie
docelowych zwiazkéw w niezwykle krétkim czasie, stosujac bardzo prosta procedure izolacji. W
zoptymalizowanych warunkach dokonano syntezy szeregu znanych oraz nowych dimeréw z bardzo dobrymi
wydajnosciami, ktérych czysto$¢ potwierdzono spektroskopowo. W reakcjach otrzymano szereg zwiazkow
zawierajacych ligandy oparte o motyw 2-fenylopirydynianowy, benzo[h]chinolinianowy oraz 2-
fenoksypirydynianowy; wyposazone w grupy o charakterze elektronodonorowym (metylo, metoksy, fenoksy),
elektronowyciagajacym (fluoro, bromo, trifulorometylo, pentafluorofenylo) oraz ugrupowania wspomagajace
potprzewodnictwo dziurowe (N-difenyloamino, 4-(N-difenyloamino)fenylo). W przypadku zwigzku
wyposazonego w grupe dimetyloaminowa zaproponowano alternatywny szlak syntetyczny, wykluczajacy
wydzielanie HCI w toku reakcji. Badania spektroskopowe NMR otrzymanych dimeréw przeprowadzone w
DMSO-ds i ACN-d; ujawnily przebieg reakcji chemicznej pomiedzy zwigzkami koordynacyjnymi, a
wymienionymi rozpuszczalnikami koordynujacymi. Proces ten zidentyfikowano jako rozszczepienie mostkéw
p-chlorkowych w kompleksach dwurdzeniowych, prowadzacy do utworzenia zwigzkéw monordzeniowych.
Dodatkowych dowodéw dostarczyta analiza rentgenostrukturalna wyhodowanych krysztaléw kompleksow o
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ogolnym wzorze [Ir(ppy).Cl(rozpuszczalnik)]. Zwieniczeniem badan nad procesem rozszczepienia byta analiza
ESI-MS otrzymanych dimeréw, ktéra réwniez potwierdzita przebieg takiego procesu. Ponadto,
przeprowadzone badania wykazaly istotny wplyw wartosci przytozonego potencjatu deklasteryzujacego na
uzyskiwane widmo masowe analizowanych dimerdéw, ktéry to w znaczacy sposéb determinuje interpretacje
rezultatow. Wnioski wyciggniete z przeprowadzonych badan pozwolily na ujawnienie bledu jaki popetnili
autorzy pracy opublikowanej w Journal of American Chemical Society z 2011 roku, ktérzy nieprawidtowo
interpretujac uzyskane dane spektroskopowe, niewtasciwie przypisali wzér [Ir(ppy).(DMSO).]PFs
otrzymanemu zwigzkowi bedacemu podstawa tego artykutu.

Oprocz wyzej wymienionych prac, przedstawiono takze nieopublikowany material eksperymentalny
dotyczacy syntezy komplekséw jonowych typu [Ir(CAN),(NAN)]PFs oraz homoleptycznych o ogdlnym wzorze
[Ir(CAN)s], zawierajacych 5-funkcjonalizowane pochodne bzq. W przypadku otrzymywania wymienionych
klas koordynacyjnych zwigzkéw irydu(Ill) réwniez potwierdzono wysoka skuteczno$¢ promieniowania
mikrofalowego, aczkolwiek cze$¢ syntez przeprowadzono takze wykorzystujac klasyczne zrédla ciepta.
Szczegblnie wazne bylo znalezienie skutecznej metodologii otrzymywania komplekséw facjalnych, gdyz ich
synteza wedlug procedur opracowanych dla analogicznych komplekséw 2-fenylopirydynianowych okazata sie
niemozliwa. Niemniej jednak, analiza jeszcze niekompletnego materialu eksperymentalnego z zakresu
charakterystyki wlasciwosci fotofizycznych i elektroluminescencyjnych wykazala, ze zwigzki te maja potencjal
do dalszych, szczegétowych badan zorientowanych na zastosowanie ich w roli emiteréw OLED.

Podsumowujac, w ramach zaprezentowanych publikacji naukowych dokonano syntezy szeregu
zwiazkoéw zawierajacych w swojej strukturze motyw benzo[h]chinoliny oraz ich szeroko rozumianej
charakterystyki. Przedstawiono metodologie otrzymywania zwigzkéw kompleksowych irydu(III)
stabilizowanych dwoma ligandami bzq i réznej klasy ligandami pomocniczymi oraz okreslono relacje
pomiedzy ich struktura chemiczng, a wlasciwosciami. Ponadto, zaprezentowano potencjal aplikacyjny
pochodnych benzo[h]chinoliny w syntezie nowych C,N-cyklometalowanych komplekséw irydu(III), ktéry
stanowi punkt wyjscia do pelnej oceny wplywu modyfikacji struktury chemicznej gtéwnych ligandéw
cyklometalujacych w ramach przysztych badan.
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10. Oswiadczenia wspélautoréow

Oswiadczenia wspétautoréw dotyczgce wkladu w powstanie publikacji:

[P1] B. Orwat, E. Witkowska, I. Kownacki*, M.-J. Oh, M. Hoffmann, M. Kubicki, I. Grzelak, B. Marciniec, I.
Glowacki, B. Luszczyriska, G. Wiosna-Satyga, J. Ulanski, P. Ledwon, M. Lapkowski; Microwave-assisted one-
pot synthesis of new ionic cyclometalated iridium complexes of [Ir(bzq)(NAN)J*A™ type and their selected
electroluminescent properties; Dalton Transactions 2017, vol. 426, p. 75

Imi¢ i nazwisko Zakres merytoryczny wkladu Podpis wspétautora

- zaprojektowanie struktur badanych zwigzkéw

- optymalizacja warunkéw syntez zwigzkéw koordynacyjnych
- otrzymanie zwigzkéw 2AA’ - 21A’ oraz 2IC’ ,’ -/ ) 7

- charakterystyka 'H NMR wszystkich zwigzkéw po‘ s [ PV
- udzial w korelowaniu struktur emiteréw z ich wlasciwoéciami i

dyskusji wynikéw
- przygotowanie cz¢$ci manuskryptu i suplementu dotyczacych
syntez oraz udzial w przygotowaniu pozostatych sekcji artykutu
- udzial w badaniach fotofizycznych
- projektowanie, wytwarzanie, wyznaczenie i analiza

Bartosz Orwat

Erntlaa

Ewelina Witkowska podstawowych parametréw pracy OLED6w LD‘){ Lorsbe
- udzial w analizie uzyskanych wynikéw i opracowaniu
manuskryptu
- ogblna koncepcja badan
Ireneusz Kownacki - korespondencja z Edytorem i Recenzentami %{liz l [ / VA
- koordynowanie prac nad przygotowaniem manuskryptu
Myong Joon Oh - synteza zwigzkéw 2AB’ - 2IB’ /M?fﬁ 70&»1 0] 1
e
- og6lna koncepcja obliczert kwantowo-chemicznych
Marcin Hoffmann |- udzial w przygotowaniu czgéci manuskryptu dotyczacej obliczer 46 Q 7y
teoretycznych L

- analiza rent strukturalna i *
Maciej Kubicki an S ” L(/a,, lC\-Q"O‘

- przygotowanie opisu struktur krystalicznych
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Oswiadczenia wspélautoréw dotyczace wkltadu w powstanie publikacji:

[P2] E. Witkowska, G. Wiosna-Satyga*, I. Glowacki, B. Orwat, M.-]. Oh, 1. Kownacki*, M. Kubicki, B.
Gierczyk, M. Dutkiewicz, P. Cieszko, B. Luszczyniska, ]. Ulanski, I. Grzelak, M. Hoffmann, P. Ledwon, M.
Lapkowski; Effect of fluorine substitution of the b-ketoiminate ancillary ligand on photophysical properties and
electroluminescence ability of new iridium(III) complexes; Journal of Materials Chemistry C 2018, vol. 6, p. 8688

Imi¢ i nazwisko Zakres merytoryczny wkladu Podpis wspoétautora

- zaprojektowanie struktur badanych zwigzkéw
- oczyszczanie zwigzkéw 3b - 3f
- synteza zwigzkéw 5b - 5f
- analiza '"H NMR wszystkich zwigzkéw koordynacyjnych o
Bartosz Orwat - wyhodowanie krysztatéw 3fi 5e }C‘ ﬂ/‘m L!)/U . %
- udzial w korelowaniu struktur emiteréw z ich wlasciwo$ciami i
dyskusji wynikéw

- przygotowanie cze$ci manuskryptu i suplementu dotyczacych
syntez oraz udzial w przygotowaniu pozostalych sekcji artykutu

- udzial w korespondencji z Edytorem i Recenzentami

- udzial w badaniach fotofizycznych oraz pomiarach
-~
termoluminescencji bud:na_.

Ewelina Witkowska - projektowanie, wytwarzanie i analiza parametréw pracy (o up%h
OLED6w
- udzial w analizie uzyskanych wynikéw i opracowaniu
manuskryptu

- zaplanowanie oraz udzial w wykonaniu i analizie wynikéw badan
fotofizycznych saal
Gabriela Wiosna- - udzial w analizie wynikéw badan termo- oraz C - N\ﬂ‘-ﬁ = goA( ().g
Salyga elektroluminescenciji
- udzial w tworzeniu manuskryptu
- udzial w korespondencji z Edytorem i Recenzentami

- udzial w pomiarach termoluminescencji i w wyznaczeniu

dst h tré OLEDS - '
Ireneusz Glowacki Py N / ﬁ (ﬂ/ﬂ c 0, /
- udzial w dyskusji ostatecznych wynikéw oraz w opracowaniu | /-
manuskryptu
Myong Joon Oh - synteza zwigzkéw 5a i 5g /t I 7,‘7/' & }W'h &711

- ogblna koncepcja badan
Ireneusz Kownacki - koordynowanie prac nad przygotowaniem artykutu /% s / -

- udzial w korespondencji z Edytorem i Recenzentami

-77 -




UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU

WYDZIAL CHEMII

Oswiadczenia wspétautoréw dotyczace wkltadu w powstanie publikacji:

[P3] E. Witkowska, B. Orwat, M.-]. Oh, G. Wiosna-Salyga*, I. Glowacki, I. Kownacki*, K. Jankowska, M.
Kubicki, B. Gierczyk, M. Dutkiewicz, I. Grzelak, M. Hoffmann, J. Nawrocik, G. Krajewski, J. Ulanski, P.
Ledwon, M. Lapkowski; Effect of p-Ketoiminato Ancillary Ligand Modification on Emissive Properties of New

Iridium Complexes; Inorganic Chemistry 2019, vol. 58, p. 15671

Imie i nazwisko Zakres merytoryczny wkladu Podpis wspélautora

- zaprojektowanie struktur badanych zwigzkéw
- oczyszczanie zwigzkéw 3b, 3c, 3h, 3i
- synteza zwigzkéw 3j-1, 5d-fi 5h-1
- analiza 'H NMR wszystkich zwigzkéw kompleksowych y OZ /) 7"
- wyhodowanie krysztatéw 3h, 3j, 31, 5, 51 ‘ﬂ;‘/ oit C’ i
- udzial w korelowaniu struktur emiteréw z ich wlaéciwoéciami i
dyskusji wynikéw
- przygotowanie czg$ci manuskryptu i suplementu dotyczacych
syntez oraz udzial w przygotowaniu pozostatych sekcji artykutu
- udzial w korespondencji z Edytorem i Recenzentami

Bartosz Orwat

- udzial w badaniach wiasciwosci fotofizycznych
- optymalizacja sktadu i badania warstw typu gospodarz-gos¢ E"'d"‘"
- wyznaczenie parametréw transferu energii L); {-Lo Nb[g_

- udzial w pomiarach termoluminescencji i w wyznaczeniu
podstawowych parametréw pracy OLED6w

- udzial w analizie wynikéw i tworzeniu manuskryptu

- oczyszczanie ketoimin 3d-f, M 74 ” g Zo ar (QL[

- synteza zwigzkéw 5a-c

Ewelina Witkowska

Myong Joon Oh

- udzial w pomiarach termoluminescencji i w wyznaczeniu
podstawowych parametré6w pracy OLED6w

. | - udzial w analizie i interpretacji zjawisk pulapkowania no$nikéw =
Ireneusz Glowacki ot / WM,/ 7]

- udzial w dyskusji ostatecznych wynikéw i w opracowaniu
manuskryptu

- koncepcja badan fotofizcznych w roztworze i filmie oraz

interpretacja uzyskanych wynikéw —
Gabriela Wiosna- - udzial w analizie wynikéw badan termo- oraz C . ‘/\)lb%"@hfﬁ‘

Salyga elektroluminescencji
- udzial w tworzeniu i korekcie manuskryptu
- udzial w korespondencji z Edytorem i Recenzentami

- ogdlna koncepcja badan .
Ireneusz Kownacki - koordynowanie prac nad przygotowaniem artykutu %’W /Zﬁ

- udzial w korespondencji z Edytorem i Recenzentami
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Oswiadczenia wspélautoréw dotyczace wkladu w powstanie publikagcji:

[P4] B. Orwat, M.-]. Oh, M. Kubicki, I. Kownacki*; Synthesis of 5-Substituted Benzo[h]quinoline Derivatives
via Reactions Involving C(sp?)-Br Bond Activation; Advanced Synthesis & Catalysis 2018, vol. 360, p. 3331

Imie i nazwisko Zakres merytoryczny wkladu Podpis wspétautora

- synteza i optymalizacja warunkéw otrzymywania zwigzkéw
1-8i10-13

- charakterystyka spektroskopowa (NMR, MS) wszystkich QZ 7 /
zwigzkow / ol /’il/‘

- wyhodowanie krysztaléw do pomiaréw rentgenostrukturalnych

Bartosz Orwat

- przygotowanie manuskryptu i suplementu oraz wspétudziat w
ich korekcie

- wspétudzial w korespondencji z Edytorem i Recenzentami

Myong Joon Oh - synteza zwigzku 9 /I//y//} ZO o OU

- analiza rentgenostrukturalna :
Maciej Kubicki &( ~)

- przygotowanie opisu struktur krystalicznych

- koordynowanie prac nad przygotowaniem kutlu N
Ireneusz Kownacki " g i e %‘ et l /{
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Microwave-assisted one-pot synthesis of

new ionic iridium complexes of [Ir(bzq),(NAN)I*A~
type and their selected electroluminescent
propertiest
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Iridium C,N-cyclometalated complexes with an ionic structure are considered to be promising candidates
for application in host/guest solid-state phosphorescent single-layer devices because the employment of
such dopants offers the possibility of reducing their concentration in organic matrices as well as allows
obtaining organic light emitting devices (OLEDs) with interesting emission parameters. We report herein a
methodology enabling the synthesis of cyclometalated ionic iridium(n) complexes of the type
[I(CAN)>(NAN)I*A™ according to a three-component one-pot strategy involving the acceleration of the
reaction via microwave irradiation. The developed protocol allowed efficient synthesis of a series of new
cationic iridium(n) coordination derivatives, which were isolated and spectroscopically characterized,
while the structures of two of them were determined by the X-ray method. Moreover, the iridium(i)
derivatives were subjected to the cyclic voltammetry studies in order to determine the energies of the
HOMO and LUMO levels as well as to estimate their electrochemical properties and to predict some elec-
tronic properties. Additionally, the ONIOM calculation scheme that was used to predict HOMO-LUMO
gaps for the studied Ir(1) complexes showed a good correlation between the experimental and calculated
values. In order to determine the influence of the structure and nature of the ancillary ligand on the
location of the maximum emission band, the photophysical properties of the synthesized iridium com-
plexes were characterized. Finally, the selected compounds were used as emitters for the construction of
polymer light emitting diodes (PLEDs) based on a poly(N-vinylcarbazole)/2-(4-tert-butylphenyl)-5-(4-
biphenyl)-1,3,4-oxadiazole (PVK/PBD) matrix. The highest luminance, above 10 000 cd m™2, was recorded
for the device containing only 1.0 wt% of [Ir(bzq)»(1,10-phenanthroline)] *PF¢~ in the PVK/PBD. The fabri-
cated PLEDs exhibit current efficiency in the range of 1.0 to 2.2 cd A™%.

Introduction

Organic Light-Emitting Diodes (OLEDs) show great potential
for application as alternatives to traditional inorganic devices,
mainly due to the fact that thin-layer technologies for their fab-
rication are relatively simple, they require a small amount of
organic components, and they can offer significant energy
savings, which makes them environmentally friendly." In view
of the above, the synthesis of new phosphorescence emitters
for OLEDs belongs to the hottest research areas on the world

“Centre of Polymer and Carbon Materials, Polish Academy of Sciences,
Curie-Sklodowskiej 34, 41-819 Zabrze, Poland

tElectronic supplementary information (ESI) available: X-ray crystallographic
data for 2AA" and 2FA’ (CIF). Structure refinement data for 2AA’ and 2FA’ as well
as full computational details and Cartesian coordinates (PDF). CCDC 1518625
and 1518624. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/c7dt01372h
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scale in chemistry and materials engineering. The growing
interest in host/guest phosphorescent systems follows from the
fact that the inner quantum yield of OLEDs with an emission
layer made of fluorescence materials cannot be higher than
25%. This restriction can be overcome if the emission source
is a phosphorescent material, in particular those based on
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heavy metal coordination compounds in which the central
metal atom is surrounded by organic ligands, mostly
C,N-cyclometalated ligands.>® Such compounds are usually
introduced as dopants into the matrix to avoid concentration
induced emission quenching. Among the heavy transition
metals (TM), the metal most often used for this purpose is
iridium but attempts at using other TM such as Pt, Os or Pd
have also been reported.* Such materials are characterized by a
very strong spin-orbit coupling, which causes a mutual iso-
energetic transition from the singlet to the triplet state and
vice versa, known as intersystem crossing (ISC).> Because of
this effect, there is a theoretical possibility of getting an inner
quantum yield of 100%. However, at the moment, mainly fluo-
rescent OLEDs are commercially available because as yet no
efficient and stable blue phosphorescence emitter has been
designed; the consequence is the lack of a complete set of red-
green-blue (RGB) or red-green-blue-white (RGBW) displays.®
The reason is that, unfortunately, the hitherto discovered blue
emitters have several tens of thousands of times shorter life-
span than the emitters responsible for other colours, which
means that OLEDs based on such emitters over time signifi-
cantly lose the ability to properly display images.”

Nevertheless, most of the studies concerning this subject
have been focused on the synthesis and photophysical pro-
perties as well as potential applications of neutral iridium
compounds.'™ However, in view of the recent literature, a
growing interest in ionic TM-complexes as promising candi-
dates for application in host/guest solid-state phosphorescent
devices is observed. The reason for using such systems is like
that in the case of neutral complexes, i.e. to reduce the emitter
concentration in order to avoid the emission quenching
effect.®

However, these studies have been mainly related to the use
of ionic coordination derivatives of osmium(n),” ruthenium(m),"®
and rhenium(i)"' as phosphorescent emitters in single-layer
devices.

Attempts at the application of cationic iridium(m) com-
plexes in electroluminescent devices have been made by
Slinker and co-workers, who observed efficient yellow emission
from a single-layer polymer matrix based on the
[Ir(ppy).(dtbbpy)|PFs complex as a phosphorescent dopant
(where ppy = 2-phenylpyridine; dtbbpy = 4,4'-di-tert-butyl-2,2'-
dipyridyl)."> However, in view of the reports published in the
past few years, such iridium coordination compounds have
been intensively studied in the aspect of the possibility of
using them in biological systems as fluorescent markers'® and
light-emitting electrochemical cells (LECs)."* Very recently,
several reports have appeared on the preparation and examin-
ation of organic emission layers in the prototypes of OLEDs"’
and LECs'* created on the basis of iridium cationic phospho-
rescent emitters (organometallic soft salts), in which different
types of 2N-donating aromatic compounds as ancillary ligands
were used for the stabilization of the metallic centre bearing
cyclometalated phenylpyridine and its derivatives.

As mentioned above, most of the reports published so far
have focused on the synthesis of neutral and ionic iridium(u)
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systems, in particular those stabilized with various types of
cyclometalated ligands built on the basis of phenylpyridine or
phenylpyridine like cores, and their optoelectronic properties.
This fact has prompted us to develop a new and efficient
method for the synthesis of ionic iridium(m) cyclometalated
complexes and extend the studies to the synthesis and
photophysical properties of systems formed on the basis of
bis(benzo[Z]quinolino)iridium(ur) cores.

Experimental section

All syntheses and manipulations were carried out under argon
using standard Schlenk-line and vacuum techniques. The
microwave-assisted reactions were performed using a CEM
Discover microwave pressure system (max. power 300 W,
magnetron frequency 2455 MHz, max. pressure 20 bars). The
chemicals were obtained from the following sources:
IrCl;-3H,0 from Pressure Chemicals, acetone, Et,O, MeOH,
DMSO-Dg, CDCl;, 1,2-dichloroethane, THF, 2,2-bipyridine,
4,4'-dimethyl-2,2"-bipyridine, 6,6"-dimethyl-2,2"-bipyridine, 4,4"-
dimethoxy-2,2"-bipyridine, 2,2-biquinoline, 1,10-phenanthro-
line, 4,7-diphenyl-1,10-phenanthroline, 2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline from Aldrich, and benzo[/]quino-
line (bzqH) from ABCR. The complex [{Ir(u-Cl)(bzq),},] (1)'*"
and benzo[i]dipyrido[3,2-a:2',3"-c]phenazine'® were synthesized
according to a published method. All solvents and liquid
reagents were dried and distilled under argon prior to use. The
NMR spectra in liquid phase were recorded in CDCl; or
DMSO-Dg¢ using a 300 MHz spectrometer and were referenced
to the residual protonated solvent peaks ("H &y = 7.26 ppm,
for CDCl; and 'H &y = 2.50 ppm for DMSO-Dg). TGA measure-
ments were carried out on a Q50-TGA (TA Instruments, Inc.)
thermogravimetric analyser under N, at a flow rate of
60 mL min~". Samples (8-10 mg) were loaded on a platinum
pan and heated from ambient temperature to 1000 °C at a rate
of 10 °C min~". DSC measurements were carried out on a
DSC-1 (Mettler-Toledo) differential scanning calorimeter
under N, at a flow rate of 20 mL min~" at a heating/cooling
rate of 10 °C min™" in the range of 25 to 150 or 250 °C
(depending on the sample). Samples (7-10 mg) were placed in
40 pL aluminum pans with a pierced lid.

X-ray crystallography

Diffraction data were collected at 100(1) K by the w-scan tech-
nique on an Agilent Technologies Xcalibur four-circle diffract-
ometer with an Eos CCD detector and graphite-monochro-
mated MoK, radiation (1 = 0.71069 A). The data were corrected
for Lorentz-polarization as well as for absorption effects."
Precise unit-cell parameters were determined by the least-
squares fit of reflections of the highest intensity (4547 for 1,
5535 for 2), chosen from the whole experiment (see the ESIY).
The structures were solved using SIR92*° and refined by
the full-matrix least-squares procedure on F°> using
SHELXL-2013." All non-hydrogen atoms were refined anisotro-
pically, hydrogen atoms were placed at idealized positions and
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refined as a ‘riding model’ with isotropic displacement para-
meters set at 1.2 times the U.q of appropriate carrier atoms. In
the structure of 1 there are solvent — methanol — molecules,
disordered across the twofold axis of symmetry. The crystals of
2 appeared to be twinned, which was taken into account
during both data reduction and refinement procedures. The
BASF factor, showing relative shares of both components, was
refined at 0.4681(7). Some restraints had to be applied on
ADPs of certain atoms in 2.

Crystallographic data (excluding structure factors) for the
structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, no. CCDC 1518625 (1) and
1518624 (2).

Electrochemical property determination

Cyclic voltammetry (CV) measurements were performed on a
CH Instruments model 620 electrochemical analyser in aceto-
nitrile (MeCN) (Carlo Erba, Acetonitrile RS - For HPLC PLUS
Gradient - ACS - Reag. Ph. Eur. - Reag. USP) using 0.1 M tetra-
butylammonium hexafluorophosphate  ([BuyN|PFs) (TCI,
>98%) as a supporting electrolyte. Measurements were per-
formed in a classic three electrode assembly. A Pt wire was the
working electrode, a Pt spiral was the counter electrode, and
an Ag wire was the pseudo-reference electrode. Potentials were
estimated using ferrocene as an internal standard.

Computational methods

Full geometry optimizations of the iridium compounds in
their singlet ground state were carried out using density func-
tional theory (DFT) with Becke’s three-parameter hybrid
method combined with the Lee-Yang-Parr correlation func-
tional (B3LYP).>>** The SDD** basis set was used to treat the Ir
atom, whereas the 6-31G(d)* basis set was used to treat C, H,
N and O atoms. In order to assess the influence of basis sets
on the results, further calculations were performed with
different basis sets and with ONIOM calculations. To date
many theoretical studies have been carried out using the two-
layer ONIOM scheme for various systems.***” This compu-
tational technique models large molecules by defining two
layers within the structure that are treated at different levels of
accuracy. In our studies of the high-level system containing an
Ir(m) central metal atom together with its neighbouring atoms,
the WB97XD functional was used. The SDD basis set was used
for the iridium atom and the 6-311++G(d,p) basis set - for the
remaining atoms. For the low layer, we used the simplest
HF/LanL2MB.?® In order to determine the solvent effects,
calculations were also performed within the self-consistent
reaction field (SCRF) theory using the polarized continuum
model (PCM)***! in acetonitrile (CH;CN) medium to analyse
the interaction with the solvent used in experimental measure-
ments. All calculations were performed using the Gaussian 09
software package®” in PL-Grid infrastructure.

Spectroscopic measurements

UV-Vis spectra were recorded on a Carry 5000 (Varian) spectro-
meter, whereas the photoluminescence spectra were recorded
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on an FLS980 (Edinburgh Instruments) fluorescence spectro-
meter equipped with a Xe-lamp as an excitation source and an
R-928 photomultiplier detector, featuring a spectral sensitivity
range of 200-870 nm for the detector, respectively. The
absolute fluorescence quantum yields (QY) of the compounds
studied were determined using an integrating sphere, with
BENFLEC inside coating, from Edinburgh Instruments. All
compounds were dissolved in chlorobenzene. In order to elim-
inate luminophore self-quenching effects, dilute solutions of
the investigated molecules were measured. The same equip-
ment was used for the determination of the spectroscopic pro-
perties of thin films of poly(N-vinylcarbazole)/2-(4-tert-butyl-
phenyl)-5-(4-biphenyl)-1,3,4-oxadiazole =~ (PVK/PBD)  blends
(70: 30 weight ratio) doped with iridium complexes. The thin
films (about 100 nm) were deposited on quartz plates by spin
coating. The thickness of the thin films was determined by
means of a profilometer (Dektak XT, Bruker).

Preparation and characterization of PLEDs

The PLEDs were manufactured on glass substrates with
indium tin oxide (ITO) coated with a ~30 nm layer of poly(3,4-
ethylenedioxythiophene) and poly(styrenesulfonate) (PEDOT:
PSS) mixture. The emissive layers (~80 nm) were fabricated by
means of the spin coating method from a chlorobenzene solu-
tion of PVK/PBD blends, doped with 1 wt% of emitter mole-
cules. To remove the residual amounts of the solvent, the de-
posited emissive layers were annealed at 90° C for 30 min
under a nitrogen atmosphere. In the next step the cathode was
vacuum evaporated through a shadow mask. The complete
device stack was ITO/PEDOT:PSS/PVK:PBD+emitter/Ca/Ag.
These devices were encapsulated with epoxy resin and glass
inside a glove box under a nitrogen atmosphere. After encapsu-
lation, they were characterized under ambient conditions. The
electroluminescence spectra were recorded using a MicroHR
spectrometer and a CCD camera 3500 (Horiba Jobin Yvon).
Current density-voltage-luminance characteristics were deter-
mined by using a Keithley 2400 source measurement unit and
a Minolta CS-200 camera.

Optimization of the reaction conditions

In a Schlenk reactor of 15 mL capacity, equipped with a
Rotaflo® valve, portions of 100.00 mg (0.086 mmol) of
[{Ir(bzq),(p-Cl)},] (1) and 0.188 mmol of the selected NN
donating ligand (C, E, H) and 31.35 mg (0.188 mmol) of
Na[PFs] were placed under an inert atmosphere, and then an
anhydrous and deoxygenated solvent (CICH,CH,Cl or THF)
was introduced. The reaction was conducted for 12 h at 65 °C
or for 10 minutes at 150 °C. After this time, the solvent was
fully evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was analyzed by
'H NMR.

Synthesis of iridium complexes

[1r(bzq),(2,2"-bipyridine)] 'PF,~ (2AA"). In a pressure glass
vessel of 10 mL capacity, portions of 200.00 mg (0.171 mmol)
of [{Ir(bzq),(p-Cl)},] (1), 54.98 mg (0.350 mmol) of 2,2"-bipyri-
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dine (A) and 58.33 mg (0.350 mmol) of Na[PFs] were placed
under an inert atmosphere and then 5 mL of anhydrous and
deoxygenated THF was introduced. The reactor was sealed
using a plastic cap equipped with an elastic membrane and
then placed in the chamber of a microwave radiation source.
The thus prepared reaction system was sealed with the encap-
sulating head, equipped with a pressure sensor. The reaction
was conducted for 10 minutes at 150 °C, irradiating the
mixture with microwaves (150 W and frequency 2445 MHz).
After this time, the solvent was fully evaporated from the post-
reaction mixture under reduced pressure. The remaining
crude product was washed with water (3 x 5 mL), cold MeOH
(2 x 2 mL), and finally with cold Et,O (2 x 2 mL). In the next
step, the remaining solid material was purified by flash-chrom-
atography using a column with silica and acetone as the
eluent. The purified material was dried under vacuum for
4 hours. The desired product 2AA’ was obtained in a yield of
86% (250 mg, 0.294 mmol). Elemental anal. calculated for
C36H FeIrN,P: C 50.88; H 2.85; found C 50.94 H 2.93;
'H NMR (300 MHz, DMSO-D, 300 K) § (ppm) = 8.92 (d,
*Jy-n = 8.34 Hz, 2H); 8.58 (d, *Jyy = 7.89 Hz, 2H); 8.25
(m, *Jyp = 9.00 Hz, 2H); 8.08 (d, *Jyp = 6.00 Hz, 2H); 7.92
(m, 7H); 7.57 (m, 7H); 6.21 (d, *J;;_ = 6.00 Hz, 2H).
[1r(bzq),(4,4"-dimethyl-2,2"-bipyridine)] ' PFs~ (2BA’). Following
the procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of 4,4"-dimethyl-
2,2"-bipyridine (B) and 58.78 mg (0.350 mmol) of Na[PF,] (A').
The desired product 2BA’ was obtained in a yield of 80%
(240 mg, 0.273 mmol). Elemental anal. calculated for
CagH,ogFIrN,P: C 51.99; H 3.22; found C 52.06 H 3.28;
'H NMR (300 MHz, DMSO-Dg, 300 K) § (ppm) = 8.77 (s, 2H);
8.56 (d, *Jyz_nz = 9.00 Hz, 2H); 8.07 (d, *Jy1_; = 6.00 Hz, 2H); 7.97
(d, *Ji_i = 9.00 Hz, 2H); 7.92 (m, 4H); 7.87 (m, *J;_yy = 9.00 Hz,
2H); 7.62 (m, 4H); 7.53 (m, Yy = 9.00 Hz, 2H); 7.41
(d, *Ju_n = 6.00 Hz, 2H); 7.16 (t, *Jy_ = 9.00 Hz, 2H); 6.21 (d,
*Jiin = 6.00 Hz, 2H); 2.50 (s, 6H, —Me together with residues
protons from DMSO-Dg); "H NMR (300 MHz, CDCl;, 300 K)
S (ppm) = 2.60 (s, 6H, —Me).
[tr(bzq),(6,6"-dimethyl-2,2-bipyridine)] PFs~ (2CA’). Following
the procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of C and 58.78 mg
(0.350 mmol) of salt A’. The desired product 2CA’ was obtained
in ayield of 64% (192 mg, 0.226 mmol). Elemental anal. calcu-
lated for CsgH,gFIrN,P: C 51.99; H 3.22; found C 52.09 H
3.30; '"H NMR (300 MHz, DMSO-D, 300 K) § (ppm) = 8.62
(t, *Juu = 9.00 Hz, 4H); 8.30 (d, *Jy_y = 6.00 Hz, 2H); 8.09
(t, *ipx = 9.00 Hz, 2H); 7.89 (m, 4H); 7.65 (m, 2H); 7.38 (t,
*an = 9.00 Hz, 4H); 6.93 (t, >/ = 6.00 Hz, 2H); 5.81 (d,
3 n = 6.00 Hz, 2H); 1.56 (s, 6H, —Me).
[tr(bzq),(4,4-dimethoxy-2,2-bipyridine)| 'PFs~ (2DA’). Following
the procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 160.00 mg
(0.137 mmol) of 1, 61.00 mg (0.281 mmol) of D and 47.19 mg
(0.281 mmol) of salt A". The desired product 2DA’ was obtained
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in a yield of 80% (200 mg, 0.220 mmol). Elemental anal. calcu-
lated for C;gH,sF¢IrN,O,P: C 50.16; H 3.10; found C 50.23
H 3.19; 'H NMR (300 MHz, DMSO-Dg, 300 K) 6 (ppm) = 8.57
(d, ¥y = 9.00 Hz, *Jyy_y = 6.00 Hz, 2H); 8.48 (s, 2H); 8.13 (d,
2H); 7.96 (d, *Jy_z = 6.00 Hz, H); 7.88 (d, *Jy_g = 9.00 Hz, 2H);
7.57 (m, 6H); 7.17 (m, 4H); 6.21 (d, *Ju_u = 6.00 Hz, 2H); 3.96
(s, 6H, —OMe).

[1r(bzq),(2,2"-biquinoline)]"PFs~ (2EA’). Following the pro-
cedure used for the preparation of compound 2AA’ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
89.36 mg (0.350 mmol) of E and 58.78 mg (0.350 mmol) of salt
A'. The desired product 2EA’ was obtained in a yield of 78%
(254 mg, 0.270 mmol). Elemental anal. calculated for
CaqH,gFIrN,P: C 55.63; H 2.97; found C 55.73 H 3.06;
'H NMR (300 MHz, DMSO-Dg, 300 K) § (ppm) = 9.10 (d,
= 9.00 Hz, 2H), 8.93 (d, *Juy = 9.00 Hz, 2H); 8.55
(d, *Jy_gr = 9.00 Hz, 2H); 8.24 (d, [ = 6.00 Hz, 2H); 8.05 (d,
*J4-u = 9.00 Hz, 2H); 7.87 (m, 6H); 7.51 (m, 6H); 7.07 (t, *Jyyp =
9.00 Hz, 2H); 6.92 (t, *Ji .y = 9.00 Hz, 2H); 5.96 (d, *Jiy =
6.00 Hz, 2H).

[1r(bzq),(2,2"-bipyridine)] 'BPh,~ (2AB'). Following the pro-
cedure used for the preparation of compound 2AA’ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
54.92 mg (0.350 mmol) of A and 119.78 mg (0.350 mmol) of
the salt Na[BPh,] (B’). The desired product 2AB’ was obtained
in ayield of 63% (220 mg, 0.214 mmol). Elemental anal. calcu-
lated for CgoH44BIrN,: C 70.37; H 4.33; found C 70.50 H 4.45;
'H NMR (300 MHz, DMSO-Dg, 300 K) § (ppm) = 8.91 (d,
*han = 8.34 Hz, 2H); 8.57 (d, *uyu = 7.89 Hz, 2H); 8.25 (t,
T = 9.00 Hz, 2H); 8.07 (d, *Jy_y = 6.00 Hz, 2H); 7.94 (m,
7H); 7.58 (m, 7H); 7.17 (m, 8H, BPh,); 6.91 (t, Yy =
9.00, Hz, 8H, BPh,"); 6.78 (t, *J;_i = 6.00 Hz, 4H, BPh,"); 6.21
(d, *Ju_u = 6.00 Hz, 2H).

[tr(bzq),(4,4-dimethyl-2,2-bipyridine)] BPh,~ (2BB). Following
the procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of B and 119.78 mg
(0.350 mmol) of salt B'. The desired product 2BB’ was obtained
in ayield of 71% (256 mg, 0.243 mmol). Elemental anal. calcu-
lated for Cg,H,gBIrN,: C 70.78; H 4.60; found C 70.91 H 4.71;
'H NMR (300 MHz, DMSO-Ds, 300 K) § (ppm) = 8.76 (s, 2H);
8.55 (d, *Jy_iz = 9.00 Hz, 2H); 8.06 (d, *J1;_i1 = 6.00 Hz, 2H); 7.96
(d, *Jrsp1 = 9.00 Hz, 2H); 7.87 (d, *Jirs = 9.00 Hz, 2H); 7.65 (d,
*Ju = 6.00 Hz, 2H); 7.59 (m, 3H), 7.54 (d, *Ji_ = 6.00 Hz,
2H); 7.39 (m, 3H); 7.17 (m, 8H, BPh,"); 6.91 (t, *Ji_ = 9.00 Hz,
8H); 6.77 (t, *Juy = 6.00 Hz, 4H, BPh,"); 6.21 (d, .y =
6.00 Hz, 2H); 2.50 (s, 6H, —Me together with residue protons
from DMSO-Dg); 'H NMR (300 MHz, CDCl;, 300 K) & (ppm) =
2.60 (s, 6H, —Me).

[tr(bzq),(6,6'-dimethyl-2,2"-bipyridine)] BPh,~ (2CB'). Following
the procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of C and 119.78 mg
(0.350 mmol) of salt B'. The desired product 2CB’ was obtained
in ayield of 69% (248 mg, 0.236 mmol). Elemental anal. calcu-
lated for Cg,H,gBIrN,: C 70.78; H 4.60; found C 70.88 H 4.67;
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"H NMR (300 MHz, DMSO-Dg, 300 K) & (ppm) = 8.61 (t, *Jiy u =
9.00 Hz 4H); 8.29 (d, *fipz = 6.00 Hz, 2H); 8.08 (t, *Jryy =
9.00 Hz, 2H); 7.89 (m, 4H); 7.64 (m, 2H); 7.38 (m, 4H); 7.18 (m,
8H, BPh; ); 6.91 (t, *Ji_ = 9.00 Hz, 10H, 8H BPh,~ + 2H bzq);
6.78 (m, *Jy_y = 6.00 Hz, 4H, BPh,7); 5.81 (d, *J;_i; = 6.00 Hz,
2H); 1.58 (s, 6H, —Me).
[ir(bzq),(4,4'-dimethoxy-2,2'-bipyridine)] ' BPh,~  (2DB').
Following the procedure used for the preparation of com-
pound 2AA’' (Table 2), the reaction was carried out with
160.00 mg (0.137 mmol) of 1, 61.00 mg (0.281 mmol) of D and
97.16 mg (0.281 mmol) of salt B'. The desired product 2DB'
was obtained in a yield of 80% (240 mg, 0.221 mmol).
Elemental anal. calculated for Cg,H,;gBIrN,O,: C 68.69; H 4.46;
found C 68.85 H 4.53; '"H NMR (300 MHz, DMSO-Dy, 300 K)
5 (ppm) = 8.56 (d, > = 6.00 Hz, 2H); 8.48 (s, 2H); 8.13 (d,
i = 6.00 Hz, 2H); 7.96 (m, *Ji_y = 9.00 Hz, 2H); 7.87 (d,
*Jg-n = 9.00 Hz, 2H); 7.59 (m, 6H); 7.52 (d, *Ji_y = 9.00 Hz,
2H); 7.17 (m, 12H, 8H BPh,™ + 4H); 7.91 (t, *Ji1 = 9.00 Hz,
8H, BPh,); 6.78 (t, *Ju = 6.00 Hz, 4H, BPh, ); 6.22 (d,
31 = 6.00 Hz, 2H); 3.96 (s, 6H, —OMe).
[1r(bzq),(2,2"-biquinoline)]'BPh,~ (2EB’). Following the pro-
cedure used for the preparation of compound 2AA’ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
89.36 mg (0.350 mmol) of E and 119.78 mg (0.350 mmol) of
salt B'. The desired product 2EB’ was obtained in a yield of
76% (290 mg, 0.257 mmol). Elemental anal. calculated for
CegHagBIrN,: C 72.65; H 4.30; found C 72.85 H 4.40; 'H NMR
(300 MHz, DMSO-D, 300 K) 5 (ppm) = 9.09 (d, */g_g; = 9.00 Hz,
2H), 8.92 (d, *Ji_11 = 9.00 Hz, 2H); 8.54 (d, *J;_ = 6.00 Hz, 2H);
8.23 (d, *Jyz_n = 6.00 Hz, 2H); 8.05 (d, *Jiz_11 = 9.00 Hz, 2H); 7.85
(m, 6H); 7.49 (m, 6H); 7.16 (m, 8H), 7.07 (t, *Jy_ = 9.00 Hz,
2H); 6.92 (m, 10 H, 8H BPh,” + 2H); 6.78 (t, >y = 6.00 Hz,
4H BPh,); 6.94 (d, *Ji_g = 6.00 Hz, 2H).
[1r(bzq),(1,10-phenanthroline)]"PFs~ (2FA’). Following the
procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 63.07 mg (0.350 mmol) of F and 58.78 mg
(0.350 mmol) of salt A'. The desired product 2FA’ was obtained
in ayield of 76% (290 mg, 0.332 mmol). Elemental anal. calcu-
lated for CsgH,,FoIrN,P C 52.23; H 2.77; found C 52.33; H 2.80;
'H NMR (300 MHz, DMSO-D, 300 K) § (ppm) = 8.90 (d,
*Ji-n = 9.00 Hz, 2H); 8.51 (d, *Jyy_i = 9.00 Hz, 2H); 8.42 (s, 2H);
8.20 (d, *Jyz_n1 = 6.00 Hz, 2H); 7.93 (m, 6H); 7.59 (d, *Jiz_yz = 9.00
Hz, 2H); 7.45 (d, *Jy_g = 6.00 Hz, 1H); 7.41 (d, *Jz_p = 6.00 Hz,
1H); 7.23 (t, *Jy_y = 6.00 Hz, 2H); 6.35 (d, *Jyy_y = 6.00 Hz, 2H).
[Ir(bzq),(4,7-diphenyl-1,10-phenanthroline)] 'PFs~ (2GA).
Following the procedure used for the preparation of com-
pound 2AA’ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 116.34 mg (0.350 mmol) of G
and 58.78 mg (0.350 mmol) of salt A'. The desired product
2GA’ was obtained in a yield of 71% (250 mg, 0.244 mmol).
Elemental anal. calculated for C5oH;,FcIrN,P C 58.53; H 3.14;
found C 58.68; H 3.23; '"H NMR (300 MHz, DMSO-Ds, 300 K)
s (ppm) = 8.56 (d, *fyy = 9.00 Hz, 2H); 8.27 (d, *Jyy =
6.00 Hz, 2H); 8.22 (s, 2H); 8.11 (d, *Jy1_y = 6.00 Hz, 2H); 8.02 (d,
3o = 9.00 Hz, 2H) 7.93 (m, 4H); 7.62 (m, 12H, 10H -Ph +
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2H); 7.53 (m, 2H); 7.24 (t, *Ji_u = 9.00 Hz, 2H); 6.34 (d, >y =
9.00 Hz, 2H).
[tr(bzq),(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)| 'PF, ™~
(2HA'). Following the procedure used for the preparation of
compound 2AA’ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 126.16 mg (0.350 mmol) of H
and 58.78 mg (0.350 mmol) of salt A’. The desired product
2HA' was obtained in a yield of 77% (278 mg, 0.264 mmol).
Elemental anal. calculated for Cs,H36F¢IrN,P C 59.25; H 3.44;
found C 59.50; H 3.52; 'H NMR (300 MHz, DMSO-Ds, 300 K)
5 (ppm) = 8.59 (d, *Jy = 9.00 Hz, 2H); 8.20 (d, *Jz_ = 6.00
Hz, 2H); 8.06 (s, 2H); 7.91 (m, 4H), 7.76 (m, 4H); 7.59 (m, 10H,
—Ph); 7.42 (d, *Jig = 9.00 Hz, 2H); 6.96 (t, *Jz_x = 9.00 Hz,
2H); 5.89 (d, 3J;;_iy = 9.00 Hz, 2H); 1.93 (s, 6H, —Me).
[1r(bzq),(1,10-phenanthroline)|'BPh,~ (2FB'). Following the
procedure used for the preparation of compound 2AA’
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 63.07 mg (0.350 mmol) of F and 119.78 mg
(0.350 mmol) of salt B'. The desired product 2FB’ was obtained
in ayield of 74% (268 mg, 0.256 mmol). Elemental anal. calcu-
lated for Ce,HauBIrN, C 71.05; H 4.23; found C 71.34; H 4.34;
'H NMR (300 MHz, DMSO-Dg, 300 K) & (ppm) = 8.88 (d, *Ji;_u
=9.00 Hz, 2H); 8.52 (d, *Jy_; = 9.00 Hz, 2H); 8.40 (s, 2H); 8.19
(d, *Ju_n = 6.00 Hz, 2H); 7.95 (m, 6H); 7.60 (d, *Ji;_ = 9.00 Hz,
2H); 7.46 (d, *Ji_i; = 6.00 Hz, 1H); 7.43 (d, *Jy_11 = 6.00 Hz, 1H);
7.20 (m, 10H, 8H BPh,” + 2H); 6.95 (t, *Ji_ = 9.00 Hz, 8H);
6.79 (t, *Ji_11 = 6.00 Hz, 4H); 6.33 (d, *J;;_iy = 6.00 Hz, 2H).
[1r(bzq),(4,7-diphenyl-1,10-phenanthroline)] 'BPh,~  (2GB').
Following the procedure used for the preparation of com-
pound 2AA’' (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 116.34 mg (0.350 mmol) of G
and 119.78 mg (0.350 mmol) of salt B'. The desired product
2GB' was obtained in a yield of 70% (285 mg, 0.237 mmol).
Elemental anal. calculated for C,;H5,BIrN, C 74.05; H 4.37;
found C 74.31; H 4.46; 'H NMR (300 MHz, DMSO-D;, 300 K)
§ (ppm) = 8.55 (d, *Jyy = 9.00 Hz, 2H); 8.27 (d, *Jyy =
6.00 Hz, 2H); 8.22 (s, 2H); 8.10 (d, *J;_1 = 6.00 Hz, 2H); 8.00 (d,
*qn = 9.00 Hz, 2H); 7.91 (m, 4H); 7.62 (m, 12H, 10H -Ph +
2H); 7.50 (m, 2H); 7.24 (t, *Juu = 9.00 Hz, 2H); 7.17 (m, 8H,
BPh,"); 6.90 (t, *Ji i = 6.00 Hz, 8H, BPh, ); 6.77 (t, . =
6.00 Hz, 4H, BPh,"); 6.35 (d, *J;;_i; = 6.00 Hz, 2H).
[tr(bzq),(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)] BPh,~
(2HB). Following the procedure used for the preparation of
compound 2AA’ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 126.16 mg (0.350 mmol) of H and
119.78 mg (0.350 mmol) of salt B'. The desired product 2HB’ was
obtained in a yield of 60% (250 mg, 0.203 mmol). Elemental
anal. calculated for C,¢H5¢BIrN, C 71.31; H 4.60; found C 71.46;
H 4.65; "H NMR (300 MHz, DMSO-Dg, 300 K) & (ppm) = 8.57 (d,
T = 9.00 Hz, 2H); 8.19 (d, *Ji_ = 6.00 Hz, 2H); 8.06 (s, 2H);
7.91 (m, 4H), 7.75 (m, 4H); 7.59 (m, 10H); 7.43 (d, *Jupn =
9.00 Hz, 2H); 7.18 (m, 8H, BPh, ): 6.97 (t, *Jix = 9.00 Hz, 2H);
6.91 (t, /i1 = 6.00 Hz, 8H, BPh,"); 6.77 (t, *Jiz1x = 9.00 Hz, 4H,
BPh,); 5.89 (d, *Jy1 = 9.00 Hz, 2H); 1.93 (s, 6H, —Me).
[tr(bzq),(benzo[{]dipyrido[3,2-a:2',3'-c|phenazine)| 'PFs~  (2IA").
Following the procedure used for the preparation of com-
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pound 2AA’' (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
35.43 mg (0.211 mmol) of salt A". The desired product 2IA’ was
obtained in a yield of 74% (156 mg, 152 mmol). Elemental
anal. calculated for C,gH,gFqIrN,P C 56.19; H 2.75; found C
56.39; H 2.82; "H NMR (300 MHz, DMSO-Dg, 300 K) & (ppm) =
9.62 (d, *Jiy_u = 9.00 Hz, 2H); 9.13 (s, 2H); 8.57 (d, *Jyn =
9.00 Hz, 2H); 8.36 (m, 2H); 8.25 (d, *J;;_; = 6.00 Hz, 2H); 8.19
(d, *J1y_11 = 6.00 Hz, 2H), 8.02 (m, 4H); 7.91 (d, *J;_y; = 9.00 Hz,
2H); 7.72 (m, 2H); 7.61 (d, */yy_u = 6.00 Hz, 2H); 7.55 (d, *Jyyn =
9.00 Hz, 1H); 7.53 (d, *Jg.u = 9.00 Hz, 1H); 7.25 (t, *Jyu =
9.00 Hz, 2H); 6.33 (d, *Jy_i = 6.00 Hz, 2H).

[tr(bzq),(benzo[{]|dipyrido[3,2-a:2',3"-c]phenazine)| 'BPh,~ (2IB').
Following the procedure used for the preparation of com-
pound 2AA’ (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
72.21 mg (0.211 mmol) of salt B'. The desired product 2IB' was
obtained in a yield of 80% (198 mg, 0.162 mmol). Elemental
anal. calculated for C,,H,gBIrNg: C 72.05; H 4.03; found C
72.37 H 4.15; '"H NMR (300 MHz, DMSO-Ds, 300 K) § (ppm) =
9.57 (d, *Ju_u = 9.00 Hz, 2H); 9.08 (s, 2H); 8.55 (d, *Juyy =
9.00 Hz, 2H); 8.31 (m, 2H); 8.24 (d, */y_y = 6.00 Hz, 2H); 8.18
(d, *f1- = 6.00 Hz, 2H), 8.02 (m, 4H); 7.90 (m, 2H); 7.67 (m,
2H); 7.61 (d, *Ji_ = 6.00 Hz, 2H); 7.52 (m, 2H); 7.22 (m, 10H,
8H BPh,” + 2H); 6.91 (t, *J iy = 9.00 Hz, 8H, BPh, ); 6.78
(t, *Jux = 9.00 Hz, 4H, BPh,"); 6.34 (d, *J;_y = 6.00 Hz, 2H).

[1r(bzq),{benzo[{]dipyrido[3,2-a:2',3-c]phenazine}] [B(CFs),]~
(2IC"). Following the procedure used for the preparation of
compound 2AA’ (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
168.38 mg (0.211 mmol) of salt B'. The desired product 2IB’
was obtained in a yield of 68% (217 mg, 0.139 mmol).
Elemental anal. calculated for C,;,H,gBF,IrNg: C 55.43;
H 1.81; found C 55.56; H 1.93; 'H NMR (300 MHz, DMSO-D,
300 K) & (ppm) = 9.56 (d, Juu = 9.00 Hz, 2H); 9.05 (s, 2H);
8.55 (d, *Jy_u = 9.00 Hz, 2H); 8.28 (m, 4H); 8.20 (d, */y_11 = 6.00
Hz, 2H); 8.00 (m, 4H); 7.90 (m, 4H); 7.59 (d, *Ji_1 = 9.00 Hz,
2H); 7.54 (d, *J_ir = 9.00 Hz, 1H); 7.52 (d, *Jy_g = 9.00 Hz, 1H);
7.24 (t, *Jyus = 6.00 Hz, 2H); 6.34 (d, *J11_y = 9.00 Hz, 2H).

Results and discussion

In view of the available literature, most of the C,N-cyclometa-
lated ionic iridium(m) complexes of the type [Ir(C N)y(N~N)]
PFs (where C"N = C,N-cyclometalated ligand; N*N = N,N-
donating ligand)'**?*%3 have been prepared according to the
methodology reported by Oshawa, which consisted in carrying
out a sequence of consecutive reactions, i.e. transformation of
the initial precursor [{Ir(C*N),(p-Cl)},] into the corresponding
mononuclear intermediate [Ir(C*N),(N~N)]Cl via a reaction of
the former with an appropriate N*N-donating ligand and then
conversion of the latter in a reaction with AgPF, salt into the
desired complex such as [Ir(C*N),(N"N)]PF,.>* By this method
many different iridium(m) cationic complexes were syn-
thesized, particularly with the employment of 2,2"-pyridine
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and 1,10-phenanthroline, including some of their derivatives,
as N*N-donating ligands."**>?* From our point of view, the
protocol developed by Oshawa and its further variants®***
have a fundamental flaw; firstly, it is very time consuming
because it requires to carry out two steps with the separation
of intermediate compounds, in most cases; secondly, it is not
efficient enough, particularly when sterically crowded N”N-
ligands are applied in the reaction because of the thermal
initiation of [Ir(C"*N),(N”N)]Cl derivative formation.

Therefore, in order to improve the methodology for the syn-
thesis of cyclometalated ionic iridium(ur) complexes, we deve-
loped a one-pot strategy for [Ir(C*N),(N*N)]'A~ compound for-
mation, involving acceleration of the reaction via microwave
irradiation that would allow the efficient synthesis of new
cationic iridium(u) coordination derivatives. For many years,
microwave-assisted processes have been commonly used in
organic synthesis and have proved to be very attractive,
because they have brought about spectacular acceleration of
many types of reactions as a result of a high heating rate,
which cannot be achieved by using the classical heating
methods, with a combination of the selective absorption of
electromagnetic radiation by the polar substances.*
Therefore, higher yields can be achieved under milder reaction
conditions and in shorter reaction times; thus many processes
can be improved and even reactions that do not occur on con-
ventional heating can be performed using microwaves.*® The
use of microwave radiation is not limited to organic reactions.
It has been successfully applied for the acceleration of
processes leading to a wide gamut of inorganic compounds
and nanomaterials®” or coordination compounds.*® The above
results encouraged us to apply microwaves as an energy carrier
which is able to promote the transformation of the initial reac-
tion components into desired iridium(m) complexes of the
structure [Ir(bzq),(N"N)]'A7, i.e. stabilized with both C,N-cyclo-
metalated ligands and N,N-donating heterocyclic derivatives.

However, at the beginning, our studies focused on the
development of an efficient three-component one-pot route for
the preparation of cationic iridium(u) complexes according to
a literature method under the reaction conditions given
therein®* with various N,N-donating heterocyclic aromatic
compounds used as ligands, e.g. 2,2"-bipyridine (A), 4,4
dimethyl-2,2"-bipyridine (B), 6,6’-dimethyl-2,2"-bipyridine (C),
4,4'-dimethoxy-2,2"-bipyridine (D), 2,2-biquinoline (E), 1,10-
phenanthroline (F), 4,7-diphenyl-1,10-phenanthroline (G), 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (H) and benzo[i]
dipyrido[3,2-a:2',3"-c]phenazine (I). Therefore, initially the one-
pot reactions were carried out in the pathway, presented in
Scheme 1, that contrary to the reported methods,"**>?32* all
the initial solid materials and a polar solvent were placed in a
reactor, which was then heated using a classical source of
heat, i.e. an oil bath.

As shown in the above scheme, the testing reactions of the
initial iridium(m) precursor (1) were conducted with the
selected N,N-donating ligands C, E, H, which are characterized
by a relatively high steric hindrance. In the studied system, the
above-mentioned N,N-based aromatic derivatives as well as the
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salt NaPF, (A’) were used in a moderate excess in relation to
complex 1, i.e. with 20% molar excess. All the processes were
carried out for 12 hours at 65 °C in two different polar sol-
vents, namely the non-coordinating 1,2-dichloroethane and
coordinating THF. Unfortunately, for all the employed N,N-
bidentate ligands, the yields of the isolated materials of type 2
did not exceed 36% as shown in Table 1. Moreover, the
"H NMR spectra recorded for these substances have indicated
the presence of other iridium species as impurities.

Thus, in view of the above results, we decided to apply, to
the system studied, microwave radiation as a heat carrier as
well as a source of energy increasing the frequency of col-
lisions between polar and non-polar reagents. Therefore, to
improve the efficiency of the one-pot protocol for the prepa-
ration of cationic complexes of the type [Ir(bzq),(N*N)]'A™ (2),
in the subsequent phase of the study, the reactions of the
initial precursor [{Ir(bzq),(u-Cl)},] (1) with various N,N-donat-
ing compounds, namely 2,2"-bipyridine (A) or 1,10-phenan-
throline (F) and their derivatives (A-E and GI) as well as
selected salts M'A™ (A’-C’), were carried out with the support
of microwaves and in a THF environment (see Scheme 2).

This solvent was chosen because of a better solubility of the
initial materials and products in it and its relatively high
absorbance  of electromagnetic  radiation.
Additionally, we expected that in the studied system, THF,
being in large excess in relation to complex 1, can act as a
ligand, supporting dissociation of the initial precursor
followed by the formation of labile iridium species

microwave

Table 1 Optimization of the reaction conditions
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=N N= =N N= SN = "!
Me

M*A" = Na*[PFg] (A’), Na*[BPh,]" (B’), Li*[B(Ph-F5)4] (C’)

N Me Me
N =N N= =N N= 'N N'

Scheme 2 The microwave-assisted reaction of precursor 1 with various
NAN ligands.

[Ir(bzq),(THF),]|PF, similarly as takes place in the reactions of
binuclear iridium complexes [{Ir(C*"N),(p-Cl)},] with AgBF, in
an acetonitrile environment, in which [Ir(C*N),(NCMe),|BF,
complexes were synthesized.*®

A microwave pressure reactor used for testing the one-pot
protocol enabled carrying out the reactions in THF as a solvent
at a temperature higher than its boiling point, i.e. at 150 °C.
The parameters of the process such as the molar ratio of the
starting components, the temperature as well as the process
time were optimized for the model reagent system based on
the initial precursor 1 in combination with 6,6"-dimethyl-2,2"-
bipyridine (C) and the salt Na[PF] (A’). In a series of attempts
made using the above-mentioned sterically hindered 6,6"-sub-
stituted bipyridine (C) under various conditions, it was found
that the process ran smoothly at 150 °C and the time required
for the complete conversion of the initial components did not
exceed 10 minutes, giving expected product in good yield.

Moreover, in comparison with the previously used classical
heating method, irradiation of the reaction mixture with
microwaves allowed the reduction in the amounts of bidentate
ligand (N*N) and M"A™. Under optimum conditions, complete
transformation of neutral cyclometalated binuclear iridium(ur)

Ligand (L) Solvent Molar ratio of reagents 1: L : NaPF, Temp. [°C] Time [h] Yield [%]
C CICH,CH,CI 1:2.2:2.2 65 12 26
THF 1:2.2:2.2 65 12 36
1:2.05:2.05 150 0.167 12
1:2.05:2.05 150 0.167 64“
E CICH,CH,CI 1:2.2:2.2 65 12 19
THF 1:2.2:2.2 65 12 28
1:2.05:2.05 150 0.167 78“
H CICH,CH,Cl 1:2.2:2.2 65 12 24
THF 1:2.2:2.2 65 12 33
1:2.05:2.05 150 0.167 774
By By HOCH,CH,OH 1:2.2:5.95 150 18 70”

/0 N N
=N N=

“The microwave-assisted reaction. ” See ref. 33d and e (the reaction was carried out through a two-step protocol).
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precursor into the desired cationic compound [Ir(bzq),(6,6-
Me,-2,2"-bpy)]'PFs~ (2CA") with the use of C and A’ in a small
excess, i.e. 5 mol% of each compound in relation to complex 1,
allowed obtaining it with a yield of 64%. The results presented
in Table 1 clearly illustrate the advantage of the protocol using
microwave radiation in comparison with the classical method
for obtaining this type of compound as well as those described
in the literature.*** Therefore, in the next step, the same con-
ditions were applied to the preparation of cationic complexes
of the type [Ir(bzq),(N*N)]'A™ (2), using the combinations of
precursor 1 with a wide gamut of N,N-aromatic donors and
salts A'-C', presented in Scheme 2. The developed one-pot
method has proved to be versatile and quite efficient in the
systems of the components studied, leading to the desired
known (2AA”%? 2FA*3*3%) as well as a series of new cationic
iridium(m) coordination derivatives 2 with good yields in the
range 60-86% in relatively short times.*

All complexes were isolated and characterized by '"H NMR;
additionally, the structures of two of them were determined by
X-ray methods. In both structures the Ir cation is 6-coordinated
(by four nitrogen and two carbon atoms - ¢f. Fig. 1) in a
regular, octahedral fashion. In 2FA’, the Ir atom lies on the
twofold axis, and the whole complex therefore has C,-sym-
metry. Bond lengths are typical; Table 2 lists some relevant
geometrical parameters. It should be noted that the very
nature of the complex allows a disorder; in 2AA’ the benzo[/]
quinoline fragment is disordered over two positions, rotated
by 180°. In the crystal structures, besides the cations and PFg
counterions, the solvent molecules (disordered over the centre
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Table 2 A list of some relevant geometrical parameters
2AA’ 2FA’

Ir1-N15A 2.051(6) 2.036(3)
Ir1-C12A 2.013(8) 2.077(4)
Ir1-N1A 2.067(6) 2.084(3)
Ir1-C26A 2.012(8)
Ir1-N29A 2.143(6)
Ir1-N36A 2.129(6)
C12A-Ir1-C12A° 172.50(12)
N1A-Ir1-N15A° 173.04(8)
N1A-Ir1-N15A 172.1(3)
C26A-Ir1-N29A 176.1(3)
C12A-Ir1-N36A 176.1(3)

“1-xy,1/2 -2z

of inversion), methanol in 2FA’ and 1,2-dichloroethane in
2AA’, fill the voids (Fig. 2).

Thermal analysis

The thermal properties of type 2 synthesized complexes were
examined by thermogravimetric analysis (TGA) under a nitro-
gen stream and the temperatures of 5% weight loss are com-
piled in Table 3 (see Fig. 2Sa and b in the ESIf). Considering
that the thermal stability of complexes depends on the type of
counterion used, generally for pairs of complexes having the
same ligands, higher stability was observed for the derivatives
with the A’ anion than for the B’ series. While taking into
account the influence of the type of N,N-donating ligand
bonded to the iridium center on the thermal properties of the

(b)

Fig. 1 Anisotropic-ellipsoid representation of complexes 2AA’ (a) and 2FA’ (b); ellipsoids are drawn at the 50% probability level; hydrogen atoms are
shown as spheres of arbitrary radii. In 2AA’ only one of the possible positions of Ir-bonded C and N atoms in the benzo[hlquinoline moiety has been
shown for clarity. In 2FA’ the unlabeled atoms are related to the labelled ones by the symmetry operation —x + 1, y, —z + 1/2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 A crystal packing in the structure of 2AA" without (a) and with (b) the anions and solvent molecules, shown in van der Waals radii

representation.

Table 3 Data of thermogravimetric measurements (TGA)

Temperature of 5% Residue at

Sample weight loss [°C] 996 °C [%]
2AA' 183.5 38.7
2BA’ 278.3 46.1
2CA’ 308.7 33.8
2DA’ 275.9 50.2
2EA’ 219.1 39.1
2FA’ 174.7 25.8
2GA’ 217.7 46.8
2HA' 216.9 41.0
2IA 131.6 46.9
2AB’ 138.7 35.1
2BB’ 215.0 14.6
2CB’ 158.1 18.5
2DB’ 213.7 43.0
2EB’ 124.3 36.3
2FB' 181.1 45.9
2GB’ 155.3 26.5
2HB’ 269.2 12.1
2IB' 180.0 36.7
2IC’ 242.9 10.7

examined ionic iridium(u) complexes, it was found that the
type 2 compounds with the series of ligands A-E i.e. bearing
bipyridine motifs and A’ counterions are thermally more
stable than those with the F, G, H series. On the other hand,
in a series of cationic iridium compounds stabilized with the
benzo[{]dipyrido[3,2-a:2",3"-c]phenazine ligand (I), ie. 2IA/,
21IB’, 2IC', an increase in thermal stability was observed in the
following order of counterions: A’, B/, C'.

9218 | Dalton Trans., 2017, 46, 9210-9226

In the next step, selected materials i.e. 2FA’, 2FB’, 2HB', and
2IC’ were subjected to DSC analysis in order to determine the
melting and crystallization temperatures. Unfortunately,
although for 2FB’ the signal corresponding to the melting
point was observed at ca. 200 °C upon heating, no signal from
the crystallization process was observed upon sample cooling.
When 2FA’, 2HB', and 2IC’ were subjected to DSC analysis, no
signs of any transitions were observed for these materials in
the temperature range determined by TGA measurements.
This fact may indicate that the samples examined have crystal-
lization points above their degradation temperature or they
undergo irreversible transformations on melting.

Determination of electrochemical properties

Cyclic voltammetry experiments were performed in order to
estimate the electrochemical properties and to predict some
electronic properties of the synthesized iridium(m) derivatives.
The values of potentials allowed the calculation of the
Ionization Potential (IP) and Energy Affinity (EA) which are
related to the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).

Iridium(m) complexes with PFs~ as a counterion were sub-
jected to CV measurements. PF;~ was chosen as a common
anion in Ir complexes and in the supporting electrolyte
BuyNPF,. Cationic complexes with BPh,~ are not shown and
discussed because of the low oxidation potential of this coun-
terion. BPh,” underwent the oxidation process in a lower
potential range than most of the studied Ir complexes.

This journal is © The Royal Society of Chemistry 2017
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Therefore, the low oxidation potential excluded the use of
BPh,” as the anion of the supporting electrolyte. CV curves
recorded in MeCN are presented in Fig. 3. Irreversible or quasi
reversible oxidation peaks for all the studied compounds are
observed in the anodic range. Similar features have been
reported earlier for model 2FA’ and 2AA’ compounds.®® They
are assigned to the redox couple Ir(u)/Ir(iv) with orbitals con-
tributed by the iridium centre and ligands.*"*> Comparison of
the oxidation onset potentials (Eox onset) reveals clear differ-
ences depending on the structure of the complexes (Table 4).
In both the series of 2FA’ and 2AA’ derivatives, the influence of
the ligand substitution with phenyl, methyl and methoxyl
groups was observed. The values 0.2 V and 0.22 V of Eox onget
were observed as a result of the electron donating character of

B SRARE RAEss asas nasss o
-20 15 -1.0 -05 00 05 1.0
potential (vs. Fc/Fc*) / V

Fig. 3 Cyclic voltammetry of compounds with PFg~ as a counterion
recorded in MeCN with 0.1 M BuyNPFg as a supporting electrolyte (scan
rate 100 mV s™%; concentration 1 mM) or saturated solutions of com-
pounds with lower solubility at a temperature of 298 K.
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these groups. Addition of the subsequent groups to 2HA’
results in a further 0.1 V reduction of E, onse- lOnization
potential (IP) related to the removal of electrons from the
HOMO orbital was estimated from the E,; onser vValue. The
0.2 eV shift of IP was obtained for both series of 2FA’ and 2AA’
derivatives with two symmetrical groups substituted for the
ligands. The 0.3 eV shift was estimated for 2HA’ with four
groups, two phenyl and two methyl groups. As reported earlier,
a strong contribution of the ligand structure to the HOMO
orbital of Ir complexes was confirmed.*"**** In the series of
2FA’ derivatives only a small shift of the reduction onset poten-
tial (Ered onset) Was observed. Substitution by phenyl and
methyl groups had a marginal influence E;cq onset- A Similar
behaviour was observed for 2AA’ derivatives except 2EA’. The
replacement of A by E as the ancillary ligand led to a signifi-
cant shift of Eieq onset., Which results in a change in the
electron affinity (EA) related to the delivery of an electron to
the LUMO. The EA estimated for all the studied compounds is
3.4 eV except for 2EA’.

The value 3.8 eV of EA indicates that the presence of E
ligand significantly modifies the LUMO. In accordance with
the previously published DFT calculations for similar iridium
complexes, it has been shown that the LUMO orbital is loca-
lized mainly to the ligands. However, it has also been reported
that the contribution of the main cyclometalated ligands and
the ancillary ligand in the LUMO orbital depends on their
structures.”>**™*® The dependences indicate that the modifi-
cation of the ancillary ligand can lead to significant changes
in both the LUMO and HOMO.

Theoretical considerations

Molecular geometries in the ground state. The geometries of
the ground state structures were fully optimized without impo-
sition of symmetry restrictions. Table 1S (ESIf) gives the Ir-
ligand bond lengths and bond angles in the gas phase and the
acetonitrile environment. The maximum difference in bond
distances between coordinating atoms and Ir(m) was 0.003 A,
while the changes in valence angles were less than 1.0°. This
means that solvent effects have a minor influence on the opti-
mized geometries of these complexes. For the compounds
investigated herein, the use of a more flexible basis set, includ-

Table 4 Electrochemical and electronic properties of the studied compounds

Compound on onset [V] on [V] Ered onset [V] Ered [V] Eg [eV] P [eV] EA [CV]
2AA 0.69 0.88 -1.71 -1.84 2.40 5.8 3.4
2BA’ 0.47 0.62 -1.74 -1.90 2.21 5.6 3.4
2CA’ 0.47 0.63 -1.73 -1.90 2.20 5.6 3.4
2DA’ 0.49 0.58 -1.75 -1.98 2.24 5.6 3.4
2EA’ 0.47 0.61 -1.26 -1.40 1.73 5.6 3.8
2FA’ 0.73 0.92 -1.67 -1.79 2.40 5.8 3.4
2GA’ 0.51 0.85 -1.66 -1.75 2.17 5.6 3.4
2HA' 0.41 0.57 —1.68 -1.82 2.09 5.5 3.4

Potentials were estimated using the ferrocene redox couple as an internal standard; E; - electrochemical energy gap was estimated from the
equation Eg = Eoy onget t Ered onset; IP — ionization potential - from the equation IP = |e — |(5.1 + Eox onset); EA - electron affinity - from the equation

EA = |8 - |(5-1 = Ered onset)-
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ing diffuse functions, showed no significant changes in the
main geometrical features (Table 2S in the ESIT). The represen-
tative optimized structure of complex 2FA’ in the ground state
(So) at the B3LYP level is shown in Fig. 4 along with the
numbering of the key atoms.

The main optimized geometry parameters for complex 2FA’
in the S, state and the X-ray crystal structure data are summar-
ized in Table 2. It can be seen that the geometry of each of the
complexes is pseudo-octahedral (see valence angles in
Table 5), similarly to that obtained for other Ir(u) complexes
reported in the literature.***** The optimized bond distances
are in good agreement with the available experimental data
(Table 5); the deviation is less than 2%. However, the differ-
ences between the theoretically calculated and the experi-
mentally obtained geometrical parameters arise not only from
the fact that the former were obtained for complex molecules
in the environment of CH;CN as a solvent, while the latter
were obtained from X-ray analysis of single crystals in which
the molecules are closely packed in the crystal lattice. These
types of differences also stem from the fact that the method

Fig. 4 Optimized structure of the 2FA’ cation part in the ground state.

Table 5 Selected bond distances and valence angles from the opti-
mized geometries and the experimental values for 2FA’

X-ray B3LYP
Bond lengths (A)
Ir-N15 2.084 2.104
Ir-N19 2.036 2.073
Ir-N29 2.036 2.073
Ir-N49 2.084 2.105
Ir-C5 2.077 2.123
Ir-C59 2.077 2.123
Valence angles (deg)
N15-Ir-N49 87.84 88.6
C5-Ir-N19 94.26 95.4
C5-Ir-N29 91.45 90.2
N15-Ir-C5 79.51 79.6
N15-Ir-N19 173.04 173.5
N29-Ir-N49 173.04 173.5
C5-Ir-C59 172.49 172.7
N15-Ir-N29 95.85 96.0

9220 | Dalton Trans., 2017, 46, 9210-9226
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used, B3LYP, overestimates the bond lengths in transition
metal complexes.*’

Frontier molecular orbital analysis

It is well known that the photophysical properties of cyclo-
metalated Ir(m) complexes strongly depend on the character of
their frontier molecular orbitals (FMOs), HOMO and LUMO.
Previous results indicated that the selection of the B3LYP func-
tional in DFT calculations yielded good quantitative agreement
with the experiment.**5*$4° Therefore, we initially adopted
this approach for the preliminary studies and the obtained
results for eight Ir complexes are collected in Table 3S.T The
absolute values of the HOMO and LUMO energies (DFT) are
different from the electrochemical data obtained by us.
Although the earlier work of Skorka and co-workers gives good
correlation between Efcf‘“' and the experimental ones,* in our
experiment the results show insufficient correlation between
the variables (R> = 0.16). The calculated energy gaps between
the HOMO and LUMO decrease from 3.51 eV to 2.84 eV when
the experimental values decrease from 2.40 eV to 1.73 eV. Our
results showed that the B3LYP functional resulted in an
increase in the HOMO-LUMO gap values of approximately
1 eV and in some cases, even more (2EA: 1.54 eV, 2HA":
1.25 eV and 2GA”: 1.17 eV). On the basis of these unexpected
results and recent findings from theoretical calculations, the
next calculations were carried out with the M06 functional.”*
However, after further analysis of the data, a poor correlation
between Ef°" and Eg" was still observed (R* = 0.55), and the
detailed data are listed in Table 4S.t Thus, the change in the
functional from B3LYP to M06 did not give reasonable results.
Considering the above, another way of calculation has been
proposed which includes the ONIOM approach. In this paper,
on the basis of the experimental data for eight Ir(u) complexes,
a relationship was established between the ONIOM calculated
HOMO-LUMO gaps at the WB97XD/SDD/6-311++G(d,p) level
and the experimental ones (see eqn (1S) and Table 5S in the
ESIf). The energies were calculated by using the ONIOM
method and are treated at different levels of accuracy. Then we
found good agreement between theory and experiment. As
shown in Fig. 5, the obtained correlation coefficient between
the theoretical energies computed via ONIOM and electro-
chemical data was much higher and equalled 0.79.

Additionally, we tried to model the oxidation potential of
the studied compounds. The linear combination of ONIOM
calculated energies for complexes bearing +1 and +2 charge
resulted in oxidation potentials that correlated well with the
experimental Egxonser Values — the determination coefficient
value was slightly above 0.90 (see Table 14S and Fig. 1S in the
ESIY).

Description of photophysical properties

The absorption spectra of the complexes studied in chloro-
benzene, measured at room temperature, are presented in

Fig. 6a ([Ir(bzq),(bpy)]'A” type) and 6b ([Ir(bzq),(phen)]'A”
type) complexes.
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Fig. 5 Theoretical E4 calculated via the WB97XD/SDD/6-311++G(d,p)
level of theory by using the ONIOM method vs. experimental values.

The lowest energy absorption band is observed at ca.
420 nm and is assigned to spin-forbidden MLCT transitions
related to the electron transfer from an Ir-centred d orbital to a
n* orbital localized on one of the ligands. All the spectra
display intense absorption bands below 400 nm which are
assigned to ligand (N*N and C*N) centered 'LC transitions.**
As shown in Fig. 7, the HOMO orbital of the complexes
studied mainly resides on the Ir(d) and benzo[A]quinoline (x)

(@)

1,0 T T T T
B —2AA"
— osfiN - -mAT
3 B W\ A © ot on2CA
K 06 E \' P2 TS 2DA’
I BN W == 2EA’ )
c B\
© "o .
£ l
o 0,44 el 1
28 > -
< A
0,21 2 ]
.
W
0,0 T

300 350 400 450 500 550
Wavelength [nm]

View Article Online

Paper

part of the molecule and the LUMO (n*) is localized on the
ancillary ligand, so the lowest energy HOMO-LUMO transition
may be MLCT or LLCT in character. When the methyl group is
attached at positions 6 and 6’ in both ancillary ligands an
additional weak transition located at 460 nm in the absorption
spectrum appears. The photoluminescence spectra recorded
are depicted in Fig. 8a and b. In Fig. 8a,f the emission band of
complexes 2AA-2EA’ can be significantly shifted from 550 to
660 nm vig modification of the 2,2"-bipyridine ligand. It is well
known that the phosphorescent iridium complexes can emit
light in the full visible spectrum by modification of the ligand
structure and by the incorporation of ancillary ligands.*
The emission of the studied compounds is red shifted with
extension of the conjugation length of the N*N ligand (2EA’).
The fusion of phenyl rings into the ancillary ligand probably
stabilizes the CT states which are mainly responsible for
emission. The emissive, low-lying T, states can be either MLCT
or LC based excited states, depending on the ligands.

The broad and structureless bands observed for the
compounds studied suggest rather the MLCT character of
emission. The vibrionic structure of the 2DA’ emission spec-
trum indicates electronic mixing between the MLCT and the
LC states, very often observed for iridium(m) complexes,
because of strong spin-orbit coupling.>***
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Fig. 6 Normalized absorption spectra of the investigated compounds in chlorobenzene: 2AA’-2EA’ (a) and 2FA'-2HA’ (b).
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Fig. 7 Molecular orbital diagram of iridium(i) complexes along with the HOMO/LUMO plots computed at the WB97XD/SDD/6-31++G(d,p) level of

theory.
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Fig. 8 Normalized photoluminescence spectra of the investigated compounds in chlorobenzene: 2AA'-2EA’ (a) and 2FA'-2HA' (b).

Upon the introduction of methyl groups into positions 4,4’
in 2,2-bipyridine (2BA’), the triplet excited state experiences a
blue shift of 54 nm in the PL peak. The substitution of the
same groups at positions 6,6’ resulted in an additional blue
shift of a few nm. This may indicate that the substitution of
electron-donating groups on the ancillary ligand leads to
destabilization of the LUMO.>® The colour tuning effect is not
found in complexes 2FA'-2HA', when the ancillary ligand is
1,10-phenanthroline (F) and modification of this ligand does
not change the position of the emission band. Only a shoulder
in the higher energy range is observed as a consequence of
implementation of phenyl rings and methyl groups into the
N”N ligand.

Complex 2EA’ exhibits the highest QY of emission; however,
as shown in Table 6, the value of QY strongly depends on the
oxygen present in the solvent, which is typical of phospho-
rescent emitters.

Degassing of the solvent results in an increase in QY from
2.8 to 16% and from 3.5 to 28% for 2AA’ and 2FA/, respectively.
The lower emission efficiency of 2DA’ may be related to a stron-
ger contribution of the n-n* emissive state. It is known that
the value of the radiative rate constant of emission from the

Table 6 UV-Vis absorption and photoluminescence spectral data of
the investigated compounds

Quantum
Compound  Amax. abs. [NM] Amax. emission [NM]  yield @ [%]
2477 420, 374, 341, 314 610 2.8
16.0¢
2BA’ 420, 374, 327, 314 558 1.0
2CA’ 460, 420, 374, 327 552 0.3
2DA’ 420, 374, 327 552 0.3
2EA’ 420, 374, 357, 341, 327 655 9.0
13.5¢
2FA’ 420,374, 327 588 3.5
28.0¢
2GA’ 420, 327 592 6.6
22.3¢
2HA' 460, 420, 374 596 2.8

“In a degassed solution.

9222 | Dalton Trans., 2017, 46, 9210-9226

*MLCT-based excited state is two or three orders of magnitude
higher than that of the rate constant of emission from the
16:56 Moreover, the determined emission QY
values may suggest that the C-H bonds vibrations in methyl or

3n-n* excited state.

methoxyl groups in B, C, D and H ligands may have an impact
on the intensity of emitted light. Generally, from among the
complexes studied, those with F as the N*N ligand seem to
show better emissive properties in solution than those with
2,2'-bipyridine as the ancillary ligand. The comparison of the
emission decay time for the most efficient emitters (2AA’, 2EA,
2FA’, 2GA') reveals that the longest living emissive state (1 ps)
was observed for 2FA’. The phosphorescence of 2AA’, 2EA/,
2GA’ decays faster, within 0.4, 0.6, and 0.5 ps, respectively.
Additionally, the negative influence of oxygen on the emissive
properties is best visible for 2FA’. This might suggest a signifi-
cant contribution of the triplet component to the emitting
states.

Selected complexes were tested as emitters in the emission
layer for application in polymer light-emitting diodes (PLEDs).
To avoid the concentration induced emission quenching,
known for iridium complexes, the host-guest systems were
used. Such systems contain a polymer matrix and a small-
molecule emitter.'* A commonly used host matrix is made of a
mixture of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-
5-(4-biphenyl)-1,3,4-oxadiazole (PBD).”” The PVK and PVK/PBD
blends are particularly useful as host matrices for the
phosphorescent guest molecules because PVK ensures hole
transport and PBD electron transport, and additionally the
high triplet exciton energy of PVK prevents the crossing of the
triplet guest exciton back to the host triplet state.>®

Results for the layers of PVK/PBD blends doped with com-
plexes 2AA’ and 2FA’ are shown in Fig. 9. The PVK/PBD matrix
fulfils the condition of an overlap of its emission spectrum
and the guest absorption spectrum, necessary for the Forster
energy transfer to occur (see Fig. 9).

The values of the spectral overlap integral (J, calculated
according to a well-known published procedure®®) between the
host and the guest were determined to be 8.43 and 7.57 x 10"
nm* mol™" em™" and consequently the Forster radii (Ro) were
1.8 and 1.9 nm for 2AA’ and 2FA’, respectively. Thus, one can

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Normalized absorption spectra of 2AA’ and 2FA’ compounds
recorded in chlorobenzene and normalized photoluminescence spectra
of thin layers: the neat PVK/PBD matrix and PVK/PBD doped with 1 wt%
of emitter molecules (excitation with light of 340 nm).
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Fig. 10 Normalized electroluminescence spectra of PLEDs with an
emitting layer created on the basis of the PVK/PBD matrix doped with
1 wt% of emitter molecules (2AA’, 2EA’, 2FA’ or 2GA').
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assume a Forster mechanism of energy transfer in the systems.
However, in both cases the exciton transfer from PVK/PBD to
emitter molecules is incomplete.

Upon excitation with light at a wavelength of 340 nm,
corresponding to the lowest energy absorption band of the
PVK/PBD matrix, the photoluminescence spectra of the thin
layers display two emission bands. Besides the emission band
associated with emitter molecules, a band with a maximum
around 430 nm is observed, assigned to the matrix.

Moreover, the maxima of emitter emission are shifted by
about 50 nm toward shorter wavelengths as compared to their
positions in the spectra in solution. The effect can be caused
by the rigidity of the matrix and can be treated as confirmation
of MLCT character of the emissive state. A similar effect was
usually observed for transition metal complexes.*"°

Studies on the determination of basic work parameters of
the single-layer PLEDs with an emitting layer created on the
basis of the PVK/PBD matrix with the synthesized cationic
iridium(ur) complexes as dopants confirm their potential appli-
cation as emitters.

Electroluminescence (EL) spectra recorded for PLEDs with
selected emitters correspond to their PL spectra (¢f Fig. 8
and 10). The colour tuning effect is clearly observed for the
modified bipyridine complexes. In contrast to the PL spectra,
in the EL spectra no matrix emission is observed, which
indicates the influence of charge carrier trapping in the EL
phenomenon.’® The basic characteristics of the constructed
PLEDs are shown in Fig. 11. The so-called switching voltage of
the diodes (the value for which the luminance reaches
1 cd m™?) is about 7 V and the devices work stably up to
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Fig. 11 Current density—luminance-voltage (J-L-U) characteristics of PLEDs with the emitting layer made of PVK/PBD doped with 1 wt% of
emitter molecules: 2AA’ (a), 2EA’ (b), 2FA’ (c) or 2GA' (d). Insets present their current efficiency—luminance dependencies.
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18 volts. The highest luminance values, exceeding 8000 and
10000 cd m™2, were recorded for the device based on
[Ir(bzq),(2,2"-bipyridine)] ' PFs~  (2AA") and [Ir(bzq),(1,10-
phenanthroline)]"PFs~ (2FA’), respectively (see Fig. 11a and c).
The fabricated PLEDs exhibit current efficiency in the range of
1.0 to 2.2 cd A™'. These parameters were obtained for the
device containing only 1.0 wt% of emitter molecules.
Increasing the emitter’s concentration to 2 wt% did not
improve the performance of the devices. Hence, it can be
assumed that optimal concentrations are in the range of 1 to
2 wt%. It should be underlined that these preliminary results
were obtained for PLEDs with a simple structure, without
additional transporting and/or charge carrier blocking layers.

Conclusions

Comparing the synthetic protocols described in the literature,
leading to iridium complexes with an ionic structure in which
the metallic centre is stabilized with both C,N-cyclometalated
and N~N-donating ligands, with the method proposed by us, it
seems that our methodology for the preparation of such
iridium derivative ([Ir(C*N),(N~N)]'A”) structures based on a
one-pot protocol with the support of microwave radiation is
definitely more efficient and less time-consuming, requiring
up to 10 min reaction time. The microwave-assisted synthetic
pathway successfully enabled the synthesis of a wide range of
iridium(m) ionic complexes bearing in their structure co-
ordinated molecules such as 2,2"-bipyridine or 1,10-phenan-
trioline and their sterically hindered derivatives besides two
bonded cyclometalated benzo[i]quinoline ligands as well as
various counterions. All of the synthesized complexes were
characterized by NMR spectroscopy; moreover, the structures
of two of them were determined by single crystal X-ray analysis.
Additionally, cyclic voltammetry experiments (CV) allowed the
calculation of Ionization Potential (IP) and Energy Affinity
(EA), thereby the determination of the HOMO and LUMO ener-
gies and consequently the band gap. However, it was possible
only for iridium compounds with PFs~ counterions, because
for complexes with BPh,™, the oxidation process of this anion
took place in a lower potential range than most of the iridium
coordinating cations stabilized with N*N ligands. Employing
the ONIOM approach at the WB97XD/SDD/6-311++G(d,p) level
for the energy calculations of the HOMO/LUMO orbitals we
found good agreement between theory and experimental data,
obtaining satisfactory correlation coefficient between theore-
tical energies of the above-mentioned orbitals and those calcu-
lated on the basis of electrochemical experiments. The con-
structed simple PLEDs based on the selected emitters molecu-
larly dispersed in the PVK/PBD matrix exhibit luminance in
the range from 1500 to above 10 000 cd m™?, which indicates
that these iridium complexes are suitable candidates for host/
guest type light emitting diodes. The EL spectra recorded for
PLEDs with different complexes of the type [Ir(bzq),(N"N)]'A~
show that by a simple modification of the bipyridine structure
the colour of emitted light can be tuned.
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Table 18. Selected optimized ground-state parameters of 2FA’ in gas phase and CH;CN media at
B3LYP/SDD level.

gas CH;CN

Bond lengths (A)

Ir-N15 2.104 2.104
Ir-N29 2.070 2.073
Ir-C49 2.125 2.123
Bond angles (deg)
N15-Ir-N49 88.4 88.6
C5-Ir-N19 96.0 95.4
C5-Ir-N29 89.9 90.2
N15-Ir-C5 79.6 79.6
N15-Ir-N19 174.0 173.5
N29-Ir-N49 173.9 173.5
C5-1r-C59 172.3 172.5
N15-Ir-N29 96.1 96.0




Table 28. Selected optimized ground-state parameters of 2FA” in CH3;CN media using B3LYP
functional containing different basis sets

Basis sets Bond lengths (A)

6-31G* 2.104

Ir-N15 6-31++G** 2.104
6-311++G** 2.104

6-31G* 2.073

Ir-N29 6-31++G** 2.073
6-311++G** 2.073

6-31G* 2.105

Ir-C49 6-31++G** 2.105
6-311++G** 2.105

Basis sets Valence angle (deg)

6-31G* 88.6

N15-Ir-N49 6-31++G** 88.6
6-311++G** 88.6

6-31G* 954

C5-1r-N19 6-31++G** 954
6-311++G** 95.4

6-31G* 90.2

C5-1r-N29 6-31++G** 90.2
6-311++G** 90.2

6-31G* 79.6

N15-Ir-C5 6-31++G** 79.6
6-311++G** 79.6

6-31G* 173.5

N15-Ir-N19 6-31++G** 173.5
6-311++G** 173.5

6-31G* 96.0

N15-Ir-N29 6-31++G** 96.0
6-311++G** 96.0

6-31G* 173.5

N29-Ir-N49 6-31++G** 173.5
6-311++G** 173.5
6-31G* 172.7
C5-1r-C59 6-31++G** 172.7
6-311++G** 172.7




Table 3S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV)
calculated at the B3LYP/LANL2DZ/6-311++G(d,p) level of theory together with the experimental
results.

HOMO LUMO Etheor. Eg -
compound

[eV] [eV] [eV] [eV]

2AA° -5,75 -2,48 3,27 2.40
2BA’ -5,72 -2,42 3,29 221
2CA’ -5,79 -2,44 3,35 2.20
2DA’ -5,69 -2,38 3,31 2.24
2EA’ -5,59 -2,32 3,27 1.73
2FA’ -5,84 -2,44 3,40 2.40
2GA’ -5,82 -2,47 3,34 2.17
2HA’ -5,77 -2,43 3,34 2.09




Table 4S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV)
calculated at the MO6/LANL2DZ/6-311++G(d,p) level of theory together with the experimental
results.

HOMO LUMO AEheor. AE.yp,.
compound

[eV] [eV] [eV] [eV]
2AN° -8,06 -5,22 2,84 2.40
2BA’ -8,15 -4,76 3,39 221
2CA’ -8,21 -4,82 3,39 2.20
2DA’ -8,10 -4,78 3,32 224
2EA’ -8,07 -4,59 3,47 1.73
2FA’ -8,03 -5,14 2,89 2.40
2GA° -7,92 -4,66 3,25 2.17
2HA’ -8,00 -4,50 3,51 2.09




Table 5S. The HOMO-LUMO energy gaps for the studied complexes (in eV) calculated by ONIOM
method using WB97XD functional containing different basis sets.

E, E, E3 Egteor. Egexp,
compound

[eV] [eV] [eV] [eV] [eV]
2AA° 9.62 6.21 9.13 2.17 2.40
2BA’ 9.68 6.23 9.14 222 221
2CA’ 9.53 6.30 9.05 232 2.20
2DA’ 9.73 6.24 9.18 227 2.24
2EA° 9.80 6.04 9.10 1.83 1.73
2FA’ 9.55 6.32 8.84 2.28 2.40
2GA° 9.46 6.10 8.85 232 2.17
2HA’ 9.51 6.22 8.82 2.04 2.09




Table 6S. Cartesian coordinates from the optimized structures of Sy in CH;CN media for 2FA”.

Atom X Y Z
symbol
Ir -0.04074265  -0.00041241 0.00005571
C 0.67372352 -4.39211403  -2.21606153
C 1.39406753 -3.96446035  -1.07822972
C 1.08915394 -2.68275189  -0.54445639
C 0.10531347 -1.81291059  -1.09526249
C -0.57199609  -2.29084914  -2.21677343
C -0.29082481 -3.56320364  -2.76805893
C 2.41340163 -4.75661981  -0.44267781
C 3.09156471 -4.30475701 0.65289019
C 2.80966455 -3.01304571 1.21738014
C 1.80570489 -2.22201657 0.60418346
C 3.46905801 -2.48383757 2.34463729
C 3.12060945 -1.22770838 2.81217491
C 2.11658236 -0.50128657 2.15803636
N 1.47212836 -0.97997218 1.08638983
C -4.00901040 1.60821962 -2.31862031
C -4.07749341 0.79638652 -1.16585796
C -2.85581538 0.39261501 -0.58242881
N -1.63649291 0.75514275 -1.08671679
C -1.60113535 1.52448307 -2.17858177
C -2.77014882 1.96681475 -2.81784162
C -5.30391187 0.35961656 -0.55777116
C -5.29897962  -0.42746080 0.55703077
C -4.06721527  -0.84876013 1.16522816
C -2.85066487  -0.42934244 0.58213160
C -3.98863831 -1.65997311 2.31778287
C -2.74539290  -2.00264540 2.81732881
C -1.58195908  -1.54517343 2.17851968
N -1.62689853 -0.77626206 1.08668482
H -6.23219545 -0.75073552 1.00686437
H -6.24111695 0.67113090 -1.00764493
H -4.92220653 1.94198902 -2.80040629
H -2.67877270 2.58857005 -3.70073132
H -0.62095339 1.79158820 -2.55255440
H -4.89762699  -2.00566890 2.79914611
H -2.64627858  -2.62339995 3.70008768
H -0.59855439  -1.79985557 2.55276980
H 1.81527359 0.48132454 2.49836289
H 3.60768892 -0.79120722 3.67638789
H 4.24395491 -3.06395623 2.83712261
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3.85867450
2.64047689
0.88266770
-0.84287304
-1.33778307
3.43693632
2.77037254
1.77671841
1.45954937
2.11072466
3.10527026
3.03511372
2.35074257
1.34179464
1.05397779
0.61558762
-0.33793904
-0.60207463
0.08165168
2.56483203
3.79432013
4.20425371
3.59841470
1.82282874
0.81145016
-0.89459866
-1.35990245

-4.91480942
-5.73607918
-5.36655317
-3.89643725
-1.68246109
2.52870959
3.04931242
2.24521752
0.99883809
0.52847086
1.26800247
4.34469264
478778331
3.98234894
2.69662888
4.40066362
3.55912281
2.28303917
1.81394165
5.77019153
4.96468217
3.11890134
0.83781141
-0.45817962
5.37791360
3.88520224
1.66465013

1.12051728
-0.85545874
-2.64888470
-3.64371120
-2.69471217
-2.34399353
-1.21696890
-0.60395664
-1.08611492
-2.15743996
-2.81136566
-0.65258011
0.44269967
1.07813224
0.54450014
2.21571410
2.76774228
2.21665916
1.09531037
0.85541323
-1.12004107
-2.83637661
-3.67529962
-2.49773007
2.64832258
3.64316794
2.69446558




Table 7S. Cartesian coordinates from the optimized structures of Sy in CH;CN media for 2GA”.

Atom X Y Z
symbol
C -4.37617909  3.71944412  -2.06713798
C -4.05358308  3.05917198  -0.83163171
C -3.03145770  2.07687492  -0.84724833
C -2.33615523  1.74117657  -2.05139728
C -2.67990010  2.41409777  -3.25556031
C -3.71755091  3.41045348  -3.22257271
C -1.97786787  2.06225858  -4.43012443
C -0.99262204  1.08846859  -4.37393084
C -0.67317267  0.43268591  -3.16171160
C -4.69013047  3.32893442  0.39620848
C -4.30264553  2.63827599  1.53223399
C -3.28251566  1.68164496  1.44455978
H -5.15794854  4.47310987  -2.05958374
H -3.97493564  3.92116240 -4.14683913
H 0.10821986  -0.32508513  -3.17959028
H -2.21632791  2.55749423  -5.36733154
H -0.45405827  0.82156975  -5.28020499
H -5.47805399  4.07503284  0.44250431
H -4.77142630  2.82135736  2.49212257
H -2.95166502  1.12595341  2.31289089
C -4.28273688  -2.77769181  -1.34518055
C -4.58169451  -3.48118917 -0.19035300
C -3.29574967  -1.78359940 -1.31229045
C -3.88991456  -3.18658528  1.00137596
C -4.12038824  -3.85661776  2.25216030
C -2.90504404  -2.16759563  0.96196966
C -3.41111477  -3.52256278  3.37005012
C -2.15722683  -1.80574074  2.12640223
C -2.40980046  -2.48938954  3.34691832
C -1.65745926  -2.11115953  4.48148833
C -0.48497154  -0.43583190  3.14511336
C -0.71328885 -1.10179860  4.37235929
H -4.79600701  -2.97922819 -2.27824891
H -5.34232199  -4.25645275 -0.19463921
H -4.87362315  -4.63806984  2.28679702
H -3.03318487  -1.21656017 -2.19654749
H -3.59892199  -4.04107751 4.30661278
H -1.82564159  -2.61399289  5.42984759
H 0.26707362  0.35098572  3.12110101
H -0.13624729  -0.81424956  5.24812829
Ir -1.12792435  -0.01248321  0.00694070
H 1.41614752  4.36406862  1.22299433

-10-
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-0.59781832
0.38973913
1.53721382
2.81068975
0.45015056
2.89248453
1.68423427
0.47371427
1.69697416
4.11513887
0.43748363
2.91808050

-0.54174014
4.12711314
1.59917195
2.86219526
1.49774916
4.00525184
4.10186563
5.20151436
6.21433540
6.12224649
5.02838078
3.32221402
5.26746382
7.06882039
6.89930232
4.95357628
4.07286962
5.09820128
6.20788642
6.31388623
5.29899698
4.18357064
5.01343939
6.98671611
7.18079345
3.40244109
5.37549362
5.04769125
5.06873732

-1.19599633

-2.62050624

-2.65864932

-1.33181626

2.98863113
2.56547041
3.33470768
2.79271392
1.27888660
1.42995808
0.71638730
-1.24753338
-0.65329199
0.74401350
-2.52021511
-1.32629359
-2.96595809
-0.56265526
-3.25765893
-2.69615208
-4.29439500
3.63149146
4.91233156
5.72653229
5.27953263
4.01310030
3.19212520
5.25972378
6.70886244
5.91531040
3.66435211
2.21902717
-3.52002554
-3.61267831
-4.42608007
-5.15251542
-5.06957721
-4.26498142
-3.06979393
-4.49561783
-5.78145539
-4.19563279
-5.62973890
1.29072985
-1.03666097
-0.76344921
-1.48465394
1.40633476
0.73457911

0.82502594
0.69333912
0.90607839
0.75299489
0.33985270
0.33308860
0.15303002
-0.41551754
-0.25727238
0.02385836
-0.81908104
-0.49656957
-0.93773062
-0.37051255
-1.06499368
-0.89696762
-1.36423153
1.02075421
0.44978819
0.71881023
1.57095363
2.15329778
1.87937289
-0.22148557
0.26101959
1.78209291
2.82664397
2.35464170
-1.13898159
-0.18131083
-0.41083831
-1.59932734
-2.55577799
-2.32581984
0.75488296
0.34245101
-1.77774455
-3.07692001
-3.48273653
0.08596495
-0.61750085
1.99077298
-0.19522153
0.29206400
-1.96989786

-11 -



Table 8S. Cartesian coordinates from the optimized structures of Sy in CH;CN media for 2HA”.

Atom X Y Z
symbol
C 4.83341604 2.55261455 -2.98207193
C 3.60503050 1.82072905 -3.14334864
C 2.93255255 1.34474917 -1.98450027
C 3.48538315 1.63050700 -0.69614407
C 4.69325679 2.35877856 -0.55385179
C 5.35804776 2.80653678 -1.74732302
N 2.77513009 1.19288020 0.39386006
C 5.16258940 2.60892313 0.75096788
C 4.43757979 2.14664467 1.83661689
C 3.24661285 1.43990597 1.62149188
C 3.02362346 1.54624680 -4.40115994
C 1.83394929 0.83650504 -4.46490889
C 1.19249623 0.36558147 -3.29546407
C 1.72056300 0.59456553 -2.02402810
H 5.34595632 2.90683395 -3.87258653
H 6.28614708 3.36053468 -1.64292105
H 2.65256639 1.07053408 2.44775655
H 6.08525160 3.16334042 0.89536685
H 4.76871079 2.32240856 2.85355136
H 3.51142170 1.89566192 -5.30689918
H 1.38647478 0.63225116 -5.43480275
H 0.26505339 -0.19279844  -3.40909738
C 4.44506254 -2.82835655  -0.45682533
C 4.40474825 -3.50564168 0.75027681
C 3.49692771 -1.83170773  -0.71928224
C 3.42987290 -3.15907820 1.70623240
C 3.32208387 -3.77550761 3.00013685
C 2.51210627 -2.12823935 1.37730966
C 2.38129715 -3.36267520 3.89891477
C 1.53234810 -1.67644573 2.31552864
C 1.46851384 -2.29299023 3.59538300
C 0.69925707 -0.59256860 1.91798362
C 0.51394261 -1.80538812 4.51523987
C -0.21247268  -0.14731586 2.87602302
C -0.30574276  -0.74797749 4.15335248
N 2.53927425 -1.50310096 0.15585853
H 5.18965112 -3.05783111  -1.21015713
H 5.12143608 -4.29117987 0.97102016
H 4.01439187 -4.57418952 3.24917256
H 3.49256305 -1.29867342  -1.66114451

-12 -
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2.31837165
0.43697844
-0.87794455
-1.03332636
1.08957826
-1.49592286
-0.42608828
-1.59768817
-2.85472078
-0.47932877
-2.92705083
-1.71940561
-0.56259700
-1.76415420
-4.15225470
-0.58364594
-3.01112366
-4.19313803
-1.79731615
-3.01876253
-1.75729990
-4.04380441
-4.05413054
-5.14288677
-6.23068274
-6.22484904
-5.14198462
-3.21354857
-5.14082972
-7.07658623
-7.06126554
-5.13664702
-4.25662366
-5.34613619
-6.47781455
-6.54147187
-5.46281829
-4.32572738
-5.29714015
-7.30736026
-7.42514956
-3.49193676
-5.50550872
-5.05804264
-5.13135975
0.87026600

-3.83616023
-2.25666014
0.68499935
-0.36798745
0.01983970
4.58352787
2.77363356
3.51417843
2.93937244
1.44184962
1.53938440
0.84334806
-1.15118584
-0.54520070
0.80055275
-2.39773384
-1.21150649
-0.51592941
-3.09878613
-2.55432102
-4.09693239
3.78938134
4.63854255
5.47500091
5.48609945
4.65525795
3.81012126
4.62817084
6.11693942
6.13998218
4.66777865
3.18419157
-3.35993249
-2.88777666
-3.68318760
-4.95627278
-5.43563747
-4.64691333
-1.90853767
-3.30909943
-5.57189231
-5.02022191
-6.42363638
1.30860221
-1.05509315
3.52459352

-13-

4.87517039
5.50056281
2.65717883
4.86663913
-0.08312040
0.58551921
0.19418142
0.44322175
0.47815031
-0.00696686
0.22575913
-0.03618865
-0.67600283
-0.39360934
0.25903985
-1.18436849
-0.49241347
-0.08451069
-1.32164859
-0.96997688
-1.74192972
0.74351712
1.86328376
2.10853273
1.23227500
0.10924715
-0.13393496
2.55076020
2.98424954
1.42167383
-0.58298837
-1.02079439
-1.13263767
-1.88522610
-2.06569485
-1.49405494
-0.74707526
-0.57253794
-2.35109143
-2.65803454
-1.63238075
0.01462193
-0.29873200
0.56456157
-0.05398862
0.13025586
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1.45023693
1.47651726
0.66891049
0.67252988
1.32205908
0.41603774
1.22688066

3.22657291
3.35259359
4.59485155
-3.06682239
-2.35521224
-3.86965414
-3.51182306

-0.74274729
1.02272469
0.06539819

-1.65784250

-2.16715246

-2.35158386

-0.82762666
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Table 9S. Cartesian coordinates from the optimized structures of Sy in CH3;CN media for 2AA’.

Atom X Y Z
symbol
Ir 0.03254530 0.19326957 0.01063120
C -4.40781011 -0.27612737  -2.23171768
C -4.02543670  -1.04112653  -1.11065692
C -2.73261223 -0.81956257  -0.57172360
N -1.87404266 0.09797345 -1.10987770
C -2.26297548 0.80929066 -2.17064157
C -3.52549351 0.65029342 -2.76173665
C -4.86304974  -2.02729205  -0.48630998
C -4.42370088 -2.73349212 0.59593874
C -3.11484716  -2.52368331 1.15687220
C -2.25971739  -1.55354998 0.56500551
C -2.63746290  -3.24061017 2.27640283
C -1.36601551 -2.98324395 2.76232330
C -0.53056653 -2.01344862 2.16330702
C -0.94879567  -1.27129496 1.05815928
C 1.74062658 4.22936232 -2.29096564
C 0.93471352 4.29084265 -1.15759815
C 0.48828695 3.10482767 -0.56623304
N 0.82897336 1.89713429 -1.08531570
C 1.60913933 1.84108888 -2.17737585
C 2.08614319 2.98331863 -2.81189538
C -0.81674984 4.20446533 1.30121678
C -0.36690702 3.05946672 0.63818187
C -1.61675350 4.08233871 2.43261164
C -1.95447424 2.80799733 2.88309884
C -1.48069722 1.70300689 2.18679433
N -0.70505347 1.81622530 1.08996169
H 2.09328410 5.14276162 -2.75748685
H 2.71281795 2.88894568 -3.69103342
H 1.84914825 0.84923388 -2.54246580
H -1.96780542 4.96783942 2.95095123
H -2.57386223 2.65962804 3.75987471
H -1.71016988 0.69298745 2.49931269
H 0.45667541 -1.84807097 2.58439013
H -0.99949540  -3.53683175 3.62323942
H -3.27196834  -3.98731018 2.74554359
H -5.06859361 -3.47642629 1.05778748
H -5.85420017  -2.19873470  -0.89576919
H -5.39082161 -0.41979482  -2.67082026
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-3.78947668
-1.54889336
2.50647574
3.02612280
2.22312422
0.98314252
0.51197967
1.24968292
4.31381924
4.74469014
3.93605191
2.66121087
4.33552376
3.48333015
2.21683690
1.76951818
5.72127878
4.93926536
3.09132802
0.82021984
-0.47290441
5.30448312
3.79404941
1.59209406
0.66136402
-0.54420620

1.25328036
1.52427356
-3.30448687
-2.64219231
-1.64461171
-1.31552414
-1.96251827
-2.96169484
-2.90727198
-2.21927252
-1.20411515
-0.92058125
-0.46903567
0.49033525
0.75507708
0.05645516
-2.43505970
-3.66935035
-4.07694222
-3.45250514
-1.67460329
-0.65970651
1.05512647
1.51621220
5.25235260
5.18654814

-3.62296726
-2.56542939
-2.33565835
-1.20542620
-0.60215370
-1.08579183
-2.15821870
-2.80852945
-0.62261638
0.47648269
1.09983240
0.54430897
2.23795111
2.76482673
2.19408860
1.07284610
0.90169913
-1.07795794
-2.82617565
-3.67416419
-2.50444729
2.69050987
3.64035384
2.65398665
-0.74257847
0.93745912
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Table 108S. Cartesian coordinates from the optimized structures of S, in CH;CN media for 2CA”.

Atom X Y Z
symbol
C 5.27918101 0.28711164  0.42432224
C 4.17907582  -0.36984078  1.07909311
C 2.87209388  -0.22317249  0.53886084
C 2.69832385 0.54787492  -0.65373391
C 3.79386260 1.18163261  -1.29225841
C 5.09757042 1.03283455  -0.70483749
N 1.42741003 0.61663091  -1.16686208
C 3.53855863 1.90888561  -2.47182994
C 2.24660318 1.97451942  -2.96648165
C 1.21249238 1.31619594  -2.28725993
C 432712802  -1.16243782  2.23890309
C 3.21308323  -1.76709965  2.80104913
C 1.92273439  -1.59562157  2.24734149
C 1.70705221  -0.81408605 1.11132102
H 6.27398568  0.17817924  0.84823525
H 5.93886329 1.52129566  -1.18722931
H 0.19249608 1.34183148  -2.64938165
H 435491182  2.40849129  -2.98521525
H 2.01568069  2.52294961  -3.87234719
H 5.31231997  -1.29500557  2.67729973
H 3.33192795  -2.38306232  3.68931306
H 1.08620499  -2.09110815  2.73670000
C 0.64337296  3.60716595  2.02300233
C -0.41615463  4.37253649  1.56635405
C 0.75709055  2.27327811 1.61236833
C -1.34330693  3.80554038  0.67024738
C -2.45736099  4.52155779  0.11219948
C -1.15361726  2.45383992  0.28238045
C -3.29229464  3.92899501  -0.79043954
C -2.01129708  1.82703638 -0.67460214
C -3.08831756  2.57349709  -1.22675699
C -1.70121782  0.48954544  -1.05269188
C -3.89840653  1.94377846  -2.19765553
C -2.52722999  -0.06973805 -2.02847622
C -3.61167929  0.64571983  -2.58859680
N -0.12547042  1.69752012  0.78732139
H 1.38448885  4.01346165  2.70143020
H -0.53274228  5.40513289  1.88207436
H -2.61388425  5.55085000  0.42058790
H 1.56290684 1.64680849  1.97156993
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-4.12597905
-4.73159158
-2.35107600
-4.22919219
-0.04691756
0.45292485
0.01081435
-1.16895173
-0.27343044
-1.87089547
-1.40012185
-1.44824711
-2.04888255
-1.87048910
-3.16215492
-2.97602134
-3.65130797
-2.77245927
-3.63965501
0.61423331
-1.52297406
-4.52066468
-3.28901963
1.75502902
2.37451839
1.59910682
2.29590820
-1.14819869
-0.07197857
-1.36164779
-1.47838086

4.48762321
2.48602287
-1.08192159
0.16673910
-0.28233910
-2.75210429
-3.91737071
-4.53428418
-2.18715098
-3.99294995
-2.83360611
-1.19641687
-2.28739124
-0.77541525
-2.89543207
-1.37183147
-2.41490114
-4.47436525
-3.74201209
-4.32772822
-5.42972985
-2.86843511
-1.00157791
-2.15634553
-1.88756901
-1.26308909
-2.88357886
0.31638006
0.24058572
0.23420482
1.30525229

-1.20766428
-2.63602334
-2.38549355
-3.34472294
0.04177989

-1.87029931
-2.50698173
-2.11930495
-0.86606787
-1.05264652
-0.43397174
1.33181503

0.76861542

2.55444880

1.34993114

3.17172754

2.55686822
-0.70203220
0.87715138

-3.30799434
-2.61822787
3.02015676
4.14101074
-2.31581296
-1.46126422
-2.92492733
-2.92345749
3.28709456
3.13630939
4.35474501

2.95995454
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Table 118. Cartesian coordinates from the optimized structures of S, in CH;CN media for 2BA’.

Atom X Y Z
symbol
C 1.66411842 5.00039285 1.03502629
C 1.73466730 3.65929015 1.55409153
C 1.05924286 2.62668700  0.85242268
C 0.33601812 2.94682269  -0.33326767
C 0.27206967 4.26989338  -0.83292894
C 0.96711412 5.29519505  -0.10257846
N -0.28934034  1.89975528  -0.95985974
C -0.46812757  4.48865837  -2.01206735
C -1.09731477  3.41944316  -2.62960856
C -0.98949912  2.13619890  -2.07528561
C 2.43768964 3.30639942  2.72729408
C 2.44403771 1.98443969  3.14753162
C 1.76211603 0.97270663  2.43285508
C 1.04974887 1.26407080  1.26903711
H 2.18206171 5.79060031 1.57208651
H 0.92592688 6.31369340  -0.47683968
H -1.47257118  1.28278795  -2.53474232
H -0.54145618  5.48959641  -2.42709161
H -1.67609473  3.55326412  -3.53613332
H 2.96651623 4.07023048  3.29039389
H 2.98628209 1.71574178  4.05084731
H 1.79969183 -0.04364305 2.81621720
C -3.44367015  1.16547150  2.59058652
C -4.49459114  0.52128400  1.95833241
C -2.12412570  1.08750280  2.09073598
C -4.24929562  -0.23003964  0.78751155
C -5.28746783  -0.92865924  0.07626240
C -2.91572953  -0.29548527  0.29748938
C -5.02516290  -1.65091289 -1.05189156
C -2.65389335  -1.05557099  -0.88925787
C -3.69022475  -1.73791788  -1.57596202
N -1.35865578  -1.08447971 -1.32518156
C -3.34217880  -2.45996439  -2.73614092
C -1.05769456  -1.77646307 -2.42614905
C -2.02435748  -2.47921856  -3.16131932
C -1.81982332  0.35789179  0.94069634
H -3.63425679  1.74444110  3.49090070
H -5.50509246  0.58708598  2.35189359
H -6.30255861  -0.87142135  0.46024885
H -1.33500646  1.60905848  2.62426329
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-5.82222066
-4.10998532
-0.01772467
-1.72547298
-0.01627989
2.44289752
3.62378158
4.21097482
1.82187705
3.55704729
2.36883651
0.48704817
1.62085917
-0.23654676
2.02688838
0.12602504
1.28586919
3.98312089
2.92944202
4.08024704
-0.49883162
1.96632630
-1.12465064
5.49366546
5.38929615
5.78944369
6.30452016
1.71111590
2.61360010
0.91673358
1.90927963

-2.17188496
-2.99456866
-1.76795948
-3.02429151
0.06312428

0.12251765

-0.32805892
-1.51376449
-0.53624000
-2.18846608
-1.68545869
-1.70748295
-2.34141629
-2.25875859
-3.53844859
-3.44365866
-4.11798107
-3.10795292
-4.02948126
0.24436464

-3.83460881
1.03556559

-1.71457067
-2.03182597
-2.17774529
-2.98133445
-1.31114394
-5.40505828
-5.81038588
-6.15506633
-5.24823917

-1.57421097
-3.28795612
-2.73443481
-4.04934717
0.01091133
-1.98448667
-2.55645868
-2.09290909
-0.99071222
-1.05869253
-0.52149132
0.98651289
0.57259837
1.98280560
1.16671739
2.60300846
2.19868430
-0.67643203
0.82496175
-3.35699152
3.39891893
-2.32203437
2.27624451
-2.68493042
-3.76499860
-2.23447558
-2.53420810
2.85072475
2.38903520
2.77805631
3.91642521
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Table 128. Cartesian coordinates from the optimized structures of Sy in CH3;CN media for 2DA’.

Atom X Y Z
symbol
C -2.73905343  -4.59399362  -1.36086477
C -1.72053156  -3.69581133  -1.83008341
C -1.44210522  -2.53616350 -1.06254711
C -2.14870942  -2.25588328  0.15306591
C -3.15036392  -3.16724909  0.58801040
C -3.42010137  -4.33678702  -0.20629380
C -1.80780534  -1.07301793  0.87866177
C -3.83775436  -2.88183148  1.78852184
C -3.52155718  -1.73729797  2.50213396
C -2.52237010  -0.84351492  2.05547083
C -0.97687662  -3.89343468 -3.01181342
C -0.01659013  -2.96587005 -3.37962911
C 0.19721308  -1.84277071  -2.56595943
N -0.49215290  -1.62964361  -1.44308088
H -2.95607082  -5.48269588 -1.94611404
H -4.18798971  -5.02574055  0.13565257
H -2.31259504  0.03942277  2.65183156
H -4.60735653  -3.56266228  2.14138438
H -4.05169630  -1.51855503  3.42585045
H -1.16291061  -4.77081648  -3.62460766
H 0.57116547  -3.08911119  -4.28209190
H 0.93856719  -1.09549293  -2.82796999
C -3.44962574  1.85917715  -2.49209157
C -3.74512099  3.01668742  -1.78969540
C -2.47229396  0.98088572  -2.00317281
C -3.05652921  3.29507223  -0.59205155
C -3.27202332 446015802  0.22281847
C -2.08300263  2.36166389  -0.16185496
C -2.55960019  4.65803841 1.37187937
C -1.33397260  2.55624454 1.03505502
C -1.56724915  3.71574566 1.81970526
C -0.38370279  1.54993469 1.37442890
C -0.80766668  3.87481838 2.99991212
C 0.34044084 1.76081893 2.54854995
C 0.12583292 2.90867525 3.34597534
N -1.80151504  1.22212657  -0.87073493
H -3.96119892  1.61483991  -3.41584865
H -4.49993706  3.70762805  -2.15337638
H -4.01636288  5.18335790  -0.09697948
H -2.22116051  0.06858888  -2.52968778
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-2.73817548
-0.95932388
1.08280323
0.70944788
-0.31967036
1.16844214
2.25108140
3.54558805
1.28981212
3.67951762
2.54024333
1.40791588
2.60729880
1.38393370
3.81054715
2.52814451
3.77837782
4.65752693
4.75359579
2.10827297
2.47091509
0.15704001
0.40295834
4.56399273
4.85941080
5.90811793
6.54691610
6.14068281
6.06513488
6.16464544
6.32941055
6.30474099
6.86565554

5.54570174
4.74967622
1.03710766
3.03413762
0.03529058
-1.92485246
-2.57450911
-2.21322582
-0.94508173
-1.19682693
-0.57907262
0.96474447
0.50671457
1.95422542
1.03242478
2.52418972
2.05987807
-0.89266180
0.65557182
-3.35459963
3.31868729
-2.17651009
2.29087603
-2.87880344
2.64949053
-2.55229259
-3.21353215
-1.51013027
-2.73663849
2.22459277
1.17020094
2.39010746
2.84210841

1.97299857
3.62581771
2.87551547
4.25477673
0.00938913
1.82724065
2.38299803
1.97508126
0.90241327
1.02116683
0.50496920
-0.93535951
-0.50243807
-1.85063569
-0.97758134
-2.37281817
-1.92981684
0.67992942
-0.61029413
3.12093892
-3.10706116
2.11785784
-2.16489103
2.53758018
-2.46177812
2.15357875
2.73710893
2.39310740
1.08634009
-2.04356880
-2.28591251
-0.97093728
-2.60322883
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Table 13S. Cartesian coordinates from the optimized structures of Sy in CH;CN media for 2EA’.

Atom X Y Z
symbol
C -3.83251042  2.66542632  -2.94478520
C -2.78693262  1.68163963  -3.02719842
C -1.99626259  1.46127990 -1.87365638
C -2.21412387  2.18687782  -0.66588598
C -3.25486799  3.15033226  -0.61233154
C -4.05338635  3.36356358  -1.79124373
C -1.35692396  1.88966634  0.43304461
C -3.44549662  3.84617911  0.60209791
C -2.62263622  3.56998952  1.68395798
C -1.58899686  2.60786175 1.60643884
C -2.49209056  0.92126780  -4.17674290
C -1.45773925 -0.00000162 -4.13713276
C -0.72079938  -0.16519538 -2.95583611
N -0.97870498  0.54307472  -1.85085859
H -4.44585250  2.84175090  -3.82343378
H -4.84975314  4.10192259  -1.74959821
H -0.97295598  2.43878440  2.48556433
H -4.23304931  4.59041058  0.67938933
H -2.77136358  4.10795173  2.61698782
H -3.07411487  1.06206954  -5.08270885
H -1.20397013  -0.59993613  -5.00338858
H 0.09440041  -0.87611353  -2.89793795
C 2.62265508  3.56997079  -1.68397095
C 3.44551638  3.84616183  -0.60211192
C 1.58901214  2.60784720  -1.60644795
C 3.25488501 3.15032070  0.61232038
C 4.05340414  3.36355372  1.79123174
C 221413714  2.18687054  0.66587878
C 3.83252548  2.66542200  2.94477607
C 1.99627270 1.46127878  1.87365229
C 2.78694368 1.68163990  3.02719339
N 0.97871113 0.54307784  1.85085835
C 2.49209861 0.92127384  4.17674093
C 0.72080297  -0.16518712  2.95583857
C 1.45774373 0.00000827  4.13713445
C 1.35693624 1.88965768  -0.43305069
H 2.77138464  4.10792848  -2.61700306
H 4.23307197  4.59038991  -0.67940639
H 4.84977381 4.10190945 1.74958325
H 0.97297083  2.43876831  -2.48557283

-23-



T T T T

p—
=

T DI T DI DT DT DI DT oo aczaoaozaoaan

4.44586829
3.07412362
-0.09439959
1.20397241
0.00000261
-2.47669229
-3.27861889
-2.72082863
-1.24639001
-1.40617171
-0.68978479
1.24638393
0.68976822
2.47668734
1.40614551
3.27860449
2.72080302
-4.59399039
-5.32746931
-4.77639747
-3.50140313
3.50136757
4.59397706
5.32744613
4.77636319
-5.00792835
-6.33434724
-5.37200862
-3.08208109
5.37196676
3.08203703
5.00792363
6.33432486
-2.85759277
-0.97257135
0.97253683
2.85759673

2.84174776
1.06207676
-0.87610233
-0.59992196
0.42984503
-1.22317591
-2.35248569
-3.64177647
-1.30323149
-3.69886556
-2.54402686
-1.30324171
-2.54403252
-1.22319646
-3.69887718
-2.35251297
-3.64179913
-2.23942096
-3.37714723
-4.65998226
-4.79619954
-4.79622876
-2.23945919
-3.37719162
-4.66002210
-1.25391097
-3.29859923
-5.54365086
-5.77860058
-5.54369563
-5.77862635
-1.25395265
-3.29865199
-0.22309268
-4.67069145
-4.67069941
-0.22311645

3.82342391
5.08270624
2.89794318
5.00339260
0.00000032
1.00626712
1.28996988
1.03262552
0.52096437
0.51440568
0.26839498
-0.52095612
-0.26838710
-1.00625769
-0.51439783
-1.28996057
-1.03261737
1.80972067
2.06322875
1.80816167
1.30372228
-1.30371489
-1.80971095
-2.06321983
-1.80815393
2.00097298
2.46029898
2.01506086
1.10935555
-2.01505379
-1.10934912
-2.00096239
-2.46028981
1.18815267
0.31212877
-0.31212122
-1.18814235
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Equation 18S.

E*P=0.228*E1 + 2.144*E2 + 0,349*E3 - 16,532

E1- energies for the real system with the low method

E2 - energies for the high layer with the high method

E3 - energies for the high layer with the low method
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Table 14S.

Absolute energies computed within ONIOM scheme for the studied compounds with charge +1 (E;-
E;) and with charge +2 (E4-E¢) together with calculated oxidation potential Ey ... and experimental
oxidation onset potential Ey onget

Compound Ei? E,? Es¢ Eq¢ Es¢ E¢/ Eox cate. ¢ Eox onset

[hartree] [hartree] [hartree] [hartree] [hartree] [hartree] [V] [V]
2AA° -1679,371355 -635,0301737 -624,4302032 -1679,231263 -634,9573767 -624,4800436 0.69 0.69
2BA’ -1756,580234  -635,208135 -624,6914546 -1756,402985 -634,9582285 -624,4798084 0.51 0.47
2CA° -1756,536345 -635,1744322  -624,662409 -1756,421302 -634,923416 -624,4813829 0.46 0.47
2DA’ -1904,252478 -635,2086723 -624,6926713 -1904,155965 -634,9588083 -624,483638 0.45 0.49
2EA’ -1981,002555 -635,1930058 -624,6733771 -1980,852125 -634,9227543 -624,4621099 0.49 0.47
2FA’ -1754,232229 -635,1960287 -624,6805641 -1754,042816 -634,9388459 -624,5364009 0.71 0.73
2GA’ -2207,703412  -635,1760963 -624,6561876 -2207,513396 -634,9196263 -624,5077704 0.46 0.51
2HA’ -2284,898198 -635,1827756 -624,6702564 -2284,76386 -634,9209821  -624,53894 0.46 0.41

@ E;- energy for the real system at the low accuracy method for a complex with charge +1

b E, - energies for the real system at the high accuracy method for a complex with charge +1

¢ E; - energies for the small model system at the low accuracy method for a complex with charge +1
4 E4- energies for the real system at the low accuracy method for a complex with charge +2

¢ Es- energies for the real system at the high accuracy method for a complex with charge +2

/E¢- energies for the small model system at the low accuracy method for a complex with charge +2
6
=cyt+ Z c;E;
€ Eox calc. i=1 where ¢y=-2194.95, ¢,=-0.059, ¢,=5.085, ¢;=-3.208, ¢,=0.059, ¢s=-17.875,
cs=12.698
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Figure 1S. Calculated oxidation potential (vertical) vs experimental oxidation onset potential
(horizontal) for studied compounds.

0,75
2FA’

2AA’

0,70

0,65

0,60

0,55 y =0,9022x + 0,0518

R? = 0,9022
0,50
0,45 L

0,40
0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75

-27-



Table 158S. Crystal data, data collection and structure refinement

Compound

2AA°

2FA°

Formula

Formula weight
Crystal system
Space group
a(A)

b(A)

o(A)

BC)

V(A3)

Z

D;(g cm?)
F(000)

p(mm")

O range ()
Reflections:
collected
unique (Riy,)
with I>20(I)
R(F) [I>20(D)]
WwR(F?) [I>20(1)]
R(F) [all data]
wR(F?) [all data]
Goodness of fit

max/min Ap (e A3)

C6HasltN,-PF¢ C,H,Cl,

948.71
monoclinic
P2,/c
12.7207(5)
14.4809(6)
18.6448(12)
93.662(5)
3427.5(3)

4

1.84

1856

4.17
3.13-26.79

7381
8471 (0.021)
7235

0.039

0.089

0.047

0.091

1.10
1.96/-1.63

C3sHauIrN, PFs-CH;OH

905.82
monoclinic
C2/c
12.1984(5)
14.8577(5)
18.2375(7)
101.868(4)
3234.7(2)
4

1.86

1776

4.25
3.41-2827

11744
3565 (0.015)
3141

0.021

0.069

0.025
0.0732

1.04
1.37/-0.96
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Figure 2S. TGA curves
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In this paper we report studies of the electronic structure as well as photophysical and emissive properties
of a family of new heteroleptic iridium(n) complexes of the general formula [Ir(bzg),(N*O)] with
N,O-donating B-ketoiminate ligands equipped with different directly fluorinated N-aryl moieties. For this
purpose, a series of suitable B-ketoimines were prepared and successfully employed in the synthesis of
iridium(n) phosphorescent materials. It is worth emphasizing that the developed synthetic strategy,
involving the use of microwaves to accelerate the reaction course, allows reduction of the process time
by up to 10 minutes. All the obtained complexes were characterized by spectroscopic methods and the
structures of three of them were resolved by X-ray methods. The cyclic voltammetry measurements
allowed determination of the energies of HOMO and LUMO levels of the studied complexes. Moreover,
the HOMO-LUMO gaps predicted for these compounds by DFT methods showed a good correlation with
the experimental values. The determined negligible influence of ligand modification on LUMO levels and
only small change of HOMO levels explains the observed slight effect of different directly fluorinated
N-aryl moieties on photophysical properties of the complexes. All Ir complexes were tested in host—guest
type organic light emitting diodes (PhOLEDs) with an poly(N-vinylcarbazole):2-tert-butylphenyl-5-
biphenyl-1,3,4-oxadiazole matrix. The PhOLEDs based on all studied iridium complexes emitted green
light. The most efficient phosphorescent emitter turned out to be the iridium complex with one fluorine
atom substituted in the para position in the phenyl ring of the ancillary ligand. Diodes with the emissive
layer containing 1 wt% of this emitter showed the best operating parameters: luminance of about
13000 cd m™2 and current efficiency close to 10 cd A™%. A comparison of photoluminescence,
electroluminescence and spectrally resolved thermoluminescence spectra of the investigated systems
revealed an important role of charge carrier trapping in the TL phenomena.
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Introduction

In the quest for highly efficient organic light emitting diodes
(OLEDs), the search for new phosphorescent materials is moti-
vated by the limited inner quantum yield of OLEDs based on
fluorescent materials which cannot be higher than 25%. This
limitation can be overcome by employing phosphorescent
materials which allow harvesting triplet states, constituting
75% of all formed excitons."” The most popular phosphorescent
systems are based on coordination compounds of heavy metals
such as Ir, Pt, Os or Pd® in which the central metal atom is
stabilized by cyclometalated organic ligands of various structures,
such as C,N-"** donating compounds, but also C,C-> or

This journal is © The Royal Society of Chemistry 2018
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C,P-chelating® systems. In particular, iridium complexes deserve
much attention because of their attractive photophysical
properties,” in part due to efficient triplet emission as an effect of
very strong spin-orbit coupling, which causes mutual isoenergetic
transition from the singlet to the triplet state and conversely,
known as intersystem crossing (ISC).® In fact, the iridium
cyclometalated coordination derivatives have been found to be
so far the best light emitting species for phosphorescent organic
light emitting diodes (PhOLEDs)."*”*"" In addition, Ir com-
plexes proved to be convenient fluorescent markers for biological
systems,”>" as well as photocatalysts in light accelerated
processes.”>>* Generally, neutral triscyclometallated [Ir(C"E);]
type complexes (where C"E is a C,E-donating ligand, E = C, N, P),
also termed homoleptic, have been intensively studied for years.
In particular, complexes with selected C,N-cyclometalating ligands,
and among them those based on a 2-phenylpyridine (ppyH) moiety,
have gained an opinion of highly phosphorescent organometallic
materials and are potential candidates for phosphorescent dopants
for PhOLED technology.”*>*®

Nevertheless, heteroleptic complexes of the type [Ir(C"E),(LL)],
in which LL’ denotes a bidentate ligand or two monodentate
ligands, have also been intensively studied. The above-mentioned
iridium six-coordinated systems include both cationic as well
as neutral compounds, depending on the type and charge of the
ancillary ligand. Thus, the cleavage of binuclear precursors
[{Ir(u-CI)(C" E),},] with neutral ligands (LL’) such as N"N”?’
or C"C?® yields soft salt derivatives [Ir(C"E),(LL')]'A~, while
employment of ancillary ligands in anionic form (TLL), e.g.
N"0",%° "N”N,*® leads to formation of neutral complexes of
the type [Ir(C"E),(LL")]. The neutral complexes [Ir(C"N),(0"O)]
in which OO denotes an acetylacetonate (acac) or acac-like
ligand®°?" were in the past one of the most extensively studied
iridium complexes, mainly because of their better solubility as
well as low influence of such an 0" O ancillary ligand on HOMO/
LUMO orbitals located on the [Ir(C"N),]" core.** Therefore, for
this type of complex the observed changes in electrochemical
and photophysical properties were associated only with the
alteration of the C,E-donating ligands structure.’>%**

Nevertheless, on the basis of many examples of different
iridium compounds, it has also been shown that incorporation
of ancillary ligands of various stereoelectronic properties
into the metal coordination sphere can lead to a significant
modification of the electronic structure of a metal coordination
system.>'%7433 ummarizing, for heteroleptic systems of the
type [Ir(C"E),(LL')], the decoration of a C*E-donating ligand
with substituents of various electronic characters induces
the energy change in the unoccupied ligand-centered n* level,
while the introduction of ancillary ligands (LL’) with various
electronic properties in a metal coordination sphere affects the
energy of the metal-centered HOMO level. Moreover, the spatial
arrangement of this orbital in the emitter molecule influences
the extent to which MLCT and LC states contribute to the
emissive excited state.

Although there is abundant literature on the synthesis
and properties of heteroleptic phosphorescence dopants, the
reports concerning the use of B-ketoiminate or B-diketiminate

This journal is © The Royal Society of Chemistry 2018
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as the acac-like ancillary ligands to stabilize cyclometalated
organometallic phosphors are very scarce.

Nonetheless, the 2,4-O,N- or 2,4-N,N-donating ligands formed
on the basis of the acac skeleton have found wide application as
supporting ligands for stabilization of various coordination
systems** based on the main-group elements or transition metals,
reported as active species employed in catalysis of polymerization
processes®™° or reactions occurring through activation of
small molecules.**™*

Teets and co-workers very recently have reported*®*” on the
preparation of a series of f-ketoiminate- and B-diketiminate-
stabilized iridium(in) coordination compounds and examination
of their photophysical properties: absorption and emission in
solution. Additionally, they provided a discussion on the influ-
ence of these two types of ancillary ligands on the properties
of excited states generated in iridium-coordination systems.
In the designed complexes, they used 2-phenylpridine (ppy)
and 2-phenylbenzothiazole (bt) as the C,N-donating ligands in
combination with different ancillary (L"X) ligands such as
an N-phenyl-substituted B-ketoiminate (acNac™®), an N-phenyl-
substituted B-diketiminate (NacNac“®) as well as fluorinated
versions of the latter, by introduction of —~CF; substituents into
the ligand backbone and/or N-aryl substituents. They found
that the above-mentioned L"X ligands bonded to the metal
center stabilized with ppy and bt ligands,*® strongly affecting
the energy of the Ir-centered HOMO. In particular, the increase
in m-donating ability of the ligand with increasing number of
nitrogen donors was observed in the sequence acac—acNac—
NacNac. This resulted in higher HOMO energies and less
positive oxidation potentials for the studied C,N-cyclometalated
iridium compounds, while fluorofunctionalization of the weaker-
field NacNac and acNac ligands caused an increase in the energy
of the metal-centered HOMO, in the following order NacNac™™ <
acNac™® < NacNac™®. Moreover, on the basis of the photo-
physical properties studied for these complexes, the authors
hypothesized that when ppy is used as the C”N ligand and acac
is substituted by the nitrogen-containing acNac or NacNac
ligands, an increase in the MLCT character in the excited states
is observed. In contrast, the replacement of ppy with bt
enhances the LC character, resulting in a strong increase in the
emission quantum yield, as demonstrated for [Ir(bt),(acNac™®)].*®
On the other hand, they revealed that the introduction of —-CF;
moieties into different sites of such ligand skeletons, including
the =N-Ph moiety,"” led to substantial changes in the electro-
chemical and photophysical properties. They found also that the
redox potential was much more sensitive to fluorination of such a
ligand backbone than to substitution of the N-aryl substituent
with -CF; moieties. Furthermore, fluorination of the backbone
of the acNac ligand suppressed luminescence altogether,
whereas the backbone fluorination of the NacNac ligand
induced dramatic changes in the excited-state properties which
was particularly evident at low temperatures.

Taking into account the latest of Teets’ reports, particularly
those concerning detailed studies of the electrochemical and
photophysical properties of iridium(ur) coordination compounds
stabilized with B-ketoiminate and B-diketiminate bidentate

46,47
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ligands and their fluorinated analogues, it seems that the
aforementioned properties of organometallic phosphors strongly
depend on the presence and collocation of fluorine atoms in
the structure of examined types of ancillary ligands. However,
looking at the structures of fluoro-substituted B-ketoiminate
ligands reported by Teets,"®*” it can be concluded that the
authors in their research notably focused on determination of
the effects related to the introduction of fluorine atoms to the
acNac backbone as well as -CF; moieties to the phenyl ring
bonded to the N-imine atom. Nevertheless, it is well documented
that —CF; substituents attached to the phenyl system have
significantly weaker Hammett parameters than the fluorine atom
directly bonded to sp*aromatic carbon. Moreover, the -CF;
group non-specifically acts on meta- and para-positions in aro-
matic systems.*® Considering the above, it is expected that
incorporation of fluorine atoms directly into the N-bonded aryl
group will cause changes in photophysical as well as emissive
properties of targeted iridium complexes.

The effects described above, associated with the presence of
fluorine atoms in the ancillary N,0-, N,N-donating ligands,
encouraged us to extend the knowledge on the effects related
to the presence of the directly fluorinated N-aryl moiety, in the
structure of the N,O-type ligand, i.e. its influence on electronic
structure, electrochemical and photophysical properties. It will
be particularly important to determine the influence of the
presence of such fluorofunctionalized ligands on the electronic
structure of iridium(m) complexes [Ir(C"N),(N"O)], their emis-
sive properties in thin layers as well as on operating parameters
of single layer PhOLEDs created on the basis of such emitters. In
a number of reports concerning the synthesis and luminescence
properties of transition metal complexes, iridium materials
created with employment of ppy and ppy-like cyclometalated
systems dominate.'™” Notwithstanding, iridium(m) neutral
homoleptic [Ir(bzq);]** and heteroleptic [Ir(acac)(bzq),]** as well
as the soft-salt type compounds [Ir(bzq),(N"N)]*A™ >’ were also
characterized as highly phosphorescent materials, however less
explored than the former, but in our opinion they seem to be
very interesting due to their photophysical properties, similar to
those of ppy-based compounds.

The work undertaken is aimed at determination of the correla-
tion between the number of fluorine atoms, their location at
various positions of the N-phenyl substituent in the B-ketoiminate
ancillary ligand and electronic structure, electrochemical and
photophysical properties of iridium phosphorescent materials
bearing in their structure such ligands as [Ir(bzq),(B-ketoiminato)].
Particular attention is paid to their emissive properties in thin
layers as well as PhOLEDs.

Results and discussion
Synthesis of the ligands

A series of selected 4-arylimino-2-pentanones (3a-f) were
synthesized according to the methodology described in the
literature.”® Namely, appropriate aryl amines (2) bearing in
their structure one fluorine atom at the phenyl ring in three

8690 | J Mater. Chem. C, 2018, 6, 8688-8708
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Scheme 1 Synthesis of 4-arylimino-2-pentanones.

possible positions (b, ¢, d) or —-CF; group in the 4-position (e)
were refluxed with 2,4-pentanedione (acacH) in the presence of
p-TolSO;H in benzene as the reaction medium and using Dean-
Stark apparatus until water stopped being generated. However,
in the case of perfluorinated aniline (f), instead of p-TolSO;H,
Er(OTf);>" was applied as a catalyst and the condensation
process in toluene environment was carried out with assistance
of microwave radiation as an energy carrier (Scheme 1).

The synthesized materials were readily characterized by
'H, "*C{'H} and '°F NMR spectroscopy as well as the HRMS
technique (see ESIf). In the "H NMR spectra recorded for all
4-arylimino-2-pentanones (3a-f), the presence of characteristic
resonances coming from N-H-O and =—CH- moieties, namely a
singlet for the N-H-O system in the region ca. 11.6-12.6 ppm,
a singlet for —(O-)C—CHC(=N)- between values 5.0 and
5.6 ppm, and two inequivalent singlets for CH;-C(—N)- and
CH;3-C(-O)- systems in the region from 1.5 to 2.5 ppm, con-
firms that the keto-enol equilibrium is shifted completely
toward the enol form.

The structure of compound (3Z)-4-[(pentafluorophenyl)-
amino]pent-3-en-2-one (3f) was also determined by X-ray analysis.
3f is an example of the family of ligand molecules, which in the
solid state adopt the Z conformation stabilized by intramolecular
N-H-: - -O hydrogen bonding (Table 2S, ESL; Fig. 1a). The correct
tautomeric form was determined on the basis of localization of
the NH hydrogen atom in the difference Fourier map (see Fig. 1S,
ESIt) and successful refinement of this atom. In 3f the chain
C-N-C—C-C—0O0 is almost planar (maximum deviation from
the least-squares plane is 0.0527(12) A) and makes a dihedral
angle of 61.61(5)° with the phenyl ring. Table 3S presented in
the ESIT lists the important geometrical parameters, including
relevant torsion and dihedral angles, for all molecules. In
the crystal structure molecules of 3f are connected into centro-
symmetric hydrogen bonded dimers; notably this intermolecular
hydrogen bond is also of NH- - -O type, between the same atoms
as the intramolecular one (Fig. 1b and Table 3S, ESIt). A similar
sequence (intra/intermolecular) of secondary C-H- - -F hydrogen
bonding is also observed in the structure. The selected geo-
metrical data are compiled in Table 3S (see ESIt).

Preparation of new iridium(m) phosphors

All previously obtained 4-arylimino-2-pentanone derivatives
(3a-f) were applied as N,0-donating ligands in the synthesis of
neutral heteroleptic iridium(m) C,N-cyclometalated complexes of
type 5 (Scheme 2).

This journal is © The Royal Society of Chemistry 2018
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(a)

(b)

Fig. 1 (a) Perspective view of molecule 3f with labelling scheme; ellipsoids are drawn at the 50% probability level, hydrogen atoms are represented by
spheres of arbitrary radii, intramolecular hydrogen bond is shown as dashed blue line; (b) centrosymmetric NH- - -O hydrogen bonded dimer in the crystal
structure of 1; intra- and intermolecular hydrogen bonds are shown as dashed blue lines.
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Scheme 2 Synthesis of [Ir(bzq),(B-ketoiminate)] (5) complexes.

The methodology leading to the iridium derivatives 5 was
carried out with the cleavage of binuclear precursor 4
by interaction with 4-arylimino-2-pentanonalate anion, in situ
generated in the reaction of the corresponding derivative 3 with
the most commonly used strong bases, i.e. NaOMe or NaH in a
THF environment. Taking into account numerous literature reports
on employment of microwaves in syntheses of inorganic®® or
coordination compounds™ as well as results of our earlier work
concerning the synthesis of iridium(u) cationic complexes with
assistance of such an unconventional type of energy carrier,”’* in
current studies, the processes of ancillary ligand introduction
into the iridium coordination system were conducted with the
support of microwaves. As for ionic iridium(m) compounds,*”*
the use of such a heat source enabled efficient preparation of
desired iridium materials in a relatively short reaction time and
with good yields, achieving 65-76%.

However, for compound 5g, several synthetic attempts have
been carried out to get the target iridium compound. Most
of them were intended to obtain a suitable ligand of appro-
priate structure, which in the further step could be introduced
to the iridium coordination sphere in the reaction with 4.
Unfortunately, these attempts failed. All these failures prompted
us to change the synthesis strategy. In this particular case,
formation of 5g derivative was based on the well-known reactivity
of the -C¢F5 moiety in the nucleophilic substitution of the
fluorine atom in the para-position especially by O-nucleophiles.>
Thus, nucleophilic reagent NaOCH,CH,OMe was generated in
THF solution prior to use and then employed in the reaction
with 5f, giving finally the desired 5g with moderate yield 68%
(Scheme 3).

This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Conversion of compound 5f to complex 5g.

All the synthesized iridium materials were characterized by
spectroscopic methods and the structures of three of them were
resolved by X-ray analysis.

In all three complexes 5b, 5e, and 5g, the Ir cation is six-
coordinated (C,N;O pattern) by N7 and 010 atoms from the
B-ketoiminate ligand molecule and by N and C atoms from two
benzo[A]quinoline ligands (Fig. 2a, 3a and 4). The coordination
geometry is a quite regular octahedral one (Table 3S (ESIT)
contains the appropriate bond lengths as well as values of the
three largest angles around Ir cations).

In the crystal structure of 5b there are two symmetry-
independent molecules of very similar geometry (Fig. 2b). In one
of these molecules (B), the 2-fluorophenyl fragment is disordered -
the two alternative rings are almost parallel but rotated by
approximately 180°. Disordered solvent molecules (modelled
as methanol) fill up the voids in the structure of 5e (Fig. 3b).
In both 5e and 5g compounds, some weak hydrogen-bond-
type interactions as well as n---n (between benzo[A]quinoline
molecules) and C-H- - -x interactions take part in the determi-
nation of crystal packing.

Thermal analysis

Prepared complexes 5a-5g were subjected to thermogravimetric
analysis to determine the boundary temperature of their thermal
stability. Analysis of the obtained TG curves presented in Fig. 5
reveals that regardless of the chemical structure of the
measured samples they are thermally stable up to 270 °C at
which the first decomposition step begins. For all the measured
samples, two or three (for samples 5¢ and 5e, respectively)

J. Mater. Chem. C, 2018, 6, 8688-8708 | 8691
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(b)

Fig. 2 (a) Perspective view of the complex molecule 5bA; ellipsoids are drawn at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii; (b) a comparison of two symmetry-independent molecules of 5b, the higher-occupied alternative of 5bB is shown.

(b)

Fig. 3 (a) Perspective view of the complex molecule 5e; ellipsoids are drawn at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii; (b) van der Waals representation of a fragment of crystal packing of complex 5e (green) with solvent molecules shown in blue.

Fig. 4 Perspective view of the complex molecule 5g; ellipsoids are drawn
at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii.

distinct decomposition steps were observed, beginning at
270, 420 and 620 °C and T,.x temperatures were in the range
of 330-370 °C, 460-500 °C and 700-790 °C, respectively. The
residues after pyrolysis at 1000 °C ranged from 20 to 48% of the

8692 | J Mater. Chem. C, 2018, 6, 8688-8708
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Fig. 5 TG curves of all complexes.

starting samples mass. No direct correlation between the samples’
chemical structure and their thermal stability was observed.

TG and DTG curves for all the measured samples as well as
detailed results of TG and DTG analysis are given in the ESL7

Subsequently, complexes 5a-5g were subjected to DSC analysis
to evaluate their melting and crystallization temperatures.

The upper limit (270 °C) of the temperature program was
established on the basis of TG experiments. Unfortunately, for
no complexes tested except 5g were the transitions characteristic

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc02890g

Published on 11 July 2018. Downloaded by Uniwersytet im Adama Mickiewicza on 4/21/2020 9:44:53 PM.

Paper

Heat flow (Wg']

the beginning of
melting process

-50 0 50 100 150 200 250
Temperature [°C]

Fig. 6 DSC curves of second heating and cooling run for sample 5g.

of melting or crystallization processes observed in the applied
temperature range. As shown in Fig. 6, only for sample 5g a
glass transition at 135 °C and the beginning of the melting
process above 225 °C were observed. Also, the crystallization of
partially molten sample was noted at 262 °C on the second
cooling curve. The results of TG and DSC analyses lead to
the conclusion that the synthesized complexes melt with
decomposition above 270 °C. All the measured DSC curves
are available in the ESIL.{

Determination of electrochemical properties

Electrochemical measurements were made in order to estimate
the influence of ligand structure on Ir complex properties.
The measurements were made in a solution of the studied
compounds in Bu,NBF,/CH,Cl, as an electrolyte. Electrochemical
results are collected in Table 1.

Cyclic voltammetry curves reveal quasi-reversible oxidation
peaks in the anodic range (Fig. 12S, ESIt). This behavior is
observed for all compounds. This redox couple is related to the
oxidation of the Ir(m) complex to an Ir(iv) one. Eox onsec changes
with the modification of ligand structure. The fluorine atom
slightly increases the Eoxonset Of 5b, 5¢ and 5d in comparison to
that of 5a. However, the effect associated with the fluorine
substituent’s location in the phenyl moiety on the value of
Eoxonset 18 minor. Introduction of additional fluorine atoms, as
for example 5f and 5g causes an even greater increase in Eox onset
as a result of the electron acceptor character of these atoms. For
similar complexes with 2-phenyl-pridine (ppy) and phenyl-
substituted B-ketoiminate as ancillary ligands, a slight shift of
oxidation potential is observed.”” The shift of the potential
depends on phenyl substitution. However, the shifts of the

Table 1 Basic electrochemical properties

Compound  Eoxonset [V]  Eredonset [V]  Eg[V] IP[eV] EA[eV]
5a 0.14 —2.44 2.58 5.2 2.7
5b 0.21 —2.42 2.63 5.3 2.7
5¢ 0.18 —2.39 2.57 5.3 2.7
5d 0.18 —2.43 2.62 5.3 2.7
5e 0.12 —2.36 2.48 5.2 2.7
5f 0.32 —2.41 2.73 5.4 2.7
5g 0.30 —2.39 2.69 5.4 2.7

This journal is © The Royal Society of Chemistry 2018
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oxidation potential are smaller than those taking place as a
result of different substitution of p-ketoiminate ligands. This
indicates that the effect of various phenyl substituents is lower
than that of direct substitution of B-ketoiminate.

Irreversible reduction peaks are observed in the cathodic range.
Cyclic voltammetry of the compounds studied reveals only a slight
effect of fluorine atom substitution on Ereqonset- All compounds
show similar values of reduction potential. The results reveal that
the studied compounds undergo a reduction process at lower
potentials than iridium complexes with 2-phenylpridine (ppy)
and 2-phenylbenzothiazole (bt) ligands and phenyl-substituted
B-ketoiminate or phenyl-substituted B-diketiminate as ancillary
ligands.*® Ionization potential (IP) and energy affinity (EA) were
estimated on the basis of the reduction and oxidation onset
potentials. IP values increase with substitution of fluorine
atoms. The incorporation of one atom changes the IP from
5.2 €V to 5.3 eV, whilst the incorporation of 5 or 4 atoms leads
to molecules with an IP of 5.4 eV. It indicates a weak contribu-
tion of fluorine atoms to the HOMO. This effect is lower for the
LUMO. The EA of all the studied compounds is 2.7 eV. It
indicates a lower contribution of fluorine atoms to the LUMO
of the studied compounds. The presented results confirm that
the introduction of different fluorine-based groups to the
phenyl moiety leads to the modification of electronic properties
of iridium complexes. Different substitution groups impact
mainly IP as a result of the modification of the HOMO.

Theoretical considerations

Molecular geometries in the ground state. The representative
optimized structure of the studied complex 5b in the ground
state (S,) is shown in Fig. 7. The geometries of the ground state
structures were fully optimized without imposition of symmetry
restrictions. The main optimized geometry parameters for 5b in
the gas phase and chlorobenzene environment are summarized
in Table 2. All the studied complexes (the corresponding
parameters are provided in the ESIt) show pseudo-octahedral
coordination around the Ir metal centers, similar to that of the
reported Ir(m) complexes, owing to the d® configuration. For all
complexes, the two N atoms (N1 and N2) are at the trans

Fig. 7 The optimized structure of 5b in the ground state.
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Table 2 Selected bond distances and valence angles from the optimized
geometries and the experimental values for 5b

Gas CgH;5Cl X-ray
Bond lengths (A)
Ir-N1 2.093 2.098 2.065
Ir-N2 2.078 2.082 2.043
Ir-N3 2.244 2.240 2.153
Ir-C13 2.038 2.040 2.008
Ir-C25 2.030 2.029 1.996
Ir-O 2.185 2.192 2.133
Bond angles (deg)
C13-Ir-C25 88.1 88.5 90.2
C13-Ir-N2 95.1 94.4 95.2
C25-Ir-N2 80.8 80.8 81.7
C13-Ir-N1 80.6 80.6 81.4
C25-Ir-N1 97.4 97.1 96.3
N2-Ir-N1 175.4 174.7 176.2
C13-Ir-N3 173.5 173.6 173.3
C25-Ir-N3 97.0 96.8 94.8
N2-Ir-N3 89.7 90.0 89.8
N1-Ir-N3 94.7 95.1 93.7
C13-Ir-O 88.9 88.7 86.9
C25-Ir-O0 174.0 174.6 174.1
N2-Ir-O 94.3 94.8 93.4
N1-Ir-O 87.2 87.0 88.3
N3-Ir-O 86.3 86.3 88.4

position, while the C atoms (C13 and C25) are at the cis
position. From Table 2, it is seen that the calculated Ir-N,
Ir-C and Ir-O bond lengths are slightly greater in the chloro-
benzene environment than in the gas phase. The maximum
deviation in bond distances between the coordinating atoms
and Ir(m) is 0.006 A for 5b, while changes in bond angles are
less than 1.0°. However, the geometries of all the complexes
present similar features, indicating that the solvent does not
have a strong effect on the geometry of the complexes when
compared to the isolated molecules.

A comparison of DFT computed and X-ray derived values
of the geometry parameters is made in Table 2. The results
show that the calculated Ir-N, Ir-C and Ir-O bond lengths are
slightly greater than the corresponding experimental data. The
differences between the calculated and the experimental values
are in the range from 0.03 to 0.08 A. Similarly, the optimized
valence angles of 5b are in good agreement with the experi-
mental data and a deviation less than 2.0° is achieved.

One should note that for complexes 5b and 5¢, two conformers
with different orientation of fluorine atoms at the phenyl ring
should be investigated (see Fig. 8). In both cases the energy
differences between the two conformers are very small (less than
1 keal mol ™). It may suggest that for complexes 5b and 5¢ both
structures are likely to be observed in the mixture of conformers.
According to the results, the crystal structure of 5b® has
slightly lower energy than that of 5b® (the difference is close
to 0.29 kcal mol ™).

Frontier molecular orbitals

Density functional theory (DFT) calculations helped us to
investigate the frontier molecular orbitals (FMOs): the HOMO
and LUMO. Seven calculated energy gaps between the HOMO
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Fig. 8 Structures of conformers of 5b and 5¢ complexes.

and LUMO were correlated with their experimental values obtained
by cyclic voltammetry measurements. The results of DFT calcula-
tion using different functionals: B3LYP, M06 and WB97XD were
indeed in good correlation with experimental values.

As shown in Fig. 9, the HOMO-LUMO energy gaps (Ey°")
calculated using the WB97XD functional at the basis set
composed of 6-311++G(d,p) and SDD for the Ir atom gave
good correlation with the experimental values obtained from
cyclic voltammetry measurements, which was characterized
by an acceptable value of the correlation coefficient R = 0.905
in contrast to the results obtained by the other calculation
methods.

The HOMO and LUMO distribution of energy levels and
HOMO-LUMO energy gaps of the studied complexes are plotted
in Fig. 10. The calculated energy gaps between the HOMO and
LUMO were between 2.65 eV and 2.52 eV while the experimental
ones were between 2.73 eV and 2.48 eV. The energies of FMOs
calculated with the use of different methods are listed in
Tables 6S-8S (ESIt).

Photophysical properties of the investigated Ir(m) complexes

The absorption spectra of the studied complexes 5a-5g in
chlorobenzene solution, under ambient conditions are pre-
sented in Fig. 11a and b. The examined complexes have similar
absorption spectra. For all of them, one can distinguish broad
absorption bands in the short-wavelength range (300-420 nm)
and long-wavelength bands in the range of 420-550 nm. The
lower energy ones, with lower extinction, for all studied com-
plexes have a very similar shape and can be attributed to the
MLCT transitions (mixture of both singlet and triplet character).”

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Molecular orbital diagram of iridium(n) complexes along with the HOMO/LUMO plots computed at the WB97XD/SDD/6-31++G(d,p)

level of theory.

The higher energy bands observed at about 325, 350 and
395 nm are assigned to the ligand centered (LC) transitions
and their maxima positions and shapes differ slightly for the
studied complexes. The bands with the maxima at 350 and
395 nm are better visible for the complexes with the largest
number (5, 4 and 3) of introduced fluorine atoms into the
phenyl ring in the ancillary ligand. The normalized photo-
luminescence (PL) spectra of the studied complexes in dilute
chlorobenzene solutions are shown in Fig. 12. Excitation with
the wavelength corresponding to the MLCT bands at 440 nm of

This journal is © The Royal Society of Chemistry 2018

the complexes 5a-5e, resulted in a broad emission band in the
range of 500-750 nm, with a maximum at 579 nm for the
reference complex 5a, and in only slightly shifted maxima of
emission at ~570 nm for the complexes 5b-5e with one or
three incorporated fluorine atoms. The results obtained are
consistent with those previously presented for Ir(u) complexes
with B-ketoiminate as ancillary ligands.*®*” The optical proper-
ties, mainly the color of emitted light, is not changed drastically
as a result of fluorination on the N-aryl substituent in the
B-ketoiminate group. The electronic structure and character
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Fig. 12 Normalized photoluminescence spectra of the investigated com-
plexes in chlorobenzene.

of emissive states are much more influenced by the substitu-
tion of fluorine atoms in the backbone of such ancillary ligands
and this effect is more visible for B-diketiminate ligands.*®*’
Only for the complexes with a sufficiently large number, four
(5g) or five (5f), of fluorine atoms introduced into the ancillary
ligand structure, the emission maximum is more shifted towards
shorter wavelengths, by about 20 nm (4. ~ 550 nm). It
correlates with theoretical results which predict that a signifi-
cant part of the HOMO is localized on the ketoiminate ligand,
while the LUMO is embedded on a completely different part of
the molecule. Therefore, it is expected that functionalization of
the ancillary ligand phenyl ring should have much stronger
impact on the HOMO than LUMO energy levels. As shown by

both calculations and electrochemical data, discrete changes
are observed in the maximum position of the emission spectra
(Table 3). In view of the above, they should be related to the
effect of the electron withdrawing nature of the fluorine sub-
stituents on the HOMO energies (Table 1), thus shifting A;,ax
towards the blue. An inductive effect of fluorine substituents on
the HOMO energy is related to the number of substituents since
complexes 5f and 5g (bearing at least 4 fluorine substituents)
emit at 546-547 nm, compounds 5b, 5¢ and 5d (bearing one
F atom) emit at 567-568 nm, while non-fluorinated compound
5a emits at 577 nm. An exception is the complex 5e with a CF;
group which does not fit this trend (4max = 569 nm). The
incorporation of fluorine into the phenyl ring of the ancillary
ligand via a carbon atom has much less effect on the electronic
structure of investigated complexes than the fluorine atoms
introduced directly to the phenyl ring. The observed broad and
unstructured phosphorescence bands suggest the emission is
mainly from the MLCT states of these complexes.” These
results are in line with the increased MLCT character of the
complexes containing N-donating f-ketoiminate and B-ketiminate
ligands in comparison to that of their previously reported acac
analogues.’® To explain the observed effects, one should take
into account that when the complexes are heteroleptic and
possess different chromophoric ligands, the orbitals involved
in the lowest energy transitions can be located on both of them
or mostly centered on one of them. In the studied complexes

Table 3 UV-Vis absorption and photoluminescence spectra data of the investigated compounds (dissolved in chlorobenzene). HOMO and LUMO levels
are calculated on the basis of cyclic voltammetry experiments

Compound JmaxAbs [NM] Jmaxpr [NM] Quantum yield [%] HOMO [eV] LUMO [eV]

5a ~325, ~450, ~485 577 <1 —5.2 —2.7

5b ~320, ~350, ~400, ~450, ~485 567 <1 5.3 —2.7

5¢ ~325, ~350, ~450, ~485 567 <1 —5.3 —2.7

5d ~318, ~350, ~450, ~485 568 <1 —=5.3 2.7
44.1¢

5e ~325, ~350, ~400, ~450, ~485 569 <1 —5.2 —2.7

5f ~350, ~400, ~450, ~485 547 <1 —5.4 —2.7

5g ~350, ~400, ~450, ~485 546 <1 —-5.4 —-2.7
27.5¢

“ Degassed.
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the HOMOs have similar shapes and are delocalized on almost
the whole molecule, including the fluorine-functionalized
ketoiminate ancillary ligand (¢f. Fig. 10). Electrochemical studies
proved that their energy is slightly changed for modified com-
plexes, while the LUMO energies seem to be insensitive to
modification of ligand (Table 1). However, the shapes of the
LUMOs look different for the studied complexes. For 5a, 5d and
5e, the electron density is moved from the ketoimine part
towards the bzq ligands. In the complexes with a fluorine atom
positioned ortho (5b) and meta (5¢), upon excitation, the whole
charge is transferred to the bzq group located further from the
phenyl ring of the ancillary ligand. When the number of F atoms
substituted to the phenyl ring is higher (5f and 5g), the electrons
are shifted to the second bzq ligand, which is in the proximity of
the phenyl ring. However, in all cases the LUMO is not located
on the ancillary ligand so modification of this part of the
complex mainly influences the HOMOs as shown by electro-
chemical studies.

In Table 3 absorption and emission data for all complexes
dissolved in chlorobenzene are summarized. HOMO and LUMO
levels, calculated on the basis of CV experiments, are also displayed.

Interestingly, a lack of a fluorine regiosubstitution effect
on the electrochemical and photophysical properties of the
studied complexes was observed. As one can see, there are
no significant differences between complexes 5b, 5¢ and 5d,
bearing fluorine in ortho, meta and para positions respectively.
The absence of the regiofuncionalization effect on PL A;ax
should be emphasized as it is in contrast to the state of the
art, which claims that a correlation between regiosubstitution
and emitted wavelength is well known.>™*”

The photoluminescence quantum yield (QY) of all the examined
complexes in solution is low (below 1%) although, as shown in
Table 3, QY values depend on the presence of oxygen in the
solution, which is typical of the phosphorescent emitters.
Degassing of the solutions results in an increase in QY up to
44.1% and to 27.5% for complexes 5d and 5g, respectively.

Photoluminescence of the host-guest layers for application in
PhOLEDs

To avoid the concentration induced emission quenching, the
active layers in PhOLEDs are usually host-guest systems, in
which the emitters are molecularly dispersed in a polymer
matrix.>”*® In this work we used the well-known composite
of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-5-(4-
biphenylyl)-1,3,4-oxadiazole (PBD) as an ambipolar matrix.”’
In this composite, PVK ensures hole transport and PBD
supplies electron transport. Both components of the PVK/PBD
mixture are characterized by wide energy gaps, which is necessary
to ensure the energy transfer of the exciton from the matrix to
the guest molecules whose LUMO and HOMO levels should be
situated in the energy gap of the matrix.>® The PL spectra of
thin PVK/PBD films doped with 1 wt% of studied emitters upon
excitation with the wavelength corresponding to the lowest
absorption band of the PVK/PBD matrix (Jex = 340 nm), are
presented in Fig. 13. One can see that the main photolumines-
cence bands are similar to those detected for solutions of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Normalized photoluminescence spectra of thin layers of the PVK/
PBD blend doped with 1 wt% of emitter molecules (5a—5g). Excitation
wavelength was 340 nm.

emitters, (just blue shifted by about 20 nm), which indicates
energy transfer from the matrix to the emitter molecules.
However, in addition to the dopant emission, another
band, originating from singlet exciplexes formed between the
carbazole group and oxadiazole molecule (/.x ~ 430 nm), is
also observed.””” 1t is known that the oxadiazole and the
carbazole groups form the excited state complexes and the PL
maximum at around 430 nm has been assigned to the singlet
exciplexes, which are created rapidly after the excitation of the
PVK/PBD matrix.’””°°"*! This interpretation was supported also
by an observation that the intensity of this PL band increases
for higher PBD content.>® A contribution of the matrix emission
indicates incomplete energy transfer from the matrix to the
emitters. Efficiency of such an energy transfer influences the
photoluminescence quantum yield (QY), which for the investi-
gated layers ranges between 11% and 30% (see Fig. 13). As can
be observed in this figure, the relative emission intensity from
the PVK/PBD exciplexes is the lowest for the layers with the
emitters substituted with 5 or 4 fluorine atoms (5f and 5g) and
it corresponds to higher QY values, 15% and 30%, respectively.
Among the emitters with one fluorine atom, the one with
substitution in the para position (emitter 5d) displays the most
efficient energy transfer from the matrix to the emitter.

Dominant contribution of the dopant emission in the investi-
gated layers may arise from long range Forster and/or from short
range Dexter energy transfer. The Dexter mechanism is less likely
due to low emitter concentration; however, the exciton diffusion
can enhance this path of energy transfer. Both mechanisms of
energy transfer can operate effectively only when the emission
spectrum of the donor and the absorption spectrum of the
acceptor overlap considerably. For the tested emitters, the degree
of spectral overlap is comparable (see Fig. 11 and 14).

Nevertheless, there are significant differences in experimental
efficiency of exciton transfer energy, resulting from different matrix
emission contribution in the PL spectra (see Fig. 13 and 14).
Analysis of the Forster mechanism allowed determination of the
theoretical (17z) and real (1.xp,) efficiency of this process in the PVK/
PBD matrix doped with 1 wt% of 5a, 5d or 5g emitter. As shown in
Table 4, there is a big discrepancy between the theoretical (~20%)
and the experimental (~70%) values. It can be explained by the
exciton diffusion effect, allowing excitons created on the matrix
to approach the emitter molecules to a distance smaller than
the average distance between the host and the guest molecules
in the layer (see Table 4).
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Table 4 Photoluminescence quantum yield of thin layers (QYms) and
experimental efficiency of energy transfer (ije4,) for PVK/PBD doped with 1
wt% of three selected emitters, and the parameters of Forster energy
transfer for the systems: Ro — Forster radii, Rpa — average distance
between the host and the guest molecules, ng — efficiency of energy
transfer by Férster mechanism

Compound  QYfiims [%]  fexp. [%]  Ro [nm]  Rpa [nm]  yg [%]
5a 15 71.9 2.045 2.576 20.0
5d 15 72.1 2.063 2.595 20.2
5g 30 65.6 1.981 2.737 12.6

Electroluminescent properties

The electroluminescence ability of the iridium complexes was
tested in PhOLEDs with the simplest structure, i.e. a device
with one active layer produced from solution (Fig. 15). Such a
simple structure is a requirement from the point of view of the
printing technique since printing of multilayer structures is
very difficult. Additionally, such a minimalistic approach offers
a screening procedure enabling quick selection of the most
promising emitters.

The emissive layers of fabricated PhOLEDs were based on the
same matrix-emitter systems as for the PL investigations described
above. It should be noted that the mentioned PVK/PBD blend with
0.6: 0.4 wt ratio is characterized by balanced transport capabilities
for carriers of both types, which is required to obtain the efficient
so-called single-layer OLEDs.*”’* Electroluminescence (EL) spectra
recorded for the devices with investigated emitters are presented in
Fig. 16. EL spectra obtained for PhOLEDs based on emitters 5a-5e
are very similar to each other and similar to their PL spectra.
The maximum emission occurs at 555 nm and is only slightly
red shifted by ca. 5 nm in relation to the PL spectra (compare
the spectra in Fig. 13 and 16).

22

-
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Fig. 15 PhOLED architecture and energy levels of the used materials.
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Fig. 16 Normalized electroluminescence spectra of PhOLEDs with
PVK/PBD doped with 1 wt% of the investigated emitter molecules as
emission layers.

Similarly like the PL bands, the EL bands for PhOLEDs with
the emitters 5f and 5g are slightly shifted in comparison to
those with the other emitters. Nevertheless, the shift observed
in the EL spectra (by ca. 10 nm) is less noticeable than that in
the PL spectra (over 20 nm). However, the most important
difference between the EL and PL spectra is the lack of emis-
sion from the matrix in the EL spectra. The red shift of the EL
spectra and disappearance of the band originating from the
matrix have a direct effect on the x, y color coordinates of the
emitted light according to the CIE 1931 diagram. It is presented
in Fig. 17a and b for the samples with 1 wt% of emitter 5g.

The lack of the matrix contribution in the EL spectra may
indicate a considerable role of charge carriers trapped in the
electroluminescence phenomenon, which can promote formation
of excitons on the dopant molecules.”” Current density-
voltage (J-V) and luminance-voltage (L-V) characteristics of
PhOLEDs, based on all tested emitters, are shown in Fig. 18.
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Fig. 17 Photoluminescence and electroluminescence spectra of the PVK/
PBD layer doped with 1 wt% of emitter 5g (a), and the CIE 1931 diagram
with points indicating the color of the emitted light (PL marked as circle
and EL as filled triangle) (b).
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Fig. 18 Current density—luminance-voltage (J-L-V) characteristics of
PhOLEDs with PVK/PBD doped with 1 wt% of emitter molecules. Full symbols:

current density—voltage characteristics; empty symbols: luminance-voltage
characteristics.
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Fig. 19 Current efficiency—current density dependencies of PhOLEDs

with emitting layer made of PVK/PBD doped with 1 wt% of all the tested
Ir complexes.

These dependencies exhibit the typical shape in the range
up to 16 V. The obtained luminance values are in the range
from 5000 to over 12000 cd m~> at 16 V. The turn-on voltage
(defined as voltage at which the detected luminance value is
1 cd m~?) is between 6.5 and 8 V. In Fig. 19, the current
efficiencies are plotted versus current density for the tested
devices. The highest value (almost 10 cd A™') was obtained
for PhOLEDs with emitter 5d, which has a fluorine atom
substituted in the para position of the phenyl ring. Only slightly
lower performance was shown by the devices with emitter 5a,
i.e. complex without a fluorine atom or with emitter 5b with a
fluorine atom in the ortho position. Definitely the least efficient
in electroluminescence turns out to be emitter 5f; the devices
with this emitter show a current efficiency of only 4 cd A™".
A comparison of the parameters determined for all tested Ir
complex-based devices is shown in Table 5. It should be noted
that although these diodes were not encapsulated, they were
stable over a series of measurements performed in air, lasting
up to 8 hours. One should keep in mind that the lifetime of the
diodes strongly depends on all of its components and not only
on the emitter stability. However, the stability of the emitter
might be verified in the course of CIE chromaticity monitoring,
during the device operation. For all reported diodes, the colour
of emitted light remained unchanged under applied voltages in
the range of 8 to 16 V. For example, the diode based on complex
5d exhibited average coordinates of the emitted light x = 0.428
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Table 5 Parameters of PNOLEDs with PVK/PBD layers doped with 1 wt%
of all the tested Ir complexes

Linax Nmax EQE EL peak position
Compound [ed m™?] [cd A7) [%] [nm]
5a 9500 9.1 2.71 560
5b 10000 9.7 2.75 553
5¢ 6200 7.0 1.80 556
5d 13000 9.8 2.68 554
5e 4800 6.7 1.99 559
5f 5000 4.1 1.13 543
5g 5000 5.8 1.65 550

and y = 0.559, with standard deviation 0.004 and 0.003
respectively, in the voltage range of 8 to 16 V. This indicates
that the electroluminescence properties of the reported iridium
complexes are relatively stable. For more detailed analysis of
the fabricated PhOLEDs performance, we have selected devices
with emitter 5a (as a reference without a fluorine atom), with
emitter 5d (yielding the best PhOLEDs) and with emitter 5f
(vielding the least efficient devices). Fig. 20 shows the basic
characteristics of these devices. The characteristic shapes are
similar, but the current density values at 16 V are different:
180 mA cm ™2 for emitter 5a, ca. 250 mA cm ™2 for emitter 5d
and over 400 mA cm ™~ for emitter 5f. The highest luminance
values, above 11000 and 9000 cd m™2, were obtained for the
devices based on emitters 5d and 5a, respectively. Their high
performance is confirmed also by the current efficiency-luminance
characteristics presented in the insets in Fig. 20. PhOLEDs based
on the best emitter 5d (Fig. 20b), show the current efficiency of
9.8 cd A" at a luminance of over 2100 cd m ™2, and 5.5 cd A" at
a luminance of over 12000 cd m>.

It should be emphasized that the best devices exhibit
quite good parameters, considering that the diodes have the
simplest structure (single layer) and are produced using
solution methods. The performance of the PhOLEDs depends
on the concentration of the emitter in the active layer. To
determine this dependence, a series of devices were prepared
with different contents (from 0.5 to 5.0 wt%) of emitter 5g,
which embedded in the PVK/PBD matrix exhibits the highest
quantum photoluminescence efficiency (30%).

It should be added that we controlled morphology and
surface roughness of the emissive layers using polarized micro-
scopy, AFM (ESIt) and a profilometer. We have not found any
influence of addition of the emitter, even at a concentration of
5 wt%, or of annealing, on morphology and on surface roughness
of the polymer matrix. Fig. 21 shows the J-V and L-V character-
istics of these PhOLEDs. There is a significant decrease in the
value of the current density, by about one order of magnitude, for
the voltage of 16 V with increasing emitter concentration. The
maximum luminance values (at 16 V) are in the range from ca.
4000 cd m~ for a concentration of 0.5 wt% to over 7000 cd m >
for 2 wt%. The maximum value of current efficiency (about
7.4 cd A™") was obtained for the devices with emitter concen-
tration of 3 and 5 wt% (see Fig. 22). A slightly lower value (about
6.4 cd A™"), but with lower dynamics of its decrease for higher
values of current density, was observed for the diodes with the
emission layer with 2% content of this emitter.
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Fig. 21 Current density—luminance—voltage (J-L-V) characteristics of
PhOLEDs with emitting layer made of PVK/PBD doped with different concen-
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Fig. 22 Current efficiency—current density dependency of PhOLEDs with
emitting layer made of PVK/PBD doped with different concentration (from
0.5 to 5 wt%) of 5g emitter.

However, the current efficiency-luminance characteristics
shown in Fig. 23 indicate that the best performance was
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Fig. 23 Current efficiency—luminance dependency of PhOLEDs with
emitting layer made of PVK/PBD doped with 5g in different concentrations
(from 0.5 to 5 wt%).

exhibited by the devices with the emitter concentration of
5 wt%. The reduction in current density (Fig. 21) and higher
current efficiency (Fig. 22 and 23) observed for the diodes with
higher emitter concentration may be caused by two effects. The
first one may be an increase in the probability of direct injection
of holes into the emitter molecules in the near-anode area. It
seems to be possible due to the small barrier between the HOMO
levels of PEDOT/PSS (5.2 eV) and the emitter (5.4 V). In such a
scenario, the transfer of the exciton from the matrix to the
emitter is omitted. The second reason may be the presence of
deep trap states, both for holes (approximately 0.4 eV) and
electrons (approximately 0.3 eV), located on the emitter mole-
cules in the whole volume of the emissive layer. In Fig. 24, the
EL and PL spectra for PhOLEDs and layers with different
concentration of emitter 5g are compared. As one can see, in
contrast to the PL spectra almost complete quenching of PVK/
PBD emission in EL occurs even for the lowest concentration
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different concentrations (from 0.5 to 5 wt%).

(0.5 wt%) of emitter 5g. In addition, the EL spectra have a
slightly different shape and the maximum emission is a bit red
shifted (about 10 nm) compared to the PL band. In order
to elucidate the possible role of trapping phenomena in the
electroluminescence process, for the best emissive layer, PVK/
PBD with 1 wt% emitter 5d, the spectrally resolved thermo-
luminescence (SRTL) studies were performed.®® Previously pub-
lished SRTL results for the host-guest system with another
iridium complex have shown that trapping of charge carriers
on the emitter molecules competes with the trapping on the
matrix; in the electroluminescence process such trapping results
in efficient formation of excitons on the emitter and finally in
elimination of emission from the matrix.”’”>* Fig. 25 shows
the SRTL results for the undoped PVK/PBD matrix and for the
PVK/PBD matrix doped with 5d iridium complex. Comparison of
both SRTL spectra indicates that the emitter molecules create
deeper and more efficient traps as compared to the traps present
in the undoped PVK/PBD matrix. The TL intensity is about twice
as high as the TL intensity for neat matrix (compare the non-
normalized isothermal spectra shown in Fig. 25c). Comparison
of the monochromatic spectra for neat PVK/PBD and for PVK/
PBD with 1 wt% of emitter 5d (Fig. 25b) leads to a conclusion
that incorporation of the emitter results in an increased relative
intensity of the TL signal in the high temperature range. This
indicates the presence of deeper traps located on the emitter’s
molecules, which is expected taking into account the positions of
HOMO and LUMO levels of emitter 5d in relation to the levels of
PVK/PBD matrix [see Table 3 and Fig. 15].

Comparison of the isothermal spectra of light emitted close
to the TL maximum temperature, i.e. at about 105 K, reveals not
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isothermal spectra of emitted light recorded at ca. 105 K (c). Straight lines
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only the large difference in the TL intensity discussed above,
but also a clear difference in the shape of the emission curves
(Fig. 25¢c). The spectrum obtained for neat PVK/PBD has two
characteristic broad bands: the dominant one with a maximum
at 550 nm and the second one with a maximum at ~430 nm.
These bands are assigned to the exciplexes formed between the
carbazole group and oxadiazole molecule: the dominant band
originates from the triplet exciplexes, and the band at 430 nm
can be related to the singlet exciplexes.’””

Due to the fact that the emission band typical of the matrix
with a maximum at 550 nm is very close to the emission band of
the complex molecules (maximum at 560 nm), it is difficult to
clearly identify the active center of radiative recombination in
the TL experiment. However, one can see that the spectrum of
PVK/PBD doped with 5d has no short-wavelength band and the
main emission band with a maximum at ~560 nm is much more
intensive and it has a smaller half-width than that for undoped
PVK/PBD matrix. Taking into account the differences, it can be
assumed that in the TL spectrum of PVK/PBD doped with emitter
5d the emission from the iridium complex dominates. Hence, one
can conclude that introduction of the iridium complex molecules
results in formation of new, deeper trapping states which promote
creation of radiative recombination centers directly on the Ir
complex molecule. It is worth noting that the spectrum of light
emitted in the TL experiment for PVK/PBD doped with 5d shown
in Fig. 25c is similar in the shape and in the maximum position to
the EL spectrum for this system (c¢f Fig. 16), indicating that in
both TL and EL phenomena the same emission centers operate.
This effect has been already observed for other iridium complexes
embedded in PVK and PVK/PBD.****%3

Conclusions

In summary, a rapid and efficient method involving micro-
waves as a non-classical energy carrier has been successfully
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applied in the synthesis of a series of novel heteroleptic
iridium(m) cyclometalated complexes ([Ir(bzq),(O " N)]) stabilized
with fluorinated B-ketoiminate ancillary ligands. The effects of
aryl imine moiety fluorination on the electronic structure, and
the electrochemical and photophysical properties of new iridium
complexes were studied. For this purpose, appropriate aryl
substituents equipped with a different number of fluorine atoms
located at various positions of the phenyl ring were introduced
into the examined ancillary ligands. TG analysis showed that the
studied complexes are thermally stable up to 270 °C and there is
no correlation between chemical structure of iridium materials
and their thermal stability. Cyclic voltammetry measurements of
new iridium(m) coordination compounds have revealed that
fluorination of phenyl-substituted p-ketoiminate ligands leads
to an increase in the oxidation and ionization potentials of the
studied iridium(ur) complexes, however for the reduction process
the effect of structure modification of the ancillary ligand
was negligible. These results were supported by the quantum
chemistry calculations based on DFT methods - we found good
agreement between the calculated HOMO/LUMO energies and
the experimental data.

The photophysical studies have shown, as expected, that the
effect of fluorine substitution on optical properties of the Ir
complexes increases with the growing number of fluorine
atoms. The strongest (although still relatively weak) effect, ca.
20 nm blue-shift of the emission maximum, was found for the
Ir complexes with four or five fluorine atoms substituted to the
phenyl ring of the ancillary ligand.

One can conclude that the theoretical as well as the electro-
chemical and photophysical studies yield a coherent picture
explaining why fluorination of phenyl-substituted B-ketoiminate
ligands does not modify substantially the electronic properties of
iridium complexes. By contrast, the electroluminescence perfor-
mance of the host-guest systems, PVK/PBD layers doped with
1 wt% of studied complexes, depends strongly on the structure of
the fluorinated ligands. While the PL spectra show the presence
of emission bands from both the Ir complex and from the PVK/
PBD matrix, demonstrating incomplete matrix-emitter energy
transfer, in the EL spectra only the emission from the dopant
is visible. Although all PhOLEDs based on the studied emitters
showed electroluminescence spectra of similar shapes (according
to the CIE 1931 diagram, all studied complexes can be qualified
as green-yellow emitters), the maximum current efficiency and
the maximum luminance values are very different for Ir com-
plexes with varied fluorinated ligands. The maximum values,
current efficiency of 9.8 cd A~" and luminance of 13000 cd m ™2,
were obtained for the Ir complex with one fluorine atom sub-
stituted in the para position in the phenyl ring of the ancillary
ligand, which turned out to be the most efficient emitter among
the studied Ir complexes. The SRTL experiments performed for
the PVK/PBD matrix doped with the most efficient emitter
indicate that the emitter molecules create deep trapping states.
On the basis of the SRTL, PL and EL results, one can conclude
that the introduction of iridium complex molecules results in
efficient formation of excitons on the emitter and in the quench-
ing of matrix emission seen in the EL phenomenon.
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Experimental
General information

All synthesis and manipulations were carried out under argon
using standard Schlenk-line and vacuum techniques. The
microwave-assisted reactions were performed with use of a
CEM Discover microwave pressure system (Power max. 300 W,
magnetron frequency 2455 MHz, pressure max. 20 bars).
The chemicals were obtained from the following sources: IrCl;-
3H,0 from Pressure Chemicals, acetone, acetylacetone (acacH),
Et,0, MeOH, CDCl;, 1,2-dichloroethane, THF, arylamines from
Aldrich, benzo[h]quinoline (bzqH) from ABCR. The complex
[{ir(u-Cl)(bzq),}s] (4)°* was synthesized according to the pub-
lished method. All solvents and liquid reagents were dried
and distilled under argon prior to use. The NMR spectra for 4-
arylimino-2-pentanones were recorded in CDCl; on a 300 MHz
spectrometer at 298 K, using SiMe, as internal standard for
'H and *C measurements and CFCl, for '°F measurements. For
iridium complexes, the chemical shifts were referenced to the
residual protonated solvent peaks (*H dy; = 7.26 ppm, for CDCI,).
HRMS data were obtained on an AMD 402 two-sector mass
spectrometer of B/E geometry.

X-ray crystallography

Diffraction data were collected using the w-scan technique, at
100(1) K on a Rigaku Xcalibur four-circle diffractometer with Eos
CCD detector and graphite-monochromated MoK, radiation
(. = 0.71069 A). The data were corrected for Lorentz-polarization
as well as for absorption effects.®® Precise unit-cell parameters were
determined by a least-squares fit of reflections of the highest
intensity (3596 for 3f, 10921 for 5b, 6785 for 5e, 5737 for 5g),
chosen from the whole experiment. The structures were solved with
SHELXT®® and refined with the full-matrix least-squares procedure
on F* by SHELXL-2013.°° All non-hydrogen atoms were refined
anisotropically, hydrogen atoms in 3f were found in difference
Fourier maps and freely isotropically refined, in all other structures
were placed in idealized positions and refined as a ‘riding model’
with isotropic displacement parameters set at 1.2 (1.5 for methyl
groups) times Ueq of appropriate carrier atoms. In one of the
symmetry-independent molecules of 5b the phenyl ring was found
to be disordered, the s.o.f. converged at 62.3(14)/37.7(14)%. In 5e
the CF; group was found in two alternative positions with occupa-
tions of 65.4(8)% and 34.6(8)% for more and less occupied posi-
tions, respectively. In both cases the restraints were applied to the
geometry (SAME in 5b, DFIX in 5e) and displacement ellipsoids
(ISOR, RIGU) of disordered fragments. In 5e, additionally, a
disordered solvent molecule was found, which was modelled as
methanol with s.o.f. fixed at 1/2. Table 1S (ESIt) lists the relevant
crystallographic and refinement data.

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre,
CCDC 1814938 (3f), 1814939 (5b), 1814940 (5¢), and 1814941 (5g).

Thermal analysis

Thermogravimetric analysis (TGA) of the prepared complexes was
carried out using a Q50-TGA thermobalance (TA Instruments, Inc.)
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under N, flow of 60 mL min~". Samples (3-7 mg) to be studied
were loaded on a platinum pan and heated from RT to 1000 °C
at a rate of 10 °C min~".

DSC measurements of prepared complexes were carried out
on samples (3-6 mg) placed in 40 pL aluminum pans with a
pierced lid, in an N, atmosphere at a flow rate of 20 mL min ™"
in a temperature range from —50 to 270 °C at a heating/cooling
rate of 10 °C min~ " using a Mettler-Toledo DSC-1 differential
scanning calorimeter.

Electrochemical properties measurement

Cyclic voltammetry (CV) measurement was performed on an
Autolab PGSTAT 100N using platinum wire as a working
electrode, a platinum spiral as a counter electrode and silver
wire as a pseudo-reference electrode calibrated using ferrocene
as an internal standard. Measurement was carried out in
dichloromethane (Sigma Aldrich, HPLC grade) with 0.2 M
tetrabutylammonium tetrafluoroborate (Bu,NBF,) (TCI, purity
>98%) as a supporting electrolyte. Bu,NBF, was dried in a
vacuum drier for at least 24 hours before use. 2 mM solutions of
studied compounds were used. The solutions were deoxidized
by argon bubbling prior to measurement. Oxidation onset
potential (Eoxonser) and reduction onset potential (Ereq onset)
were estimated from the intersections of tangential lines of
redox peaks and background line. Ionization potential (IP)
and electron affinity (EA) and electrochemical energy gap (Ey)
were estimated from the equations IP = (5.1 + Eqxonser)|€” | and
EA = (5-1 + Ereq onset)|eily Eg = Eoxonset — Ered onset-

Computational methods

All the molecular geometries of the iridium compounds in their
singlet ground state were optimized using density functional
theory (DFT)®” with B3LYP - the hybrid Becke’s three parameter
functional and Lee-Young-Parr exchange—correlation potential.®®
B3LYP is one of the most popular functionals and can be applied
for different systems.®® The calculations were performed using the
6-31G(d) basis set for H, C, N, O and F atoms.”® For the Ir metal
center the SDD basis set was selected as it contains an effective
core pseudopotential.”" After preliminary calculations the basis
set was extended from 6-31G(d) to 6-311++G(d,p). The DFT
calculations using the B3LYP,*® M06,”> WB97XD”* functionals
based on the optimized S, geometries were performed to obtain
the energies of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied orbital (LUMO). The presence of
solvent was included within the SCRF (self-consistent reaction
field) theory using the polarized continuum model (PCM)”* in
chlorobenzene (C¢HsCl)-medium which was used in experi-
mental measurements. All calculations were carried out with
the Gaussian09 software package” in PL-Grid infrastructure.

Spectroscopic measurements

Absorbance measurements were performed using a Carry
5000 (Varian) spectrometer, whereas photoluminescence was
measured on an Edinburgh Instruments FLS980 spectro-
fluorometer. The luminescence quantum yields of the studied
compounds were detected using an integrating sphere, with
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BENFLEC inside coating. The spectra were recorded with a
spectral resolution of 1 nm. For the spectroscopic studies, the
standard 1 cm path length quartz cuvette was used. All com-
pounds were measured in dilute solutions (~107> M) of
chlorobenzene. The same equipment was used for thin film
spectroscopic studies of PVK/PBD blend (0.6: 0.4 weight ratio)
doped with iridium complexes. About 60 nm thin films were
deposited on quartz plates by means of a spin-coating and their
thicknesses were determined by a profilometer (Dektak XT,
Bruker). This profilometer was used also to determine surface
roughness of the samples in area of a few mm?, while for
a smaller area (ca. 10 x 10 um) atomic force microscope
(FlexAFM with C3000 controller, Nanosurf) was employed.
The homogeneity of the dispersion of the emitter molecules
in the PVK/PBD matrix was controlled by observation of thin
films under the AFM and a polarizing microscope.

Samples of layers (thickness in a 4-5 um range) for SRTL
experiments were obtained by drop casting from chlorobenzene
solutions onto stainless steel substrates at room temperature.
The samples of PVK/PBD doped with 1 wt% of the tested
complexes were placed between a thermostated stage and
sapphire plate, squeezed together with the aid of a brazen
frame anchored thermally to the stage, in a vacuum chamber
(closed-cycle cryogenic system APD Cryogenics, type Displex).
The SRTL measurements were carried out in the 15-325 K
temperature range under a heating rate of 7 K min~ ' after
photoexcitation at 15 K for 10 min by a pulsed nitrogen laser
(4 = 337 nm) PTI, model GL-3300. Light emitted during the
SRTL experiment was detected by a specially designed detection
system consisting of an optical collector, optical-fiber cable, a
Micro HR Imaging Spectrograph and a CCD camera (Horriba
Jobin-Yvon). The detailed SRTL experimental procedure was
described previously.?”%

Fabrication and characterization of PhOLEDs

The PhOLEDs were manufactured on glass substrates using a spin-
coating method followed by a physical evaporation technique.
The active layers were spin-coated from chlorobenzene solu-
tions of PVK/PBD with dopant. Different emitters were added to
the matrix with the same 1 wt% concentration. The dopant
concentration influence on the device parameters were checked
only for 5g in the range of 0.5-5 wt%. These active layers were
deposited on the top of a poly(3,4-ethylenedioxythiophene)
and poly(styrenesulfonate) mixture (PEDOT:PSS) layer spin
coated on an ITO electrode. The emissive layers in the devices
had a thickness of about 60 nm and surface roughness of a
satisfactory level. Measurements using AFM (on a surface
of 10 x 10 pum) indicated that the root square roughness was
in the range of 0.6-1.0 nm. The values of this parameter
determined using the profilometer on a distance similar to
the size of OLEDs (about 2 mm) do not exceed 10 nm. In the
next step the cathode materials were patterned through a
shadow mask with vacuum evaporation. The complete device
stack was ITO/PEDOT:PSS/PVK:PBD+emitter/Ca/Ag as shown in
Fig. 15. The devices were characterized by a Minolta CS-200
camera connected with a Keithley 2400 source measurement
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unit, whereas the electroluminescence spectra were recorded by
a CCD camera 3500 (Horiba Jobin Yvon).

Procedures

Synthesis of N,0-donating ligands - 4-arylimino-2-pentanones

4-Phenylimino-2-pentanone (3a). To a solution of 5.0 g
of acacH (1) (0.05 mol) in benzene, 4.2 g of aniline (2a)
(0.045 mol) and 20 mg of p-toluenesulfonic acid were added.
The obtained mixture was refluxed using Dean-Stark apparatus,
until no further water was generated (ca. 10 h). Then the solvent
was evaporated and the oily residue was crystallized from
hexane. The product was filtered off and dried in vacuum at
r.t. Yield: 7.1 g (40.06 mmol, 90%), m.p. 47-49 °C.

HRMS (m/z): cal. for C;;H;3NO: 175.0997, found: 175.0971.

'H NMR (CDCl,): 6 12.47 (bs, 1H; NH); 7.32 (t, 2H, J = 7.7 Hz;
CarssH); 7.17 (t, 1H, J = 7.7 Hz; CargH); 7.09 (d, 2H, J = 7.7 Hz;
Car2,6H); 5.18 (s, 1H; =—CH); 2.09 (s, 3H; C(—O)CH,); 1.98
(s, 3H; =CCH;). *C NMR (CDCl3): § 196.0 (C=0); 160.1
(=C-N); 138.7 (N-Car1); 129.0 (Cara6); 125.5 (Cara); 124.7 (Cars );
97.5 (=CH); 29.1 (C(—0)CHj); 19.8 ((CCHj).

4-(2-Fluorophenyl)imino-2-pentanone (3b). 5.1 g (0.046 mol) of
2-fluoroaniline (2b) was used. Yield: 7.3 g (37.39 mmol, 82%),
m.p. 47-48 °C.

HRMS (m/2): cal. for C,;H;,FNO: 193.0903, found: 193.0888.

'H NMR (CDCly): 6 12.23 (bs, 1H; NH); 7.17 (m, 2H; Cas sH);
711 (m, 2H; CaueH); 5.25 (s, 1H; —CH); 2.10 (s, 3H;
C(=O0)CH3); 1.93 (s, 3H; =—CCHj,). *C NMR (CDCl,): § 196.7
(C=0); 160.4 (—C-N); 156.6 (d, J = 248.1 Hz; C,,F); 127.2 (d,
J=7.7 Hz; Cay); 127.1 (Cprs); 126.8 (d, J = 12.8 Hz; N-Cy,4); 124.3
(d, ] =4.0 Hz; Cpre); 116.2 (d, J = 20.3 Hz; Cyy3); 98.1 (—CH); 29.2
(C(=0)CH,); 19.5 (d, J = 2.6 Hz; =CCHj;). °F NMR (CDCl;):
—123.0 (ddd, J = 12.4, 8.1 & 5.2 Hz).

4-(3-Fluorophenyl)imino-2-pentanone (3c). 5.1 g (0.046 mol) of
3-fluoroaniline (2¢) was used. Yield: 6.9 g (35.35 mmol, 78%),
m.p. 38-40 °C.

HRMS (m/z): cal. for C;;H;,FNO: 193.0903, found: 193.0914.

'H NMR (CDCl;): § 12.49 (bs, 1H; NH); 7.27 (td, 1H,J = 8.1 &
6.7 Hz; CyrsH); 6.86 (m, 2H; Cpypp 4H); 6.81 (dt, 1H, J = 10.0 & 2.1
Hz; CarH); 5.20 (s, 1H; =CH); 2.09 (s, 3H; C(—O0)CHs); 2.02
(s, 3H; =CCH;). *C NMR (CDCl;): é 196.6 (C=O0); 162.8
(d, J = 247.1 Hz; CasF); 159.3 (—C-N); 140.4 (d, J = 10.0 Hz;
N-Car1); 130.2 (d, J = 9.4 Hz; Cpp5); 119.9 (d, J = 3.1 Hz; Care);
112.0 (d, J = 21.1 Hz; Cap); 111.4 (d, J = 23.4 Hz; Cypy); 98.4
(=CH); 29.2 (C(=O)CH3); 19.9 (=CCH;). "°F NMR (CDCl;):
—112.1 (ddd, J = 10.0, 7.6 & 6.7 Hz).

4-(4-Fluorophenyl)imino-2-pentanone (3d). 4.9 g (0.044 mol) of
4-fluoroaniline (2d) was used. Yield: 6.5 g (33.30 mmol, 76%),
m.p. 45-46 °C.

HRMS (m/z): cal. for C;;H;,FNO: 193.0903, found: 193.0927.

'H NMR (CDCL,): 6 12.33 (bs, 1H; NH); 7.06 (m, 2H; C,,H);
7.02 (m, 2H; Ca5H); 5.17 (s, 1H; =—CH); 2.08 (s, 3H; C(—O)CH,);
1.91 (s, 3H; =CCH3). "*C NMR (CDCl,): § 196.3 (C=0); 160.6
(d, J = 245.8 Hz; CanF); 160.4 (—=C-N); 134.7 (d, J = 3.2 Hz;
N-Ca1); 126.8 (d, ] = 8.4 Hz; Cap 6); 115.8 (d, J = 22.6 Hz; Cprs 5);
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97.5 (=CH); 29.1 (C(=O0)CH3); 19.6 (=CCHj3). "°F NMR (CDCl,):
—116.9 (ttd, J = 8.1, 5.1 & 0.7 Hz).

4-(4-Trifluoromethylphenyl)imino-2-pentanone (3e). 7.3 ¢
(0.045 mol) of 4-trifluoromethylaniline (2e) was used. Yield:
9.9 g (40.37 mmol, 90%), m.p. 70-71 °C.

HRMS (m/z): cal. for C;,H;,F;NO:
243.0879.

'H NMR (CDCl,): 6 12.61 (bs, 1H; NH); 7.57 (d, 2H, J = 8.4 Hz;
Cars sH); 7.18 (m, 2H, 8.4 Hz; Cyr H); 5.25 (5, 1H; =CH); 2.11
(s, 3H; C(—O0)CHj,); 2.07 (s, 3H; =—CCHj).

BC NMR (CDCly): 6 197.1 (C=O0); 158.6 (=C-N); 142.2
(N-Car); 126.7 (q, J = 33.1 Hz; Cp4CF); 126.3 (q, J = 3.4 Hz;
Cars,5); 124.0 (q, J = 271.4 Hz; CF3); 123.5 (Carz,6); 99.3 (—CH);
29.3 (C(=O0)CH;); 20.1 (d, J = 2.6 Hz; —CCH,;). ""F NMR
(CDCly): —62.7 (s).

243.0871, found:

4-(2,3,4,5,6-Pentafluorophenyl)imino-2-pentanone (3f). In a pressure
glass vessel of 10 mL capacity, equipped with a magnetic stirrer,
0.87 g (4.84 mmol, 1 eq.) of C¢FsNH, (2f), 2.42 g (24.22 mmol;
ca. 5 eq.) of acacH (1), 29.7 mg (0.0484 mmol) of Er(OTf); and
3.00 mL of dried and deoxygenated toluene were placed. The
reactor was sealed by a plastic cap equipped with elastic
membrane and then placed in the chamber of a microwave
radiation source. The thus prepared reaction system was sealed
with the encapsulating head, equipped with a pressure sensor.
The reaction was conducted for 10 minutes at 150 °C, irradiat-
ing the mixture with microwaves (150 W and frequency
2445 MHz). After this time, the solvent and excess of acacH
were fully evaporated from the post-reaction mixture under
reduced pressure. The remaining crude product was purified
by column chromatography using silica as the solid phase.
The reaction mixture was applied on the top of the column
and separation was carried out using a n-hexane/DCM mixture
(9:1, v/v). The purified material was dried in vacuo for 4 hours.
The desired product 3f was obtained in 85% yield (1.1 g,
4.12 mmol), m.p. 93-95 °C.

HRMS (m/z): cal. for C;;HgFsNO: 265.0526 found: 265.0525.

'H NMR (CDCl,): 6 11.90 (bs, 1H; NH); 5.38 (s, 1H; =—CH);
2.12 (s, 3H; C(—O0)CH;); 1.84 (s, 3H; —CCH,).

3C NMR (CDCl,): § 198.1 (C=0); 159.8 (—C-N); 143.5 (ddq,
J =248.9, 11.6 & 4.1 Hz; Cap, 6F); 139.9 (dtt, J = 254.8, 13.3 &
4.2 Hz; CapF); 137.8 (ddddd, J = 252.4, 16.0, 12.6, 5.0 & 3.2;
CarssF); 114.5 (t; J = 13.9 Hz; N-Cppy); 99.6 (—CH); 29.3
(C(=O0)CH,); 18.8 (d, J = 2.6 Hz; —CCHj;). °F NMR (CDCl,):
—146.6 (m; Car6F); —156.8 (t, 1F, J = 21.3 Hz; CaF); —162.4
(m; Cars sF).

Synthesis of iridium(m) complexes

[Ir(bzq).{MeC(O)—CHC(=NPh)Me/] (5a). In a Schlenk vessel
equipped with a magnetic stirrer, 60.0 mg (1.505 mmol; ca.
8.8 eq.) of NaH (60% dispersion in mineral oil) was placed and
washed with n-pentane (3 x 3 mL), then 3 mL of dried and
deoxygenated THF was added. In the next step, to the stirred
NaH suspension, 66.0 mg (0.377 mmol; 2.2 eq.) of 3a
was introduced. The reaction was conducted until hydrogen
evolution ceased. The mixture obtained was transferred by a
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syringe equipped with a syringe-filter disc to a pressure glass
vessel of 10 mL capacity, in which a portion of 200.00 mg
(0.171 mmol, 1.0 eq.) of [{Ir(bzq)(n-Cl)}»] (4) and 5 mL of
anhydrous and deoxygenated THF were placed under inert
atmosphere. The reactor was sealed by a plastic cap equipped
with elastic membrane and then placed in the chamber of a
microwave radiation source. The thus prepared reaction system
was sealed with an encapsulating head, equipped with a
pressure sensor. The reaction was conducted for 15 minutes
at 80 °C, irradiating the mixture with microwaves (150 W
and frequency 2445 MHz). After this time, the solvent was
fully evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was purified by
column chromatography using silica as the solid phase. At
the beginning, the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1:3, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The purified material
was dried in vacuo for 4 hours. The desired product 5a was
obtained in 65% yield (160 mg, 0.222 mmol). HRMS (EI) calc.
for Cs;,H,gIrN,0: [M]" 723.1862, found 723.1870. 'H NMR
(300 MHz, CDCl;, 300 K) 6 (ppm) = 9.32 (d, *Jgu = 6.00 Hz,
1H); 9.12 (d, *Jr_i = 6.00 Hz); 8.23 (d, *Ji_u = 9.00 Hz, 1H); 8.15
(d, *Juu = 6.00 Hz, 1H); 7.73 (d, *Ji_y = 9.00 Hz, 2H); 7.59
(m, 4H); 7.23 (d, *Ju_y = 9.00 Hz, 2H); 6.91 (m, 2H); 6.61 (t,
3Ji-u = 6.00 Hz, 1H); 6.31 (m, 4H); 5.97 (*Jy_, 2H); 4.87 (s, 1H,
=CH-); 4.71 (d, *J_n = 9.00 Hz, 1H); 1.70 (s, 3H, -CH,); 1.60
(s, 3H, -CH,).

[1r(bzq),{MeC(O)J—CHC(=N{2-F-CsH,))Me/}] (5b). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3b. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1:1, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The desired product
5b was obtained in 72% yield (144 mg, 0.194 mmol).

HRMS (EI) cale. for C;,H,,FIrN;0: [M]" 741.1767, found
741.1772; 'H NMR (300 MHz, CDCl;, 300 K) & (ppm) = 9.24
(dd, *Ju_u = 9.00 Hz, J = 5.22 Hz, 1H); 9.09 (t, *Ji_y; = 6.00 Hz,
1H); 8.23 (m, 1H); 8.16 (m, */;;_y = 8.00 Hz, 1H); 7.59 (m, 3H);
7.49 (d, *Jy_ = 9.00 Hz, 2H); 7.24 (d, *Jy_y = 9.00 Hz, 1H);
6.93 (m, 2H); 6.66 (dt, *Jy_p = 25.00 Hz, *J;;_y = 9.00 Hz; 1H);
6.39-5.85 (m, 5H); 4.87 (s, 1H, =CH-); 4.45 (m, 1H); 1.70 (s, 3H,
-CHj,); 1.61 (s, 3H, -CH3).

[Ir(bz2q).{MeC(O)—CHC(=N(3-F-CsH,))Me}] (5¢). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3c. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the
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column was washed with a n-hexane/DCM mixture (1:1, v/v).
After washing off the excess of pure ligand, separation was
carried out using a n-hexane/DCM mixture (1: 3, v/v). The desired
product 5¢ was obtained in 66% yield (132 mg, 0.178 mmol) -
mixture of two isomers 40/60.

HRMS (EI) cale. for C;,H,,FIrN;0: [M]" 741.1767, found
741.1774; 'H NMR (300 MHz, CDCl;, 300 K) & (ppm) =
'H NMR (300 MHz, CDCl3, 300 K) 6 (ppm) = 9.45 (dd, *Ji_n
6.00 Hz, J = 5.22 Hz, 1H, first isomer); 9.29 (d, *Jin = 6.00 Hz,
1H, second isomer) 9.14 (t, *Jy_y = 6.00 Hz, 1H, first isomer);
9.06 (d, *Jy_y = 6.00 Hz, 1H, second isomer); 8.20 (m, 4H);

);

7.73 (m), 7.58 (m), 7.45 (m) (12H); 7.22 (d, ¥y = 6.00 Hz, 2H
6.91 (m, 4H); 6.62 (m, 2H); 6.40-6.05 (m, 7H); 5.96 (d, *Jiy_y =
6.00 Hz, 1H); 5.81 (m); 5.68 (m, 1H); 4.94 (s, 1H, —CH-, second
isomer); 4.87 (s, 1H, =CH-, first isomer); 4.61 (t, *Jpy =
9.00 Hz, 1H); 1.72 (s, 3H, -CH3, second isomer); 1.68 (s, 3H,
—-CH3, first isomer); 1.63 (s, 3H, -CHj3, second isomer); 1.61
(s, 3H, -CH3, first isomer).

[Ir(bzq),{MeC(O)—CHC(=N{(4-F-CsH,))Me/] (5d). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3d. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the column
was washed with a n-hexane/DCM mixture (1:1, v/v). After
washing off the excess of pure ligand, separation was carried
out using pure DCM as the eluent. The desired product 5d was
obtained in 66% yield (180 mg, 0.243 mmol).

HRMS (EI) cale. for Cs;;H,,FIrN;0: [M]" 741.1767, found
741.1770; *H NMR (300 MHz, CDCl;, 300 K) § (ppm) = 9.26
(d, *Ju_ = 6.00 Hz, 1H); 9.11 (d, *Jy_y = 6.00 Hz, 1H); 8.23
(d, *Jy_n = 9.00 Hz, 1H); 8.15 (d, *Jy_y = 9.00 Hz, 1H); 7.74 (d,
*Ju_n = 9.00 Hz, 1H); 7.58 (m, 3H); 7.48 (m, 2H); 7.24 (d, *Jy_y =
9.00 Hz, 1H); 6.94 (m, 2H); 6.64 (t, *Ji;_; = 6.00 Hz; 1H); 6.32
(d, *Ji_ux = 9.00 Hz, 1H); 6.25 (m, 1H); 6.05 (dt, *Jz_; = 9.00 Hz,
*Jun = 3.00 Hz, 1H); 5.96 (d, *Jy_g = 9.00 Hz, 1H); 5.65 (dt,
3J4-n = 9.00 Hz, J = 3.00 Hz, 1H); 4.86 (s, 1H, —CH-); 4.63 (m,
1H); 1.69 (s, 3H, -CH,); 1.59 (s, 3H, -CHj,).

[Ir(bzq),{MeC(O)—CHC(=N{(4-CF;-CsH,))Me/] (5e). Following
the procedure used for preparation of 5a, the reaction was
carried out with 150.00 mg (0.128 mmol, 1.0 eq.) of 4, 46.00 mg
(1.126 mmol, 8.8 eq.) of NaH and 68.00 mg (0.282 mmol,
2.2 eq.) of 3e. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1:1, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The desired product
5e was obtained in 65% yield (130 mg, 0.166 mmol).

HRMS (EI) calc. for CzgH,,F5IrN;0: [M]" 791.1735, found
791.1744; 'H NMR (300 MHz, CDCl;, 300 K) § (ppm) = 9.26
(d, *Ju_ = 6.00 Hz, 1H); 9.09 (d, *Jy_u = 6.00 Hz, 1H); 8.25
(d, *Juu = 9.00 Hz, 1H); 8.15 (d, *Jy_y = 6.00 Hz, 1H); 7.75
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(d, *Ja_u = 9.00 Hz, 1H); 7.61 (d, *Jy_y = 9.00 Hz, 1H); 7.59 (m,
2H); 7.43 (s, 2H); 7.25 (d, *Ji3-i = 6.00 Hz, 1H); 6.94 (m, 2H); 6.64
(t, *Jun = 9.00 Hz, 1H); 6.55 (d, *Jiy = 9.00 Hz, 1H); 6.33
(m, 2H); 6.18 (d, *Jy_y = 9.00 Hz); 5.94 (d, *Jy_ = 6.00 Hz, 1H);
4.90 (s, 1H, =CH-); 4.75 (d, *J;.y = 9 Hz, 1H); 1.70 (s, 3H,
-CH3); 1.61 (s, 3H, -CH3).

[1r(bzq),{MeC(O)—CHC(=NCFs)Me}] (5f). Following the pro-
cedure used for preparation of 5a, the reaction was carried out
with 360.00 mg (0.308 mmol, 1.0 eq.) of 4, 108.00 mg
(2.710 mmol, 8.8 eq.) of NaH and 180.00 mg (0.677 mmol,
2.2 eq.) of 3f. The remaining crude product was purified by
column chromatography using silica as the solid phase and a
n-hexane/DCM mixture (1:2, v/v). After washing off the excess
of pure ligand, separation was carried out using pure DCM as
the eluent. The desired product 5f was obtained in 76% yield
(380 mg, 0.4683 mmol).

HRMS (EI) calc. for C;,H,3F5IrN;0: [M]" 813.1391, found
813.1402; 'H NMR (300 MHz, CDCl;, 300 K) § (ppm) = 9.26
(m, 1H); 9.02 (d, J = 6 Hz, 1H); 8.23 (dt; J = 6 Hz, 2H); 7.74
(d, J = 9 Hz, 1H); 7.58 (m, 5 H); 7.27 (d, J = 6 Hz, 1H); 7.07
(d,J =6 Hz, 1H); 6.95 (t, ] = 9 Hz; 1H); 6.79 (t, ] = 6 Hz, 1H); 6.27
(d, J = 9 Hz, 1H); 6.16 (dd, J = 9 Hz, J = 3 Hz, 1H); 5.03 (s, 1H,
—CH-); 1.74 (s, 3H, -CH;); 1.65 (s, 3H, -CH,).

[Ir(bzq){MeC(O)—CHC(=N(4-MeOCH,CH,OC4F,))Me/] (5g). In a
Schlenk vessel equipped with a magnetic stirrer, 200.00 mg
(0.246 mmol, 1.00 eq.) of 5f and 6 mL of dried and deoxygenated
THF were placed, then 12.00 mg (ca. 0.313 mmol, 1.27 eq.) of NaH
(60% dispersion in mineral oil) was added. In the next step, to the
vigorously stirred mixture, 40 pL (0.507 mmol, 2.1 eq.) of MeOCHS,-
CH,OH was slowly introduced. The reaction was conducted for 72 h
at 80 °C. After this time all volatile ingredients were evaporated
under reduced pressure. The remaining crude product was dissolved
in a small amount of 1,2-dichloroethane (DCE), then the solution
obtained was applied on top of a column with silica. Separation was
carried out using a n-hexane/DCE mixture (2:3, v/v). The purified
material was dried in vacuo for 6 hours. The desired product 5g was
obtained in 68% yield (145 mg, 0.167 mmol).

HRMS (EI) cale. for C,oHzoF4IrN;0;: [M]" 869.1853, found
869.1859; "H NMR (300 MHz, CDCl;, 300 K) & (ppm) = 9.29 (m,
1H); 9.03 (d, %1 = 6.00 Hz, 1H); 8.23 (dd, *Ji_5; = 6.00 Hz, 2H);
7.73 (d, *Jy_u = 6.00 Hz, 1H); 7.60 (d, *Jyz_; = 6.00 Hz, 1H); 7.56 (m,
4H); 7.24 (d, *J_y = 6.00 Hz, 1H); 7.00 (d, *Ji_g = 9.00 Hz, 1H);
6.93 (t, >z = 9.00 Hz, 1H); 6.77 (t, >z = 9.00 Hz, 1H); 6.20 (m,
2H); 5.02 (s, 1H, —CH-); 3.86 (m, 2H, -CH,-); 3.57 (t, 2H, -CH,-);
3.41 (s, 3H, -OCH,); 1.73 (s, 3H, ~CH,); 1.65 (s, 3H, ~CHS).
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1. Spectroscopic data of 4-arylimino-2-pentanones
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4-(4-Trifluoromethylphenyl)imino-2-pentanone (3e)
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2. Crystallographic data

Table 18. Crystal data, data collection and structure refinement

Compound

Formula

Formula weight

Crystal system

Space group

a(A)

b(A)

c(A)

()

BC)

v(°)

V(A3)

Z

Dy(g cm”)

F(000)

p(mm-)

© range (°)

Reflections:
collected
unique (R
with [>20(I)

R(F) [I>20(1)]

wR(F?) [I>206(1)]

R(F) [all data]

wR(F?) [all data]

Goodness of fit

max/min Ap (e A-)

3f
C,HgFsNO

265.18

monoclinic
P2,/c
10.8061(4)
8.7128(3)
11.6109(4)
90
90.422(3)
90
1093.15(7)
4
1.61
536
0.16
3.47-27.03

7398
2234 (0.014)
2042
0.032
0.084
0.036
0.086
1.05
0.20/-0.20

Sb
C37H27FITN3O

740.81

monoclinic
P2,/c
16.3067(4)
18.7491(4)
19.7051(5)
90
108.847(3)
90
5701.5(3)
8
1.73
2912
4.73
3.06-26.52

24228
10919 (0.037)
8514
0.047
0.094
0.067
0.102
1.05
2.87/-1.81

Se

C3sHy7F5IrN;0,
-1/2(CH;0H)

806.85

monoclinic
C2/c
27.6629(10)
9.1355(2)
29.0965(11)
90
117.344(5)
90
6531.5(5)
8
1.64
3176
4.14
3.06-27.01

14409
6545 (0.022)
5874
0.035
0.100
0.041
0.105
1.07
1.16/-0.85

Sg
C40H3 0F4IrN3O

868.87

monoclinic
12/a
16.4734(6)
12.7322(5)
31.2845(11)
90
99.973(3)
90
6462.5(4)
8
1.79
3424
4.20
2.95-28.31

14925
6750 (0.021)
5971
0.026
0.068
0.033
0.072
1.01
2.09/-1.06
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Table 2S. Hydrogen bond data (A, °©)

D H A D-H H A DA D-H A
3f

N7 H7 010 0.881(18) | 1.978(17) |2.6669(14) | 134.0(15)

N7 H7 010’ 0.881(18) |2.293(18) | 2.9749(14) | 134.1(14)

Cs8l H81A F2 0.96(2) 2431(19) | 3.0451(17) | 121.2(14)

Cs8l H81A F2il 0.96(2) 2.53(2) 3.2224(16) | 128.3(14)

Symmetry codes: ! 1-x,1-y,1-z; i 1-x,1-y,-z

Figure 1S.

N
C1

2
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Table 3S. Selected geometrical data (A,°) with s.u.’s in parentheses (second line, if exists, refers to
alternative, less-occupied part). A and B denote least squares planes of aromatic ring and chain.

3f 5bA 5bB Se 5g
Ir1-N7 2.154(8) 2.171(6) 2.173(4) 2.153(3)
Ir1-010 2.133(6) 2.152(6) 2.144(3) 2.133(3)
Ir[-N12 2.065(7) 2.037(6) 2.048(4) 2.037(3)
Ir1-C23 2.008(9) 2.006(8) 2.012(5) 1.970(3)
Ir1-N26 2.042(7) 2.045(6) 2.035(4) 2.049(3)
Ir1-C37 1.996(8) 2.016(8) 1.992(4) 2.012(3)
N7-Ir1-C23 173.3(3) 173.4(3) 175.18(15) 176.58(11)
010-Ir1- C37 174.13) 175.2(3) 176.37(15) 175.58(11)
N12-Ir1-N26 176.2(3) 174.9(3) 175.34(15) 174.20(11)
CI-N7-C8 125.00(11) | 118.3(8) 117.7(10) 119.1(4) 119.1(3)
119.9(13)
C13-N12-C25 120.1(8) 118.7(7) 118.1(4) 118.9(3)
C22-C23-C24 114.5(9) 115.5(8) 116.3(4) 114.03)
C27-N26-C39 119.3(7) 118.5(7) 118.0(4) 118.6(3)
C36-C37-C38 115.7(8) 115.8(7) 114.8(4) 116.2(3)
C2-C1-N7-C8 | 63.17(17) 948(11) | -112.7(17) | -72.5(6) 83.4(4)
78(3)
C6-C1-N7-C8 | -120.14(14) | 87.2(10) 70(2) 114.8(5) -106.7(4)
-107(3)
CI-N7-C8-C9 | -177.59(12) |-167.1(8) | -163.5(9) 165.7(4) 172.3(3)
-177.2(9)
CI-N7-C8-C81 | 4.93(19) 12.7(12) 13.6(12) -12.6(6) 9.1(5)
0.0(13)
N7-C8-C9-C10 | -0.6(2) 13.4(14) 15.3(14( _16.4(8) 10.7(6)
C8-C9-C10-C11 | -174.20(13) | 165.6(8) 170.8(8) -169.5(5) 173.9(3)
C8-C9-C10-010 | 4.4(2) 12.9(14) | -6.3(14) 6.8(8) -5.3(6)
A/B 61.61(5) 74.2(5) 88.0(6) 87.8(2) 88.40(13)
88.0(8)
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3. Thermal analysis data

Sample: 5a
Size: 7.7810 mg TGA
Method: Ramp
120 0.3
4661% |
0.3627 L
( " T 261%
i ! Ly
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.,
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40 \ L
Residue: [-00
31.08%
20 - (2.418mg) [
0 T T T T -0.1
0 200 400 600 800 1000
Temperature (“C) Universal V4.5A TA Instruments
Figure 2S. TG and DTG curve of 5a sample.
Sample: 5b
Size: 4.3550 mg TGA
Method: Ramp
120 04
2.602% . L
(©.1172mg) ~ 31.01°C 38.86%
1004} | (1.692mg) r
R e — |
S ] 03
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80 | 308.88°C 5.000% Loss |
o
e
330.55°C 10.00% Loss o2 5
z £
= i =
= | A L [=2]
= 60 =
o ]
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75&5?’t\\ 0621 3mai~ 0.1 ®
(=]
— L
4] \-;t
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20 | |
0

T T
200 400

Temperature (°C)

Figure 3S. TG and DTG curve of 5b sample.
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Sample: 5¢
Size: 3.2530 mg TGA
Method: Ramp

120
2314% 23140
(0.07527mg) 07
39.25%
1004 4 L (1.277mg) i
184.76°C 1.000% Loss r
80 318.97°C 5.000% Loss 0.5
-
330.06°C 10.00% Loss 3 2
= =
> 37.26% ¥ =
= I (1.212mg) | S
5 60 g
7] 459.13°C -
= 0.3 2
=
[ @
a
40 8
1549% | o4
(0.05040mg)[ =
20 | s
790.51°C
Sidue’
19.61%
(0.6380mg) F
0 T T T T -0.1
0 200 400 600 800 1000

Temperature (°C)

Figure 4S. TG and DTG curve of 5¢ sample.

Sample: 5d

Size: 9.4010 mg TGA

Method: Ramp Run Date: 22-Jan-2018 15:20

Instrument: TGA Q50 V20.10 Build 36

Universal V4.5A TA Instruments.

File: C:\Users\Lenovo\Desktop\IREKKIIK\S5d.001

120
4.779%
(0.4492mg) 05
100k —*\\& 37.63%
4~ (3.538mg) L
148.82°C 1.000% Loss 367.43°C |
80 274.37°C 5.000% Loss
L —
325.72°C 10.00% Loss g
9 ‘\ = g
= 10.13% =
= =
= 60 - | (0.9522mg) | =)
de §
o /
= e i Z:
-_— Z
Residue: 8
404 47.48%
(4.463mg)
0.1
714.83°C [
w4
0 T -0.1
0 200 400 600 800 1000

Temperature (°C)

Figure 5S. TG and DTG curve of 5d sample.
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Sample: 5e

Size: 5.4070 mg TGA
Method: Ramp
120 03
5.157% |
{0.2789mg) 701.78°C L
100 | —_— - 301MC  aa315°c -
= 24.78%
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5
= 5
= 60 0.1 g
Q
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(1.300mg) E
- @
Vi a]
40 |
\ —_— 0.0
N\
|
;
20 4 Residue:
22.16%
(1.198mg)
0 T T T T -0.1
0 200 400 600 800 1000
Temperature (“C) Universal V4.5A TA Instruments
Figure 6S. TG and DTG curve of 5e sample.
Sample: 5
Size: 5.6360 mg TGA
Method: Ramp
120 08
3.003% L
(0.1743mg)
352.83°C L
1004 | —
T T 54.10% 086
£ (3.049mg)
183.05°C 1.000% Loss 3
296 42°C 5.000% Loss r
80 |
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04 £
5 =
= L 54
4 -
£ =)
5 60 H 2
] L =
= S 20.84% =
i ) (1.175mg) [~ 0.2 5
; L o
40 720.12°C ]
-\ [
: —
4 0.0
204 Residue: [
2197%
(1.238mg) [
0 T T T T -0.2
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Figure 7S. TG and DTG curve of 5f sample.
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Sample: 59
Size: 4.2900 mg
Method: Ramp

120

TGA

?Osggémg) 40.40% - o7
1004} ——— Il}‘ 353 lﬂ)c (1.733mg)
167.18°C 1.000% Loss ”—"\ \
el 277.79°C 5.000% Loss s
325.28°C 10.00% Loss ;(3
£ i smol B
g e fires %
\\\ E
40 F
—d
781.18°C o1
20
Residue
33.74%
(1.448mg)
0 T T T T -0.1
0 200 400 600 800 1000
Temperature (“C) Universal V4.5A TA Instruments
Figure 8S. TG and DTG curve of 5f sample.
Table 4S. Results of TG and DTG analysis.
Weight L T t D ition T t
eig osso emperature ecomposi |c1n emperature Residue at 1000 °C
Sample [°C] [°C] (%]
T‘l % TS% T10% TOnset TMax 1 7-Max 2 TMax 3
5a 159 276 322 286 360 - 790 31
5b 165 309 331 303 331 - 768 36
5¢c 185 320 339 328 356 459 791 20
5d 149 274 326 312 367 - 715 48
5e 138 268 302 268 301/343 503 702 22
5f 193 296 322 313 353 - 729 21
5g 167 278 325 319 354 - 781 34
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= eX O Sample: 59, 3.7200 mg

Sample: 5f, 5.8000 mg

Sample: 5e, 3.9700 mg

e
P

Sample: 5d, 5.9000 mg

0,5 Sample: 5c, 3.3800 mg
Wwgn-1

Sample: 5b, 4.1700 mg

Sample: 5a, 4.2600 mg

T T T T T T T T
-40 =20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 °C

Figure 9S. DSC curves of second heating run for 5a-5g samples.

eXo0

Sample: 50, 3.7200 mg

Sample: 5f, 58000 mg

Sample: 5e, 3.9700 mg

0,5
Wgn-1

Sample: 5d, 5.9000 mg

Sample: 5¢, 3 3800 mg

Sample: 5b, 4.1700 mg /
Sample: 5a, 4.2600 mg /_g

-40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260°C

Figure 10S. DSC curves of second cooling run for 5a-5g samples.
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exo Extrapol. Peak 260,47 °C
Peak Value 1,49 mw

Peak 262,59 °C

Glass Transition
Onset 149,39 °C
Midpoint 127,67 °C

0,2

Wgh-1 Sample: 5g, 3.7200 mg

Glass Transition
Onset 126,44 °C
Midpoint 135,58 °C

Sample: 5g, 3.7200 mg

T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 °C

Figure 11S. DSC curves of second heating and cooling run for 5g sample.
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4. Cyclic voltammetry measurements
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0,01 0,02
g % 5a %\ 0,04+ —Bgckground
E Background =
£
£ 003 € 0]
g 3
3 0044
0,084
0,05+
0,104
0,06
0,12 T T T T T T T 1
0,07 + . . . . . 30 25 20 -5 -0 05 00 05 10
30 45 40 05 00 05 10 Potential (V)
Potential (V)
0,005 001+
2 w] Wi
0,000
001+
0,005+ 0,02+
% 0,010 é 0,03 5d
£ = I—— background|
5 g o0k
£ 0015 3 x
3 0,05 ’v‘
0020+ 0,06 f
0,025 0,07 f
0,08 T T T T T T T 1
0,030 + + . . . . . 30 25 20 -5 -0 05 00 05 10
30 20 45 -0 05 00 05 10 Potential (V)
Potential (V)
0,054 j 0,02
0,00 0,004
0,05 0,02
E Background| e Background|
= - B
0,15 3 006
008 |
0,20
0,10 !
025 T T T T T T T |
30 25 20 -5 -0 05 00 05 10 T T T T T T T )
Potential (V) 30 25 20 -5 10 05 00 05 10
otential )
Potential (V)
0,024
0004 / L
0,024
% 0,044
£ 59
‘E 0,06+ / Background
3 004 |
/
Il
0,10 “r“
|
0,124 |
014 T T T T T T T 1
30 25 20 -5 -0 05 00 05 10
Potential (V)

Figure 12S. Cyclic voltammetry of studied compounds in BusNBF,/CH,Cl, solutions; scan rate 0.1V/s;
concentration 2 mM. Intersections of tangential lines mark oxidation and reduction onset potentials.
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5. DFT calculation data

Table 5S. The energy of optimized structures of iridium(ll) complexes.

compoun Energy
d [hartree]

5a 1771.2?:859192
5bt 1870.50717896
5b® 1870.50764600
Sct 1870.50889458
5¢® 187050883848
5d 1870.50778500
Se 2108.39_128637
5f 2267.54834837
5g )

2436.72050752
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Table 6S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated
at the B3LYP/SDD/6-311++G(d,p) level of theory together with the experimental results.

HOMO LUMO E,theer E o
compound

[eV] [eV] [eV] [eV]
5a -5,28 -1,97 -3,31 2,58
5b(t) -5,32 -1,99 -3,33 2,63
5b(2) -5,30 -1,98 -3,32 2,63
5c -5,32 -1,99 -3,33 2,57
5c -5,32 -1,99 -3,33 2,57
5d -5,30 -1,99 -3,31 2,62
S5e -5,36 -2,01 -3,34 2,48
5f -5,43 2,02 -3,41 2,73
5g -5,38 -1,98 -3,41 2,69
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Table 7S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated
at the M06/SDD/6-311++G(d,p) level of theory together with the experimental results.

HOMO LUMO E,theer E o
compound

[eV] [eV] [eV] [eV]
5a -5,55 -1,86 -3,69 2,58
5b(t) -5,57 -1,88 -3,70 2,63
5b2 -5,54 -1,88 -3,66 2,63
5c -5,59 -1,88 -3,70 2,57
5c -5,58 -1,89 -3,69 2,57
5d -5,59 -1,89 -3,70 2,62
S5e -5,63 -1,92 -3,71 2,48
5f -5,70 -1,92 -3,77 2,73
5g -5,66 -1,91 -3,75 2,69
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Table 8S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated
at the WB97XD/SDD/6-311++G(d,p) level of theory together with the experimental results.

Egtheor. Egtheor.* Egexp.
compound

[eV] [eV] [eV]
5a 6,87 2,61 2,58
5b 6,90 2,63 2,63
5¢ 6,89 2,62 2,57
5d 6,87 2,62 2,62
Se 6,63 2,52 2,48
5f 6,97 2,65 2,73
5g 6,96 2,64 2,69

Egthero*.: 0.38% Egtheor.
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Table 9S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5e

Atom

symbol X Y Z

5.52148 0.57121 -2.15322
460221 1.28562 -1.30856
3.42613 0.62287 -0.87726
3.19118 -0.71972 -1.29067
410319 -1.41131 -2.12057
5.28690 -0.71451 -2.54224
2.03598 -1.29650 -0.83648
3.79057 -2.73741 -2.47212
2.62321 -3.30762 -1.99745
1.76991 -2.55769 -1.17891
4.80285 2.61504 -0.88238
3.85655 3.21875 -0.07025
2.69233  2.53899  0.34543
2.44582  1.22460 -0.04133
4.46516 -3.30215 -3.10640
2.35506 -4.32716 -2.24284
-1.05321 1.42853 -3.25269
-1.88374 241364 -2.74128
-0.21045 0.65959  -2.42381
-1.88412  2.66410 -1.35345
-2.69598 3.66905 -0.71999
-1.02788 1.88064 -0.54139
-2.65209 3.88646  0.62616
-1.78392  3.11500 1.47244
-0.12709  1.33509  1.57605
-1.66310 3.27936  2.86486
-0.02725 1.51238  2.89439
-0.78372  2.47684  3.57152
-0.17963 0.85339  -1.04446
-2.25436  4.03296  3.37366
0.67824  0.87299  3.40868
-0.66468 2.58189  4.64220
0.91375 -0.04132 0.41292
2.10731 -0.80624  2.08548
-0.58711 -1.61558 0.95576
1.93423 -1.92272 2.67961
0.83890 -2.78134  2.54852
-0.36588 -2.59324  1.82046

I T T O 0O O O 200000000 T T o000 0O0O0 2020000

3

O o o 2 0
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m m m™mM O I T r* * T r T T T I I I I T T O O OOOOO I T T O I T T O I

0.87730
3.04521
3.15819
3.99131
2.86230
-1.44934
-1.02528
-1.95144
-2.21596
-0.98901
-1.89815
-2.19010
-2.91016
-4.18466
-4.46544
-3.46377
-2.69089
0.85573
5.99350
6.42221
5.69168
4.01199
1.98810
-1.04914
0.41840
-2.52576
-3.35628
-3.27216
-3.67292
-1.41280
-4.95400
-5.85097
-6.51153
-6.63120
-5.86860

-3.68080
-2.30618
-1.52486
-2.36288
-3.25886
-3.62508
-4.50377
-3.93424
-3.21429
2.11998
-1.46227
-1.85788
-0.86713
-0.68625
-1.09463
-1.68458
-0.54181
-2.97767
-1.23542
1.07930
3.15365
4.24278
3.06658
1.24236
-0.09518
2.99255
4.26586
4.65126
-1.99869
-2.30122
-0.22075
-0.95035
0.11286
-2.03994
-0.80274

3.14774
3.63723
4.39459
3.09122
4.13479
2.09133
2.57574
1.17300
2.75454
0.86068
0.42260
-0.88834
1.18733
0.66317
-0.64178
-1.41543
2.19722
-0.78290
-3.17897
-2.48254
-1.19286
0.25531
0.97967
-4.32245
-2.88485
-3.39632
-1.34105
1.08088
-2.43050
-1.49710
1.26692
-1.19037
-0.67048
-0.92459
-2.53714
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Table 10S. Cartesian coordinates from the optimized structures of Sy in CgH;Cl media for 5a.

Atom

symbol X Y Z

-5.13087 -1.75439 -0.73518
-3.92862 -2.08424 -0.01784
-2.84487 -1.17188 -0.05963
-2.97823 0.03526 -0.80396
-4.16643  0.34877 -1.50314
-5.24777 -0.59542 -1.44419
-1.89195 0.86826 -0.80074
-4.20955 1.56718 -2.20558
-3.10691 2.40174 -2.18295
-1.96501 2.02085 -1.46760
-3.76375 -3.26913 0.72934
-2.56545 -3.49660 1.38667
-1.49987 -2.57398 1.32889
-1.60768 -1.38743 0.60794
-5.10307 1.84429  -2.75437
-3.10755 3.34880 -2.70705
1.02043 -1.97794 -3.28502
2.11622 -2.68103 -2.80870
0.26475 -1.12499 -2.45490
2.48442  -2.54990 -1.45382
3.59532  -3.24058 -0.85469
1.70787 -1.69054 -0.63843
3.90642 -3.09427 0.46555
3.12888 -2.23844 1.31884
1.23305 -0.71845 1.46463
3.36853 -2.03735 2.69088
1.47874 -0.54612 2.76440
2.54150 -1.19082  3.40937
0.58991 -0.94637 -1.11185
419396 -2.54676 3.17632
0.80393  0.11445  3.29324
2.69735 -1.01819 4.46652
-0.29323  0.15171  0.34947
-1.19862 1.16275  2.06902
0.95791 1.98947 0.09734
-1.11158 2.41090  2.32893
-0.26558 3.33764 1.71712
0.75269  3.12250 0.74643
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-0.33903
-2.02529
-1.81169
-3.06495
-1.91620
1.64303
1.17909
1.84350
2.61035
2.03944
2.11920
2.01870
3.37506
4.50858
4.40430
3.15324
3.45793
5.47390
5.28541
-1.08996
-6.16400
-5.96034
-4.57185
-2.44017
-0.58584
0.73357
-0.58252
2.68587
4.19394
4.74731
1.04905
3.05781

4.35092
2.88680
2.32255
2.67967
3.95168
4.32593
5.23486
4.44874
4.20786
-1.55077
1.88948
2.00244
1.64640
1.53820
1.66732
1.89731
1.54396
1.35098
1.58278
2.65377
-0.36543
-2.45355
-3.99065
-4.40920
-2.81168
-2.08625
-0.60305
-3.33089
-3.89526
-3.62772
2.17380
1.99197

2.08824
3.44151
4.35404
3.17162
3.64896
0.47768
0.85913
-0.58779
0.97389
0.73821
-0.73275
-2.12365
-0.16423
-0.96841
-2.35299
-2.92551
0.91191
-0.51058
-2.97888
-1.42419
-1.97696
-0.70275
0.78411
1.96147
1.86262
-4.32672
-2.88715
-3.46425
-1.48012
0.89529
-2.57504
-4.00176
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Table 11S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5b?.

Atom

symbol X Y z

5.31132 -1.55628 0.58307
4.10928 -1.92114 -0.11749
2.98210 -1.06831 -0.01464
3.07299 0.11551 0.77212
4.26099 0.46343 1.45516
5.38728 -0.42031 1.33359
1.94637 0.89125 0.82553
4.25996 1.65532 2.20288
3.11631 2.43228 2.23802
1.97796 2.02050 1.53428
3.98535 -3.08451 -0.90520
2.78324 -3.34958 -1.54103
1.67411 -2.48593 -1.42268
1.74113 -1.32183 -0.66150
5.15178 1.95754 2.74103
3.08219 3.35794 2.79802
-0.80386 -2.16649 3.25190
-1.88495 -2.88853 2.77094
-0.09220 -1.26058 2.43890
-2.28219 -2.72475 1.42756
-3.37739 -3.43503 0.82267
-1.55012 -1.81193 0.62934
-3.71144 -3.26038 -0.48855
-2.97588 -2.35310 -1.32585
-1.14021 -0.75951 -1.44904
-3.23624 -2.12606 -2.69028
-1.40355 -0.56511 -2.74145
-2.44686 -1.23349 -3.39395
-0.44923 -1.04672 1.10935
-4.04788 -2.65224 -3.18102
-0.76101 0.13455 -3.25977
-2.61899 -1.03969 -4.44483
0.36158 0.14093 -0.32321
1.19085 1.25735 -2.01576
-0.96876 1.91343 0.01816
1.02341 2.50124 -2.24694
0.13549 3.36383 -1.59759
-0.84295 3.07261 -0.61090
0.14128 4.38660 -1.94905
1.88173 3.05522 -3.36744
1.67359 2.50501 -4.28973
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2.93735
1.71133
-1.78999
-1.38044
-1.98127
-2.75366
-1.90648
-2.09094
-1.96421
-3.37138
-4.48223
-4.32678
-3.06408
-3.54583
-5.44575
-5.18536
1.07204
6.30417
6.17424
4.82739
2.68923
0.75978
-0.49384
0.74626
-2.42020
-3.94342
-4.53864
-0.98352
-2.93261

2.89570
4.11782
4.21666
5.16154
4.29454
4.06381
-1.64163
1.73272
1.72586
1.50404
1.29015
1.29885
1.51774
1.50313
1.12161
1.13281
2.61014
-0.16306
-2.20969
-3.76065
-4.24587
-2.75093
-2.30127
-0.72632
-3.57946
-4.12943
-3.81071
1.88669
1.52237

-3.12929
-3.54229
-0.28952
-0.64475
0.78195
-0.78431
-0.73811
0.87493
2.26959
0.36414
1.16344
2.54802
3.09779
-0.98752
0.69774
3.18769
1.53408
1.85258
0.50352
-1.00721
-2.14660
-1.94275
4.28384
2.87359
3.41338
1.43545
-0.92352
2.69933
4.17352
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Table 12S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5b2.

Atom

symbol X Y Z

5.16794 1.62942 -0.98013
3.97405 2.07035 -0.31031
2.87795 1.17606 -0.22336
2.98961 -0.12251 -0.79802
4.16891 -0.54341 -1.45381
5.26412 0.38377 -1.52639
1.89184 -0.93232 -0.67836
4.19058 -1.84516 -1.98815
3.07568 -2.65126 -1.85264
1.94218 -2.16249 -1.19043
3.82867 3.34849 0.26841
2.63703 3.68119 0.89163
1.55912 2.77387 0.96537
1.64872 1.49849 0.41452
5.07719 -2.20556 -2.49863
3.05793 -3.65824 -2.24924
-1.10839 1.51046 -3.47668
-2.16743 2.31024 -3.07552
-0.33222 0.78245 -2.55151
-2.48118 2.40348 -1.70389
-3.55436 3.20536 -1.17892
-1.68774 1.66359 -0.79336
-3.81827 3.26901 0.15808
-3.02780 2.53113 1.10458
-1.16163 0.99895 1.41448
-3.22413 2.54011 2.49807
-1.36546 1.02656 2.73257
-2.39119 1.78679 3.30786
-0.60069 0.83108 -1.18498
-4.02130 3.13657 2.92837
-0.68704 0.43371 3.33221
-2.51393 1.77583 4.38324
0.32013 -0.04923 0.39474
1.27460 -0.82732 2.20822
-0.94851 -1.89451 0.44701
1.19476 -2.02593 2.63878
0.32693 -3.02448 2.18618
-0.72249 -2.93524 1.23377
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0.40838
2.14050
1.95238
3.17134
2.03888
-1.63429
-1.21630
-1.78675
-2.62012
-1.97322
-2.14587
-2.16932
-3.35704
-4.52113
-4.50108
-3.31049
-3.36925
-5.44202
-5.40179
1.05302
6.17366
6.00712
4.64676
2.52675
0.65208
-0.86658
0.48484
-2.75196
-4.16346
-4.63186
-1.02204
-3.25585

-3.97666
-2.35106
-1.66857
-2.18413
-3.37819
-4.14868
-4.97983
-4.46855
-3.91750
1.73822
-1.88537
-2.28025
-1.43552
-1.38746
-1.78862
-2.24182
-1.12044
-1.03317
-1.75036
-2.76410
0.07019
2.31458
4.05922
4.66615
3.09425
1.44211
0.17570
2.86222
3.77257
3.88237
-2.75495
-2.56638

2.69227
3.77842
4.61245
3.45289
4.12967
1.15699
1.72307
0.12398
1.56961
0.59856
-0.32423
-1.66263
0.21738
-0.54590
-1.88093
-2.44591
1.25422
-0.09742
-2.48187
-1.07638
-2.02702
-1.04581
0.22109
1.33506
1.46668
-4.53304
-2.92730
-3.80369
-1.87560
0.52980
-2.22489
-3.47796
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Table 13S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5¢?.

Atom

symbol X Y z

-5.33335 -1.52038 -0.78401
-4.15475 -1.91173 -0.05838
-3.02620 -1.05510 -0.08962
-3.09277 0.15867 -0.83186
-4.25746 0.53174 -1.54127
-5.38581 -0.35633 -1.49229
-1.96657 0.93679 -0.81713
-4.23272 1.75063 -2.24361
-3.08970 2.52871 -2.21087
-1.97545 2.09137 -1.48444
-4.05508 -3.10513 0.68675
-2.87462 -3.39459 1.35187
-1.76357 -2.52661 1.30482
-1.80710 -1.33428 0.58701
-5.10609 2.07191 -2.80065
-3.03778 3.47433 -2.73497
0.85540 -2.00803 -3.28745
1.91332 -2.76214 -2.80355
0.12301 -1.13381 -2.45857
2.26625 -2.66229 -1.44193
3.33826 -3.40552 -0.83477
1.51393 -1.78021 -0.62805
3.63506 -3.28707 0.49144
2.88132 -2.40851 1.34305
1.05075 -0.80974 1.47877
3.10878 -2.23284 2.72064
1.28311 -0.66355 2.78426
2.30730 -1.36052 3.43710
0.43473 -0.98527 -1.10874
3.90516 -2.78151 3.21164
0.62892 0.01872 3.31141
2.45437 -1.20659 4.49835
-0.41795 0.13995 0.35001
-1.29508 1.18660 2.06401
0.91985 1.92229 0.12707
-1.15334 2.42636 2.33477
-0.25802 3.31795 1.73838
0.76008 3.06175 0.78040
-0.28890 4.33108 2.11572
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-2.05460
-1.86772
-3.09968
-1.90590
1.70989
1.27806
1.94140
2.65803
1.83100
2.08424
2.01508
3.31311
4.42559
4.38731
3.15608
3.40001
5.61641
5.28506
-1.07066
-6.28491
-6.19732
-4.89875
-2.79972
-0.86656
0.58036
-0.69508
2.46512
3.91856
4.44682
1.06533
3.08889

2.93603
2.36290
2.76842
3.99558
4.22214
5.15268
4.33127
4.06401
-1.66883
1.76561
1.87632
1.46090
1.29226
1.40844
1.70441
1.35606
0.99758
1.26607
2.68010
-0.07928
-2.17674
-3.78530
-4.31394
-2.81120
-2.09234
-0.57181
-3.42776
-4.07743
-3.85921
2.09687
1.79749

3.44234
4.35521
3.16625
3.65210
0.52869
0.89521
-0.53200
1.05041
0.75472
-0.68309
-2.07688
-0.08477
-0.89128
-2.27027
-2.85614
0.98921
-0.29195
-2.85808
-1.43192
-2.03178
-0.75886
0.73371
1.92462
1.84432
-4.33455
-2.89703
-3.45853
-1.45909
0.92714
-2.54662
-3.93390
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Table 14S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5¢2.

Atom

symbol X Y z

5.20959 1.34513 -1.32228
4.08502 1.86484 -0.59150
2.95878 1.02643 -0.39838
2.97503 -0.29565 -0.92812
4.08687 -0.79469 -1.64485
5.21385 0.07806 -1.82624
1.85472 -1.04907 -0.70239
4.01409 -2.11414 -2.12833
2.87789 -2.86402 -1.88421
1.81763 -2.29950 -1.16479
4.03618 3.16755 -0.05316
2.90515 3.57694 0.63442
1.79492 2.72480 0.81202
1.78968 1.42827 0.30446
4.84595 -2.53354 -2.68368
2.79049 -3.88383 -2.23616
-1.15870 1.45755 -3.42393
-2.18425 2.28755 -2.99814
-0.35886 0.73559 -2.51447
-2.43421 2.42326 -1.61693
-3.46459 3.26357 -1.06688
-1.61667 1.68979 -0.72260
-3.66244 3.37327 0.27855
-2.84159 2.64822 1.20905
-0.99565 1.08429 1.47704
-2.96639 2.70778 2.60948
-1.13110 1.16016 2.80185
-2.10930 1.96283 3.40163
-0.56932 0.81989 -1.13970
-3.72792 3.33603 3.05866
-0.43555 0.57149 3.38572
-2.17706 1.99041 4.48158
0.39180 -0.05271 0.42103
1.39943 -0.80099 2.21899
-0.94472 -1.83831 0.59784
1.28549 -1.97647 2.70441
0.35687 -2.95104 2.33030
-0.72919 -2.85365 1.41871
0.42193 -3.88749 2.86762
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2.26432
2.13065
3.28676
2.14233
-1.68216
-1.19755
-2.02401
-2.57054
-1.83167
-2.17105
-2.18954
-3.36501
-4.55678
-4.58730
-3.39168
-3.35173
-5.47287
-5.50037
0.92016
6.07251
6.07158
4.87992
2.86915
0.93815
-0.96417
0.42886
-2.78944
-4.09430
-4.44437
-1.28631
-3.39378

-2.29714
-1.58293
-2.17563
-3.30835
-4.03860
-4.90829
-4.29484
-3.81180
1.81451
-1.80302
-2.09206
-1.43546
-1.37028
-1.66347
-2.01746
-1.19908
-1.08453
-1.61529
-2.86262
-0.29411
1.98790
3.83709
4.58053
3.10449
1.35865
0.10282
2.83273
3.82308
4.01528
-2.36582
-2.30892

3.81702
4.63494
3.44803
4.20609
1.43143
1.87427
0.42777
2.02770
0.67824
-0.13034
-1.49955
0.50367
-0.21432
-1.57749
-2.18047
1.56079
0.28974
-2.15690
-0.94934
-2.37428
-1.46984
-0.18110
1.04722
1.35842
-4.48754
-2.91010
-3.71441
-1.75131
0.66930
-2.02754
-3.51398
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Table 15S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5d.

Atom

symbol X Y z

-5.27241 -1.40587 -1.22496
-4.15967 -1.85311 -0.43088
-3.02392 -1.01193 -0.32467
-3.02066 0.24278 -0.99849
-4.12133 0.67134 -1.77565
-5.25740 -0.20355 -1.86821
-1.89325 1.00448 -0.84804
-4.02967 1.92869 -2.40077
-2.88716 2.68929 -2.23013
-1.83868 2.19646 -1.44381
-4.13147 -3.08675 0.25226
-3.01104 -3.42842 0.99228
-1.89106 -2.57515 1.08096
-1.86478 -1.34539 0.42861
-4.85251 2.29288 -3.00629
-2.78613 3.66344 -2.69105
1.06937 -1.82447 -3.27706
2.07899 -2.62420 -2.76418
0.28698 -0.99062 -2.45201
2.33024 -2.61305 -1.37652
3.34433 -3.40991 -0.73855
1.53015 -1.76915 -0.56784
3.54393 -3.37561 0.61065
2.74182 -2.53490 1.45621
0.92881 -0.91427 1.55372
2.87080 -2.44256 2.85451
1.06858 -0.84549 2.87848
2.03275 -1.59716 3.56145
0.49881 -0.92869 -1.07620
3.62100 -3.03375 3.36840
0.38740 -0.18103 3.39405
2.10455 -1.50703 4.63771
-0.44503 0.11946 0.38260
-1.43236 1.06738 2.09517
0.92040 1.88959 0.36468
-1.31125 2.29239 2.43600
-0.37889 3.21026 1.94693
0.71207 2.99534 1.06026
-0.43718 4.20408 2.36977
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-2.28405
-2.14831
-3.30868
-2.15740
1.68284
1.22011
2.01121
2.57886
1.74725
2.15630
2.21301
3.32902
4.53809
4.55350
3.41415
3.29420
5.44906
5.73313
-0.93639
-6.10764
-6.14145
-4.98277
-2.99138
-1.04287
0.87289
-0.48940
2.67038
3.95989
4.31289
1.31201
3.46634

2.74735
2.13574
2.58559
3.79741
4.16049
5.07658
4.31434
3.97575
-1.74427
1.75898
1.92442
1.42198
1.26731
1.45058
1.77624
1.27834
1.00636
1.30075
2.77016
0.11494
-2.05095
-3.75642
-4.37851
-2.90059
-1.83970
-0.39021
-3.25738
-4.05419
-3.98778
2.17226
1.90536

3.50633
4.40329
3.15955
3.77114
0.94666
1.31242
-0.08231
1.54610
0.83819
-0.34231
-1.73060
0.34393
-0.33231
-1.70428
-2.42082
1.41736
0.19221
-2.37597
-1.28333
-2.46142
-1.30633
0.19367
1.51751
1.67383
-4.34493
-2.91460
-3.41674
-1.35822
1.06918
-2.27713
-3.49485
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Table 16S. Cartesian coordinates from the optimized structures of Sy in CgH;Cl media for 5f.

Atom

symbol X Y z

5.59389 0.77833 -1.59357
4.53184 1.49229 -0.93727
3.35155 0.78526 -0.59748
3.25228 -0.59984 -0.91368
430514 -1.29060 -1.55564
5.48933 -0.54862 -1.88935
2.08358 -1.21784 -0.55751
4.12306 -2.66107 -1.81807
2.94179 -3.27201 -1.44018
1.94286 -2.51977 -0.80954
4.59606 2.86268 -0.60919
3.51977 3.46153 0.02457
2.35482 2.73695 0.35417
2.23947 1.38201 0.05699
4.90729 -3.22658 -2.30950
2.76986 -4.32500 -1.62228
-0.87082 1.07063 -3.55149
-1.79956 2.04758 -3.22941
-0.08820 0.43298 -2.56607
-1.96858 2.42341 -1.88041
-2.89516 3.43181 -1.43854
-1.17252 1.76922 -0.90841
-3.01575 3.77082 -0.12261
-2.21538 3.12927 0.88378
-0.50186 1.46145 1.33895
-2.26425 3.42276 2.25951
-0.56465 1.75936 2.63709
-1.43654 2.73739 3.13131
-0.22027 0.75565 -1.21749
-2.94576 4.18246 2.62633
0.09965 1.20486 3.28683
-1.44884 2.94170 4.19410
0.73847 0.05650 0.42924
1.73547 -0.51964 2.29686
-0.74991 -1.55961 0.90768
1.53026 -1.58736 2.95815
0.49531 -2.51586 2.76245
-0.60494 -2.45767 1.87935
0.49371 -3.35691 3.44189
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2.51267
2.48704
3.52602
2.30284
-1.67366
-1.30608
-1.99386
-2.55673
-1.30855
-1.98219
-2.12844
-3.10973
-4.30174
-4.40358
-3.31025
-3.05654
-5.35553
1.00855
6.30290
6.49747
5.48365
3.57086
1.54585
-0.73870
0.62423
-2.39092
-3.50785
-3.71935
-1.10872
-3.40442
-5.54733

-1.83273
-0.98601
-1.88354
-2.74914
-3.51441
-4.30771
-3.95648
-3.07748
2.13209

-1.50480
-1.98711
-0.89114
-0.74828
-1.22575
-1.85237
-0.42128
-0.14921
-2.96910
-1.06898
1.32020

3.43591

4.51664

3.26268

0.78672

-0.32145
2.52596

3.93140

4.53613

-2.63286
-2.33394
-1.08867

4.08556
4.77754
3.67723
4.63717
2.08905
2.73806
1.14308
2.56477
0.46139
0.22032
-1.08398
0.77751
0.08125
-1.21754
-1.79864
2.03680
0.65625
-0.50716
-2.38283
-1.85385
-0.85439
0.27524
0.84959
-4.59100
-2.88125
-4.00259
-2.18211
0.18621
-1.67427
-3.04683
-1.90134
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Table 17S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5g.

Atom

symbol X Y z

5.80545 -0.97235 -2.49982
5.02042 0.14016 -2.03675
3.85608 -0.12568 -1.27387
3.49794 -1.47542 -0.99390
4.27912 -2.55973 -1.45381
5.45538 -2.26075 -2.22270
2.35809 -1.65718 -0.25747
3.85211 -3.85926 -1.12350
2.70457 -4.02418 -0.37036
1.98175 -2.89949 0.04737
5.34250 1.48825 -2.29894
4.52212 2.49114 -1.80907
3.36817 2.20233 -1.05034
3.00546 0.89039 -0.75889
442362 -4.71781 -1.45914
2.34851 -5.00873 -0.09569
-0.82234 -0.03251 -3.45045
-1.50047 1.17583 -3.41797
0.05202 -0.42431 -2.41514
-1.31380 2.04438 -2.32249
-1.95941 3.32389 -2.19284
-0.43368 1.62866 -1.29347
-1.74163 4.13415 -1.11704
-0.85135 3.73917 -0.06031
0.64952 2.01330 0.77298
-0.56046 4.51191 1.07950
0.90843 2.76390 1.84424
0.31975 4.02097 2.02785
0.26632 0.38841 -1.30448
-1.02465 5.48379 1.20699
1.60308 2.34827 2.56245
0.56438 4.59131 2.91464
1.45129 0.14417 0.32645
2.75154 0.08233 2.09179
-0.10363 -0.82584 1.62869
2.55044 -0.59455 3.15071
1.37822 -1.28040 3.50262
0.12803 -1.31432 2.84395
1.40842 -1.79157 4.45496
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3.71520

3.95920

4.59656

3.50832

-1.00300
-0.61372
-1.58259
-1.68976
-0.21630
-1.44057
-1.93908
-2.32771
-3.61418
-4.09928
-3.22720
-1.93138
-4.40952
-5.33211
1.07792

6.06194

6.69754

6.22577

4.77097

2.76564

-0.96569
0.55723

-2.16893
-2.63547
-2.23865
-1.16646
-3.64138
-6.45114
-7.72658
-6.47631
-6.33064
-7.82455
-7.74325
-8.57411
-8.97915
-8.96461
-8.97253
-9.89829

-0.61565
0.40923
-1.02434
-1.20277
-1.96555
-2.52396
-2.64423
-1.20648
2.48260
-0.77096
-1.65433
0.22172
0.33481
-0.55130
-1.55308
1.10612
1.32950
-0.42108
-2.99627
-3.08569
-0.76840
1.72928
3.52803
3.03143
-0.69801
-1.38036
1.45767
3.64283
5.09519
-2.66830
-2.44413
-0.78633
-0.62357
-0.13026
-1.82377
-1.64983
0.36591
-0.67567
-1.52403
-2.35262
-0.57677
-1.57774

4.12033
4.41468
3.61812
5.01517
3.61911
4.46909
2.98980
4.00495
-0.17591
1.17216
0.21143
1.60140
1.09763
0.13423
-0.29387
2.53879
1.54033
-0.42394
0.63032
-2.58011
-3.08331
-2.88058
-2.01333
-0.69540
-4.29614
-2.49870
-4.22426
-2.97971
-1.04261
-0.22331
-1.21073
0.42420
-0.36444
1.29839
0.74988
-1.33620
-0.84261
0.33532
-2.15254
-2.86025
-2.70701
-1.55391
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6. AFM data

Images of thin layers:
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ABSTRACT: A series of new bis(benzo[h]quinolinato) Ir(III)
complexes with modified f-ketoiminato ancillary ligands were

synthesized, and their electrochemical, photophysical proper-
ties were determined with the support of theoretical
calculations. Moreover, all the synthesized heteroleptic Ir(III)
complexes were examined as dopants of the host—guest type
emissive layers in solution-processed phosphorescent organic
light emitting diodes (PhOLEDs) of a simple structure. As
expected on the basis of voltammetry measurements as well as
DFT calculations, all the compounds appeared to be green
emitters. Their examination showed that alteration of f-
ketoiminato ligand structure causes frontier orbitals’ energy
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levels to be slightly changed, while significantly affecting photoluminescence and electroluminescence efficiencies of iridium
phosphors containing these ligands. It was also found that modification of ancillary ligands might enhance charge trapping on
the dopant, thus increasing its efficiency, especially in electroluminescence. From among the iridium complexes studied, the
compound bearing 1-naphthyl group bonded to the nitrogen atom of the ancillary ligand proved to be the most efficient emitter.
The PhOLED fabricated on the basis of this dopant has reached a luminance level of 16000 cd/m?, current efficiency close to

12 cd/A, and an external quantum efficiency around 3.2%.

B INTRODUCTION

Intensive research into new organic electroluminescent
materials has been ongoing since Tang and Van Slake
described the first organic light emitting diodes (OLEDs),'
and the researchers from the Cambridge University presented
the first polymer light emitting diode (PLED).” In the first
generation of electroluminescent devices, emission occurs
mainly from singlet states and is related to the phenomenon of
fluorescence. Therefore, according to statistical rules, theoreti-
cal internal efficiency of such devices can reach maximally 25%.
This limit may be overcome by phosphorescent emitters, for
which quantum mechanics selection rules can be broken, and
theoretically their emission yield can increase up to 100%.°
Popular phosphorescent materials are heavy metal complexes
bearing organic ligands whose properties result from the
presence of strong spin—orbit coupling. The complexes of Pt,

-4 ACS Publications  © 2019 American Chemical Society

Pd, or Os metals have been studied, but the most examined are
Ir(III) derivatives.” Popularity of the iridium compounds is
related to their intensive phosphorescence, even at room
temperature, that might be tuned within the whole visible
spectrum depending on the ligand structure modification. It
should be emphasized that 2-phenylpyridine was one of the
first ligands successfully used in this role and together with
benzo[h]quinoline gave rise to a group of iridium complexes
characterized by very intense green emission, for instance:
tris(2-phenylpyridinato)iridium(III) ([Ir(ppy);]) and bis(2-
phenylpyridinato-C*,N) (acetylacetonato)iridium(IIT) ([Ir-
(ppy),(acac)]),” tris(benzo[h]quinolinato-C%N")iridium (IIT)
([Ir(bzq);]), and bis(2-benzo[h]quinolinato-C*N’)(acetyl-
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acetonato)iridium(IIT) ([Ir(bzq),(acac)]).’ Although the first
iridium(III) complexes for OLEDs were developed over 20
years ago, the synthesis and study of new efficient iridium-
based emitters is still considered an attractive topic.*™*

In general, emissive materials show higher photolumines-
cence yield in solution than in solid state (ie. thin layer)
which is related to the self—quenching of excited states. In
order to suppress this effect, a host—guest system can be
implemented. In such a system, the emitter molecules are
dispersed in an active host, e.g. polymeric matrix, that increases
the mean distance between two emitter molecules.” On the
other hand, this approach emphasizes the importance of the
intermolecular energy transfer. The yield of energy transfer
from the excited states of the matrix to the dopant (by Forster
and/or Dexter mechanism) depends on the overlap of the
emission spectrum of the host and the absorption spectrum of
the guest.” Only when this condition is satisfied, a very efficient
energy transfer from the host to the guest can take place.
Moreover, the emission originating from the guest molecules
can be also caused by the direct charge carrier trapping on the
dopant.” Thus, the host—guest systems can be successfully
applied in the form of an efficient emission layer in
phosphorescent OLEDs (PhOLEDs).

Very recently, we have reported the studies concerning new
heteroleptic complexes of the general formula [Ir-
(bzq),(OAN)], for which we discussed the impact of the
number and distribution of fluorine atoms directly bonded to
the N-aryl moiety (=NR') in N,0-donating f-ketoiminato
ligand (RC(=NR')CH=C(—O")R), on the photophysical
and emissive properties.'” We have found that the introduction
of fluorine atoms does not significantly modify the optical and
electrochemical properties of the iridium complexes, while the
electroluminescence performance of PhOLEDs based on them
was strongly dependent on the structure of the modified f-
ketoiminato ligand. The most promising results were obtained
for the Ir complex with 4-fluorophenyl substituent in the
ancillary ligand structure. Therefore, as a continuation of our
research, we decided to explore para substitution effect by
investigation of Ir(III) heteroleptic complexes with different
substituents in the mentioned position of the phenyl moiety in
4-phenylimino-2-pentanonate ancillary ligand. As follows from
the available reports on this subject, in particular those by
Teets" as well as our recent findings,' so far the subjects of
studies have been limited to phenyl-based N-substituents (=
NR'). Unfortunately, there are no other reports concerning the
influence of the higher condensed polycyclic aromatic
hydrocarbon used as —R' substituents in N,O-donating /-
ketoiminato ligand. Therefore, we focused also on the
synthesis of 4-arylimino-2-pentanones (MeC(=NR')CH,—
C(=0)Me) equipped with various polycyclic aromatic
moieties —R', which were further employed in the preparation
of new [Ir(bzq),(MeC(=NR!)CH=C(—0)Me)] type com-
plexes. The modification of p-ketoiminato ancillary ligand
allowed determination of the =NR' substitution effect on the
emitter photochemical properties. The obtained iridium
complexes were applied as dopants in PhOLEDs, whose
work parameter analysis allowed identification of the most
efficient and promising iridium emitters.

B RESULTS AND DISCUSSION

Synthesis. According to recently published protocols,' in
the initial step a series of 4-arylimino-2-pentanones, bearing
aryl substituents of variable stereoelectronic character 3a—1 at

nitrogen atom, were successfully synthesized. Some of the
desired derivatives (3a—f, h, i) were prepared by the classical
manner, ie. the refluxing of appropriate amines (2a—f, h, i)
with 2,4-pentanedione (acacH) in the presence of p-
toluenesulfonic acid in a benzene environment, using a
Dean—Stark apparatus. However, the conversion of more
hindered amines (2g, j—1) required an acceleration with
microwave irradiation as a non-classical energy source
(Scheme 1). Anyhow, these methods allowed us to obtain /-

Scheme 1. Synthesis of Ancillary Ligands
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ketoimines equipped with phenyl-based substituents bearing in
their structure groups characterized by strong electron
withdrawing properties (3c—f), including various regioisomers
of nitro—substituted derivatives (3d—f). Thus, in order to
explain the influence of the presence of a strong electron
withdrawing group and its position on photophysical proper-
ties of final heteroleptic Ir(III) complexes, not only para-
substituted phenyl pJ-ketoimines, but also the compounds
bearing —NO, group in meta and ortho positions were
synthesized. We assumed that different position of the highly
electron withdrawing substituent in the phenyl group could
significantly affect the emissive parameters of the target iridium
complex, as we have previously described for the phenyl group
having one fluorine substituent.'® Additionally, on the basis of
the protocol involving the use of microwaves,'’ 4-arylimino-2-
pentanones with selected bulky polycyclic aromatic systems
were synthesized (3g—1). The purity of all organic materials
was confirmed by spectroscopic methods, such 'H, *C NMR,
HRMS (high resolution mass spectrometry) as well as the
structures of three of them (3d, j, 1) were solved using X-ray
methods.

In the next stage of our synthetic work, previously prepared
4-arylimino-2-pentanones were employed in the preparation of
new iridium(III) complexes, according to the earlier described
method.'® However, this time instead of microwaves, a
classical source of heat was used. The protocol applied
consisted of two successive steps, namely, generation of 4-
arylimino-2-pentanonalate salt in the reaction of f-ketoimi-
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nates 3 with NaH or KH in THF solution and employment of
the former for cleavage of binuclear precursor 4 (Scheme 2).

Scheme 2. Synthesis of Heteroleptic f-Ketoiminato
Iridium(IIT1) Complexes
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However, due to encountered vulnerability of the initial
ketoimine to degradation during the deprotonation process,
the use of NaO'Bu as base in a one-pot protocol was required
when using Sb and S5f. The applied methodologies made it
possible to obtain a series of Ir(IIl)-based phosphors bearing in
their structures various types of ancillary ligands (Sa—1).

Compounds Sa—1 were obtained with moderate to good
yields and characterized by spectroscopic methods. In the 'H
NMR spectra, sets of resonance lines characteristic of protons
coming from specific parts of ligands were clearly visible,
namely, in the region typical of cyclometalated bzq ligand
(9.70—9.00 ppm), methine part of N,O-donating ancillary
ligand (c.a. 5.00 ppm), as well as magnetically and chemically
non-equivalent methyl groups of ketoiminato ligand (2.00—
1.60 ppm). However, the '"H NMR spectra of some of the
isolated materials, namely Sc, 5f, 5i, Sk, and Sl revealed the
presence of two isomeric forms. We suppose that the reaction
selectivity toward the formation of one isomer depends on
properties of aryl substituents bonded to imine nitrogen atom,
such as steric hindrance or its orientation relative to the C,N-
cyclometalated ligands. In our opinion, the presence of N-aryl
substituents in close proximity of the cyclometalated ligands
may induce their intramolecular 7—z interaction (z-stacking),
which might be the driving force for the formation of one of
the two possible isomers, as it takes place for complexes Sb, 5d,
5g, Sh, and Sj. Heteroleptic octahedral iridium(III) complexes
with bidentate ligands may exist in the form of various
geometrical isomers, such as N,N-trans—mer, cis—fac, cis—mer
as well as C,C-trans—mer and their correspondlng enantiomeric
forms, as reported for the Flrpic complex.'” The authors of the
cited publication showed that the geometrical isomers do not
differ in photophysical properties, thus we decided not to
isolate pure isomers but examine their mixtures. Nevertheless,
we wanted to determine exactly which of the possible isomers
is formed in predominance. Therefore, the structures of five
complexes (5f, g, i, j, 1) were determined by X-ray analysis and
are discussed in the next paragraph.

X-Ray Analysis. X-ray diffraction structural analysis
confirmed the obtainment of target molecules (Figures 1 and
2 and Figure 23S in the SI). Although the crystal structure of
3d has been published earlier,'” for the sake of completeness,
we decided to add this structure determination as well. The
relevant geometrical parameters are listed in Table 2S (see the
SI). In all complexes the Ir atom is six-coordinated in quite a
regular octahedral fashion, surrounded by N and O atoms from
ketoiminato fragment, and N and C atoms from two
benzo[h]quinolinato ligands. Table 2S (see the SI) shows
that, upon complexation, the C4—N5—C6 angle becomes
significantly smaller, while the conformation of the 4-imino-2-

Figure 1. Perspective views of ligands: (a) 3d, (b) 3h, (c) 3j, (d) 31
(molecule A), together with the labeling schemes. Ellipsoids are
drawn at the 50% probability level, hydrogen atoms are shown as
spheres of arbitrary radii, and intramolecular hydrogen bonds are
drawn as dashed blue lines.

pentanone fragment remains stable, although less planar. This
observation can be connected with the presence of intra-
molecular N—H:---O hydrogen bonds in free ligand molecules,
responsible for planarization (cf. Table 38, see the SI). What is
more, the plane of the aromatic substituent at NS (Table 25,
the SI) is almost perpendicular to the O=C—C=C—N plane
(Table 2S, see the SI) in the coordinated ligands. The
conformations of all complexes, whose structural data are
collected, are quite similar. This can be shown by a comparison
of the dihedral angles between planar fragments: Ir—
ketoiminato cycle, two bzq planes, and substituent at NS5.
Table 2S (see the SI) lists the appropriate values, and the data
can be summarized as follows: (i) the Ir—ketoiminato ring
plane is almost perpendicular to all of the other planes, (ii)
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Figure 2. Perspective views of iridium complexes: (a) Sg, (b) §j, (c)
Sl Only Ir and coordinated atoms are labeled, for clarity. Ellipsoids
are drawn at the 50% (a and c) and 33% (b) probability level, and
hydrogen atoms are shown as spheres of arbitrary radii.

benzo[h]quinolinato planes are almost perpendicular to each
other, and (iii) the aromatic substituents at NS assume
positions close to gauche with respect to one benzo[h]-
quinolinato ligand and almost parallel to the other. In all
complexes, the tendency toward such a parallel disposition is
accompanied by a relatively close interplanar separation (in all
cases ca. 3.6—3.7 A; centroid—to—centroid distances are
around 3.8—3.9 A) which can be connected with the weak
intramolecular 7---7 interactions.

The crystal structures are defined mainly by weak dispersive
forces. Calculations of intermolecular (molecule-to-molecule)
potential using UNI force field'* indicate that the stabilizing
energy is the largest for pairs for which 7z (—57.5 kJ/mol for
51, —67.0 kJ /mol for Sg), C—H---7 (—65.8 kJ/mol for S§j), C—
H-S (—=67.0 kJ/mol in 5g), or C—H--O (—48.1 kJ/mol in 5f)
intermolecular interactions can be found.

Considering the above, it seems that even weak intra-
molecular 7---7 interactions between the N-aryl group and the

C,N-cyclometalated bzq ligand might induce the selective
formation of only one isomer as it takes place for compounds
5b—d and 5g—j (see 'H NMR spectra in the SI). On the basis
of XRD analysis of single crystals obtained from isomerically
pure samples Sg and 5j, we assume that for the above-
mentioned complexes, N,N-trans—mer is the most preferred
geometric isomer, which is confirmed by spectroscopic studies.
This might be supported by the fact that such a configuration
of C,N-donating ligands around the metal atom is typical of
such a binuclear substrate.”> However, in the case of any
disturbances of this type of interactions related to the mutual
arrangement of the above-mentioned elements of the complex
molecule, e.g. by introduction of a substituent at position 2
relative to the N—C(Aryl) bond (Sf) or changing the
substitution site of the polyaromatic system (5i, Sk, 51) (see
"H NMR spectra in the SI), the formation of another isomer
was observed.

Thermal Analysis. Thermal decomposition process of all
discussed Ir complexes was essentially multimodal with two or
three well-pronounced steps observed. The first decomposition
step occurred in the range of 250—450 °C, followed by the
second one, less pronounced, in the range of 450—650 °C and
the third one which could be observed between 650 and 950
°C. Comparing the results of TG analysis presented in Table 1

Table 1. Results of TG and DTG Analysis

mass loss temperature [°C]

sample T s residue” [%]
Sa 272 333 239
Sb 300 340 24.3
Sc 238 313 26.2
sd 302 343 24.3
Se 278 338 24.4
Sf 217 313 23.5
sg 349 376 256
Sh 233 318 21.7
Si 339 367 232
5j 311 358 23.2
Sk 313 351 22.6
sl 238 329 21.1

“Measured at 990 °C.

as well as TG curves presented in Figures 245—33S, it can be
concluded that the most thermally stable are complexes 5g and
Sb with the temperatures of 5% mass loss exceeding 230 °C.

Careful analysis of the obtained data leads to the observation
that not only the chemical nature of the functional group
present in the phenyl ring (see Figure 24S) influence the
thermal stability of examined compounds but also its
regiosubstitution. This phenomenon can be easily observed
in the example of TG curves of 4-, 3-, and 2-substituted
nitrophenyl 5d, Se, and 5f derivatives presented in Figure 258.
While only slight differences are observed between the
thermograms of Sd and Sg isomers, the thermal stability of
5f is significantly lower, which was revealed by a decrease in
the temperatures Ty, and Ty (see Table 1). The influence of
regioisomerism on thermal stability of the studied compounds
was also confirmed by the results obtained for 1- and 2-
naphthyl (Sh, $i), as well as for 1-, 2-, and 9-anthracenyl (5j,
5k, and 5l) derivatives TG analysis, presented in Figure 26S
and 278, respectively. Comparing the TG curves of the above-
mentioned naphthyl and anthracenyl derivatives with phenyl-
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derived complex (5a), it is easy to notice that also the number
of condensed aromatic rings present in the structure of R
substituent unambiguously influences the complex stability
(see Figures 30S—33S). Despite the above-mentioned differ-
ences in the thermal stability of the investigated samples, the
relative residue at 990 °C was similar. The latter was expected
as the iridium should be the main component of the pyrolysis
residue, and its content in the examined compounds was
comparable.

As a conclusion of this paragraph, it might be said that all the
complexes exhibited sufficient thermal stability to be applied as
potential phosphorescent emitters.'®

Electrochemical Properties. In order to determine
electrochemical properties of the studied iridium(III) com-
plexes, in particular their correlation with the structure of -
ketoiminato ligand, cyclic voltammetry measurements were
performed. On the basis of the onsets of oxidation and
reduction potentials, the electron affinity (EA) and ionization
potential (IP) were estimated. The measured curves are shown
in Figure 34S (SI). The oxidation onset potentials (Egy gnser) Of
all studied complexes are in the range from 0.12 up to 0.29 V.
The oxidation is quasi-reversible and related to the oxidation of
Ir(II) to Ir(IV). These results are in good agreement with
those reported for the corresponding iridium complexes with
P-ketoiminato ligands.'”"" The incorporation of a methoxy
group to the phenyl moiety leads to a slight decrease in E et
with respect to that of Sa, while incorporation of nitrile or nitro
groups leads to E,, . increase (Sd, Se) or has no effect (Sf).
This is consistent with the electronic effects of these groups,
since the methoxy group is electron donating, while nitrile and
nitro groups are electron withdrawing. For polycyclic aromatic
substituted complexes (Sh—1), the most intensive influence on
E .y onset Was observed for a-naphthyl derived complex. As one
can see, the measured reduction onset potentials (E,q onset)
were significantly more varied than E,, o, In general, most of
the complexes were characterized with E g nee Dear —2.3 V,
while the values reported for methoxy- and nitrile-derived
complexes were slightly more positive. However, the most
outstanding values were measured for nitro-derived complexes
(5d—f). The three complexes showed quasi reversible
reduction in contrast to the other studied compounds whose
reduction was irreversible. These results are similar to those in
the other reports concerning iridium complexes equipped with
nitro group, in which a drastic change in the reduction
potential was also observed.'”

Electrochemical EA and IP were estimated from E, g gpse¢ and
E oy onsers Tespectively. EA, which corresponds to the energy level
of LUMO (the lowest occupied molecular orbital), was found
to be more sensitive toward ancillary ligand chemical
modification than IP, corresponding to the HOMO (the
highest occupied molecular orbital) energy level. According to
Table 2, EA values were within the 2.8—3.4 eV range, while the
IP spread was only 0.2 eV. Therefore, the chemical
modification had noticeably greater impact on the LUMO
energy level. It is worth emphasizing that the complexes
equipped with naphthyl or anthracenyl substituents (Sh—I)
were characterized by identical EA and IP values as the
reference complex Sa.

Results of electrochemical measurement show that the
incorporation of different electron withdrawing or electron
donating groups to p-ketoiminato ligand might lead to a
change in their electrochemical properties. Obviously, it is a
consequence of electron density shift caused by chemical

Table 2. Electrochemical Properties of Studied Compounds

compound  Egoneer [V]  Eoxonser [V Eg [eV]  EA [eV] TP [eV]
Sa -2.32 0.17 2.49 2.8 53
Sb —2.20 0.12 2.32 2.9 5.2
Sc -2.15 021 2.36 3.0 53
sd -1.73 0.26 1.99 34 54
Se -1.70 0.26 1.96 34 5.4
Sf -1.72 0.17 1.89 3.4 53
5g -2.35 0.29 2.64 2.8 5.4
Sh —2.28 0.23 2.51 2.8 53
Si -231 0.16 2.47 2.8 53
5§ -229 0.20 2.49 2.8 53
sk —2.26 0.18 2.44 2.8 53
sl 231 0.15 2.46 2.8 53

modifications of the studied complexes and, hence, mod-
ification of their HOMO and LUMO energy levels. Our
attention was drawn by the most outstanding EA change
observed for nitro-derived complexes, that must have come
from the presence of —NO, groups. Thus, we decided to
implement computational chemistry methods in order to
explore the electronic structure of these three compounds
along with the other complexes, intending to explain the origin
of the difference.

Theoretical Considerations. As the basis for further
theoretical considerations, at first the complexes’ geometries
were optimized at the B3LYP level without any symmetry
constrains. Cartesian coordinates of the ground states (S,) of
the complexes are presented in Tables 10S—21S, while the
exemplary perspective view of Sf structure is shown in Figure
3. Table 3 illustrates the parameters of Ir—ligand bond lengths

Figure 3. Optimized structure of 5f in the ground state.

and bond angles in vacuo and in the C4H;Cl media, together
with the X-ray crystal structure data of 5f Due to the d°
configuration of the Ir(Ill) ion, all complexes have the
expected pseudo-octahedral coordination geometry around
the iridium center. As presented in Figure 3 and Table 3, two
coordinating nitrogen atoms in the bzq ligands (N(1) and
N(2)) are in trans positions and the valence angles N(1)—Ir—
N(2) are nearly 180° while the coordinating carbon atoms
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Table 3. Comparison of Selected Bond Lengths and Valence
Angles from the Optimized Geometries with the
Experimental Values for 5f

gas C¢H,Cl X-ray
Bond Lengths (A)
Ir—N1 2.102 2.105 1.946
Ir-N2 2.076 2.080 1.899
Ir—N3 2.265 2271 2.195
Ir-C13 2.034 2.036 2.034
Ir—-C25 2.028 2.029 2.009
Ir-01 2.180 2.191 2.125
Valence Angles (deg)
C13-Ir—-C25 89.2 88.4 92.5
C13—Ir—N2 934 93.6 91.2
C25-Ir—-N2 80.9 80.8 81.6
C13—Ir—N1 80.5 80.4 82.7
C25-Ir-N1 98.1 98.0 98.3
N2—-Ir—N1 173.8 173.9 173.9
C13-Ir—-N3 174.4 174.7 173.8
C25-Ir—N3 95.8 96.2 93.4
N2—-Ir—N3 89.9 89.8 91.6
N1-Ir—N3 96.2 96.2 94.5
C13-Ir-01 89.0 89.5 85.9
C25-Ir-01 174.8 175.1 177.0
N2-Ir-0O1 94.3 94.9 96.0
N1-Ir-01 86.5 86.0 84.0
N3-Ir-01 86.2 86.1 88.4

(C(13) and C(25)) are in cis positions and the valence angle
C(13)-Ir—C(25) is close to 90°. Furthermore, two valence
angles between the coordinating atoms from the bzq ligand
and the central iridium atom, namely C(13)—Ir—N(1) and
C(25)—Ir—N(2) (Table 3 and Figure 3) are nearly identical,
ca. 80°. The comparison of the structural parameters calculated
in the chlorobenzene environment and in vacuo showed that
the solvent effects have minor influence on the optimized
geometries of these complexes. The calculated Ir—N, Ir—C,
and Ir—O bond lengths are slightly longer (up to 0.01 A) in
C¢H;Cl media, while changes in the bond angles are less than
1.0°.

In general, the DFT (density functional theory) calculation
results are in reasonable agreement with the X-ray crystal
structure data. The deviations measured by the mean unsigned
error are 0.08 A and 2° for bond lengths and valence angles,
respectively. The slight discrepancy between the calculated and
the measured values is reasonable, because the former results
were obtained adopting the complex molecules in vacuo,
whereas the latter ones were examined in the crystalline state.
The above differences of geometrical parameters were indeed
expected as B3LYP method overestimates the bond lengths in
transition metal complexes.'®

Spectral properties are strongly dependent on the frontier
molecular orbitals’ (FMOs) properties. Therefore, DFT
calculations were employed to investigate the HOMO and
LUMO of the complexes. The molecular orbitals were
calculated assuming the optimized geometry of the ground
state. For all complexes, the energy gaps between the HOMO
and LUMO were correlated with their experimental values
obtained by cyclic voltammetry measurements. In this study,
apart from B3LYP, other commonly used functionals, namely
MO06 and WB97XD with basis set composed of 6-311++G(d,p)
for H, C, N, and O and SDD for Ir atom, were tested to obtain
the best possible correlation with experimental values. Because
the geometries optimized with B3LYP were comparable to
those obtained from the experimental XRD results, we initially
adopted this approach in our studies. The linear regression
coefficient determined, characterizing the strength of the
correlation between the theoretical energies and electro-
chemical data, was 0.86 (Figure 35S SI). From among the
other tested functionals, B3LYP was characterized by the best
correlation between experimental results and allowed us to
explain the unusually low bandgap for Sd—f; thus, it was
chosen for further considerations. This choice was also
supported by the fact that B3LYP functional is applicable for
prediction with good accuracy of the trend of structural
changes effect on the electronic structure of the modified
compound with respect to that of the unmodified one.” The
exemplary HOMO and LUMO contours and HOMO-LUMO
energy gaps of the studied complexes are presented in Figure 4,
while the full set of the numerical values of orbital distributions
are compiled in Table 9S (see the SI).

=

2 LUMO+1

3=

LUMO

5

3.31eV

Energy [eV]

-6 =

74

-8 -

Figure 4. Frontier molecular orbital diagrams of complexes Sa

15676

LUMO+1
lo75ev

LUMO

12.55 eV

and Sf computed at the B3LYP/SDD/6-311++G(d,p) level of theory.
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As usually observed for cyclometalated cationic iridium (III)
complexes,"™'? the iridium atom brings a significant con-
tribution to HOMO, while being much less involved in
LUMO. This fact indicates that HOMO—LUMO transition
should be characterized by strong MLCT (metal to ligand
charge transfer) character. Therefore, the HOMOs are
localized on both types of ligands, but their distribution is
limited to the N,O-donating atoms of the f-ketoiminato ligand
and is also spread over the whole bzq ligands, with slight shift
of electron density toward the C-donating part of bzq. On the
contrary, the LUMOs are almost totally present on cyclo-
metalating ligands (except Sd—f) with less than 5%
contribution of the Ir atom. It is worth noting that due to
the lack of symmetry constraint in the calculated structures, the
two bzq ligands are inequivalent, so their LUMOs are split into
two subsequent levels (e.g, LUMO and LUMO + 1) that are
very close in energy. However, for complexes Sd—f equipped
with a nitro group, the LUMOs are mainly located on the
ancillary ligand, in particular its nitrophenyl moiety, while the
successive unoccupied molecular orbitals LUMO + 1 and
LUMO + 2 primarily originate from the cyclometalating
ligands (see Table 9S in the SI). According to Table 6S, the
bandgap values calculated for Sa—c and Sg—I are very close,
the spread is 0.21 eV, while the respective electrochemical
bandgap spread is 0.32 eV. The calculated bandgap spread for
Sd—fis 0.11 eV, while electrochemically determined bandgaps
are within 0.1 eV range. This indicates that the electrochemical
data and theoretical predictions are well correlated and show
that the mentioned complexes should exhibit similar properties
related to the bandgap values within the above—specified
groups, despite the fact that their LUMO levels are
overestimated. Additionally, the calculated Sd—f bandgaps
are lower than the value obtained for the reference Sa by about
0.8 eV for B3LYP functional (Table 6S). The respective
electrochemically determined difference is in the 0.5—0.6 eV
range, which indicates good reproducibility of the experimental
data by theory. Interestingly, if one calculates HOMO and
LUMO + 1 energy level differences for Sd—f, they will obtain a
value close to the calculated HOMO—LUMO bandgap of Sa.
Considering the above, the DFT calculations reproduced the
trends observed in electrochemical measurements, confirming
that incorporation of —NO, groups into the ancillary ligand
structure is associated with the insertion of its own lowest
unoccupied level between the original HOMO and LUMO
levels of the unmodified reference complex Sa (see Figure 4).
Therefore, it supports our supposition that E .4 .. decreases
for 5d—f complexes relative to the other complexes which
originates from the reduction of the nitro group itself. This
conclusion is very important since it indicates that the
electrochemically determined bandgaps for these three
complexes are flawed. The correlation of electronic structure
with photophysical properties of the complexes is further
discussed in the following sections.

Photophysical Properties. Absorption spectra of the
studied complexes Sa—Sl in chlorobenzene under ambient
conditions are presented in Figure 5. The strong spin—orbit
coupling of iridium atom makes the formally forbidden triplet
metal—ligand charge transfer transitions (*MLCT) possible,
and for the examined complexes, they are observed as long-
wavelength absorption bands in the range of 440—550 nm.
Generally, the bands located around 400 nm can be assigned to
the higher extinction singlet "MLCT, and the bands falling in
the short-wavelength range (below 400 nm), to 7—z* ligand
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Figure 5. Normalized absorption spectra of the investigated
complexes in chlorobenzene: 5a—5g (a) and Sh—5l compared with

Sa (b).

centered ('LC) transitions. However, the exact assignment of
the lowest energy states may be inaccurate, because it is
generally known that they can be a mixture of *LC, *MLCT,
and '"MLCT.*® The fact that for tris(benzo[ h]quinolinato)-
iridium(III) complex ([Ir(bzq);]) the absorption bands in the
370 nm region were assigned to '"MLCT states might support
our interpretation.20

As one can see, the performed modifications of f-
ketoiminato ancillary ligand structure did not affect signifi-
cantly the absorption spectra of the studied complexes.
Nonetheless, the absorption spectra of the complexes equipped
with polycyclic aromatic substituents, especially anthracenyl,
differ mostly in the range of 'MLCT/LC transitions.
Interestingly, the change in anthracenyl regio-substitution
from position 2 (Sk) to 1 or 9 (5j, 51 respectively) resulted in
alteration in the probability of these transitions. The bands
located around 400 nm are more pronounced for §j and Sl
complexes, and the most intense bands (350—380 nm) are
slightly red-shifted in comparison to the corresponding signals
in the spectra of Sa, Sh, Si, and Sk. Interestingly, the
absorption onset for 5d—Se is similar to those of the other
complexes and no additional low—energy absorption bands
were observed for them. This fact is in contrast to the
electrochemically determined energy levels, which suggests a
significant decrease in the bandgaps for the nitro-substituted
complexes. This indicates that the excitation from HOMO to
LUMO levels are not preferable for them. Therefore, it can be
supposed that the observed lowest in energy transitions involve
the central atom and bzq ligands (corresponding to HOMO —
LUMO+1 transition). The reason for that might be the
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location of LUMO on the nitrophenyl moiety of ancillary
ligand, which hampers the electron transition from HOMO
mostly located on bzq ligands, due to very poor overlapping of
the orbitals.

Normalized photoluminescence (PL) spectra of the studied
complexes in chlorobenzene are shown in Figure 6. Excitation
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Figure 6. Normalized photoluminescence spectra of the investigated
complexes in chlorobenzene (4., = 485 nm): Sa—Sg (a) and Sh—S51
compared with 5a (b).

at 485 nm, corresponding to the MLCT transition of the
complexes, resulted in a broad emission band in the range of
500—750 nm with a maximum at ~570 nm for the complexes
with phenyl, naphthyl, and anthracenyl substituents (5a and
Sh—5I). All other complexes (5b—5g) showed a structured
emission with narrow bands located at ~538, ~577, and ~628
nm. The most structured emission spectrum was observed for
complexes Se and Sf, equipped with —NO, groups. Nonethe-
less, the emission spectra of the complex with —NO, groups in
the para position (Sd) revealed its instability and thus, it was
not further examined (see Figure 36S in the SI). As one can
see, the most pronounced structure is observed for the
complexes bearing electron withdrawing substituents (e.g.,
—NO,, —CN) and less distinct bands are noticed when the
electron donating groups (e.g, —OCH,, —Ph) are present in
the ancillary ligand structure. The structured emission spectra
of transition metal complexes often indicate a large
contribution of LC in the emissive excited states.”' Addition-
ally, for the complexes with electron withdrawing group, the
most intense is the 0—0 transition that changes a little bit the
color of the emitted light and suggests small geometry changes
during excitation and relaxation.

Complexes from the first group (Sb—Sg) exhibited the
structured emission which was a mirror image of the excitation
spectra (compare Figures 6a and 7), as relative intensities of
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Figure 7. (a) Normalized photoluminescence excitation and
absorption spectra of Se in chlorobenzene. (b) Normalized
photoluminescence spectra of Se in chlorobenzene, measured at
different excitation wavelengths.

the vibrational peaks in the emission correlated with the
excitation spectra (see Figure 37S in the SI for a full data set).
Considering the spectra recorded for the nitro-derived
complexes Se and 5f, the emission structure is the most
visible and the probability of higher energy transition relative
to the other bands is higher. For many common fluorophores,
the vibrational energy levels spacing is similar for the ground
and excited states, which results in the emission spectrum that
strongly resembles the mirror image of the absorption
spectrum. However, for our complexes, the vibrational mirror
image is only visible in the excitation spectra and no structure
is observed in the absorption spectra. It may suggest that these
two spectra have different excited-state origins. It is supposed
that the first absorption band reflects a combination of
different transitions to MLCT states, whereas the excitation
spectrum comes from the specific state responsible for the
emission. In general, MLCT transitions are coupled to low
energy vibrations and are more influenced by the molecule’s
environment, thus the absorption bands should reveal more
inhomogeneous broadening with increasing degree of MLCT
character. As shown for Se (Figure 7), when its molecule was
excited at the lowest energy absorption bands observed in the
excitation spectra, a structured emission spectrum in photo-
luminescence was recorded. Nevertheless, when higher energy
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was supplied to the molecule, a broad and structureless
emission spectrum was found. Usually, the structureless
spectrum is assigned to the emission from MLCT states,
whereas the structured emission indicates that LC emissive
excited states play a crucial role in generation of visible light.
Therefore, the probable explanation of this behavior could be
that upon tuning the excitation energy, the emission from
different close lying excited states is observed. However, in
order to examine this phenomenon, additional experiments are
needed. The strong excitation wavelength dependency of
emission have been reported by Hsu et al. for osmium(II) and
silver(I) complexes™ in which the phosphorescence/fluores-
cence intensity ratio is enhanced when the excitation energy is
increased.

Additionally, LC transitions are characterized with higher
energy than MLCT transitions.”’ However, our results
obtained for the studied iridium complexes suggests almost
the same energy for both transitions and a strong mixing of LC
and MLCT. Since the structured emission was observed only
for the complexes bearing phenyl-based ketoimine ancillary
ligands, we expected that this phenomenon would be
connected with the presence of this moiety. Surprisingly,
with the higher energy applied for excitation of Se and Sf; their
emission spectra were almost the same as those of the other
compounds. Once again, it proved that the electron transitions
involving nitrophenyl moiety are not preferable and rather Ir-
bzq are engaged, which correspond to HOMO—-LUMO+1 and
HOMO-LUMO+2 transitions. This explanation was further
supported by the results of electroluminescence studies.

[Ir(bzq);] is classified as a complex whose emission
originates from the SMLCT state.” A comparison of its
emissive properties with the results reported here suggest that
P-ketoiminato ancillary ligand plays rather a marginal role in
the emission processes that originates mainly from the states in
which bzq and iridium are mostly involved. As a consequence,
the observed structured photoluminescence spectrum can
correspond to the vibronic—sublevel, especially for the electron
transition between the orbitals localized mostly on the ligand,
when the electronic—vibronic coupling occurs and/or for low
energy metal—ligand vibrations, when the metal participation
in the electronic state increases. Since electron transitions are
much faster than nuclear oscillations, the structured spectra
should be observed when a small molecular geometry change
takes place in the excited state. The latter was confirmed
previously on the basis of the intensity of 0—0 transition.
Therefore, taking into account the above considerations, it can
be concluded that substitution of N-donating atom in the f-
ketoiminato with various aryl groups affects only the LC/
MLCT excited states contribution to the total emission, while
all the studied [Ir(bzq),(NAO)] complexes exhibit green
emission in the same range. Therefore, it should be expected
that the modification of ancillary ligand should influence the
luminescence performance, since the emission from the
SMLCT state is expected to be more efficient, but this will
not tune the emitted wavelength. Driven by this conclusion, we
wanted to examine if the structured emission would occur in
photo- and electroluminescence in the solid state.

Photoluminescence of PhOLED Active Layers. In order
to avoid the concentration induced emission quenching, for
which Ir(III) complexes are known,** the host—guest systems
are commonly used as an active layer, which means that the
emitter is homogeneously dispersed in a polymer matrix. In
this work, we used a well-known ambipolar matrix, composed

of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-S-
(4-biphenylyl)-1,3,4-oxadiazole (PBD), providing hole and
electron transport, respectively. The PVK/PBD mixture was
selected as a host material due to its wide energy gap in
accordance with the general rule that the emitter energy gap
should be localized between HOMO and LUMO levels of the
matrix to ensure good energy transfer of the excitons from the
matrix to the emitter molecules.

The PL spectra of thin PVK/PBD films doped with 1 wt %
of the studied emitters upon excitation with the wavelength
corresponding to the lowest absorption band of the PVK/PBD
matrix (4, = 340 nm) are presented in Figure 8. All tested
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Figure 8. Normalized photoluminescence spectra of thin layers of the
PVK/PBD blend doped with 1 wt % of emitter molecules: Sa—Sg (a),
and Sh—S51 compared with Sa (b). Excitation wavelength was 340 nm,
that corresponds to first absorption band of PVK/PBD matrix.

layers showed the emission related to the phosphorescent
dopants as well as host component (4., ~ 430 nm),
originating from singlet exciplexes formed between carbazole
moieties and oxadiazole molecules. A contribution of the
matrix emission indicates incomplete energy transfer from the
matrix to the emitters. The best energy transfer was observed
for naphthyl—derived complex (5i), whereas the worst
efficiency of this process was noted for the complexes
characterized by structured emission spectra in solution
(primarily Se, 5f). The main photoluminescence bands are
generally similar to those detected for the emitters in solution
upon high energy excitation. For the neat films, the emission
distribution is broadened and less structured, thus indicating
that mostly MLCT energy states are responsible for the
emission in the examined host—guest systems. Efficiency of
such an energy transfer influences the photoluminescence
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Table 4. Parameters of PhOLEDs Based on PVK/PBD Layers Doped with 1 wt % of All Tested Ir Complexes

compound Agy, [nm] L, [cd/m?] Nmax Lcd/A] EQE [%] Aprfim [nM] QY [%]

Sa 559 9 500 9.1 2.71 5§82 15
Sb 565 1400 2.6 0.83 548

Sc 559 600 1.5 0.48 545

Se 567 180 0.2 0.07 534

Sf 563 580 0.3 0.10 540 2
Sg 559 4200 3.8 1.13 548 12
Sh 556 15700 12.3 3.20 549 18
Si 569 5500 4.2 1.45 563 4
5j 587, 715 S0 0.02 0.01 554, 703, 775 <1
Sk 625, 697, 765 100 0.06 0.03 561, 685, 753 <1
Sl 575, 740 70 0.02 0.02 559, 723 <1

quantum yield (QY), which was up to 18% for the investigated
layers (Table 4).

The emission spectra of thin layers doped with anthracenyl
substituted complexes (5j—Sl) showed additional low energy
bands (680—800 nm) that were not visible in the spectra
recorded in solution. The presence of these bands is most
likely related to the anthracenyl degradation products. These
complexes exhibited poor emissive properties (QY < 1%, Table
4), as well as low stability of emissive states that was also
observed in further electroluminescence studies. Additionally,
incorporation of 5j—5I complexes resulted in a hypsochromic
shift of the matrix emission as presented in Figure 8b. It can be
attributed to the disruption of exciplex formation between
carbazole moieties from PVK and oxadiazole molecules.
Therefore, 5j—51 complexes are not good candidates for
efficient emitters in the PVK/PBD matrix, even though their
energy transfer was acceptable.

Dominant contribution to the emission of dopant
introduced to the layers may originate from long-range Forster
and/or from short-range Dexter energy transfer. The Dexter
mechanism is less likely because of low emitter concentration.
However, the exciton diffusion can enhance both paths of
energy transfer. Both mechanisms can operate efliciently only
when the emission spectrum of the donor and the absorption
spectrum of the acceptor overlap considerably. All the studied
complexes are characterized by a good spectral overlap of their
MLCT absorption bands with the matrix emission spectrum, as
shown in Figure 9, for exemplary Sa and Sh—Si complexes. In
the whole group of tested compounds, emitter Si stands out in
the energy transfer efficiency since only a small contribution of
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Figure 9. Normalized absorption spectra of four selected compounds
(5a, Sg, Sh, Si) in chlorobenzene solutions and normalized
photoluminescence spectra of neat PVK/PBD blend.
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its emission originated from the matrix is visible in the film PL
spectrum. However, the photoluminescence QY of this
compound in thin film was very low (4%, Table 4). The
opposite relationship was observed for §g, for which the energy
transfer was much less effective, but the compound showed
higher QY. Furthermore, Sh was characterized with the best
quantum yield (18%), despite showing noticeable contribution
of matrix emission in the photoluminescence spectrum. These
observations indicate that aryl-substitution of f-ketoiminato
ancillary ligand can tune photoluminescence efficiency of the
complexes in a way not fully understood. Nevertheless, the
confirmed spectral overlap of the complex absorption and the
matrix emission was a good premise to examine the efficiency
of energy transfer in electroluminescence studies.

Electroluminescent Properties. The electrolumines-
cence properties of the iridium complexes were tested in one
of the simplest PhOLED structure. The devices with a hole
injection layer (HIL) and an emissive layer were produced by a
spin-coating technique. Such a simple construction of the
device is preferable for manufacturing by economical wet
printing techniques. Additionally, this minimalistic approach is
an easy screening procedure for emitters’ electroluminescent
properties. The emissive layers were based on PVK/PBD
matrix systems as used in photoluminescence studies. It should
be noted that a PVK/PBD blend with a 7:3 weight ratio is
characterized by balanced charge transport properties, which is
a basic requirement for efficient OLEDs.

Electroluminescence (EL) spectra recorded for the devices
based on the investigated emitters are presented in Figure 10.
The EL spectra obtained for PhOLEDs doped with emitters
Sa—Si were very similar to the PL spectra in thin films. The
maxima of emission were in the range of 555—570 nm, with
one exception, and were only slightly red-shifted in relation to
the PL spectra (compare Figures 8 and 10). It should be
emphasized that the matrix emission disappeared in the EL
spectra, even when it was predominant in PL of thin films (for
complexes Se and 5f). The lack of emission from the matrix in
the EL spectra suggests a strong contribution of the charge
trapping process in EL phenomenon, which can promote
formation of excitons on the dopant molecules.

Similarly to the PL spectra, the EL spectra of PhOLEDs
doped with emitters 5j—5I showed long-wavelength bands in
addition to the desired *MLCT bands. For the PhOLED
created on the basis of Sk, this red emission even dominated.
During prolonged measurements of these OLED emissions, we
observed that the contribution of long-wavelength bands
changed irreversibly along with the device operation time (see
Figure 38S in the SI). Therefore, it can be concluded that the
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Figure 10. Normalized electroluminescence spectra of PhOLEDs
based on PVK/PBD doped with 1 wt % of the investigated emitter
molecules: Sa—5g (a) and Sh—51 compared with Sa (b).

complexes with the anthracenyl substituent (Sj—51) are
unstable. This indicates that the degradation process of
anthracenyl groups may occur during the radiative excitation
and can be reinforced during operation of the device. Such a
scenario is possible because the degradation might be caused,
e.g., by trace amounts of oxygen molecules embedded in the
bulk of the emissive layer, despite their production in a
nitrogen atmosphere.

Current density—voltage (J—V) and luminance—voltage (L—
V) characteristics of the best performing PhOLEDs, based on
Sa and Sh emitters, are shown in Figure 11. These plots
represent typical PhAOLED characteristics in the range up to 16
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Figure 11. Current density—luminance—voltage (J—L—V) character-
istics of PhAOLEDs with emitting layer made of PVK/PBD doped with
1 wt % of emitter molecules: Sa (empty symbols) and Sh (full
symbols).

V. The obtained luminance values were ~9500 and ~16000
cd/m?* at 16 V for 5a and Sh based PhOLEDs, respectively.
The turn-on voltage (the voltage value at which the luminance
reaches 1 cd/m?*) was around 7 V. Although the Sh-based
PhOLED was characterized by a greater leakage of current;
nevertheless, the maximum luminance was higher when
compared to the system made with the use of Sa. In Figure
12, the current efficiencies are plotted versus luminance for the
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Figure 12. Current efficiency—luminance dependencies of PhOLEDs

with emitting layer made of PVK/PBD doped with 1 wt % of Sa and
Sh complexes.

tested devices. The highest value (over 12 cd/A) was obtained
for PhOLED with Sh emitter, derived with a 1-naphthyl
substituent. This result correlates well with the fact that the
highest photoluminescence QY was measured for thin films
with this dopant (Table 4). Moreover, measured current
efficiency was relatively stable in the wide luminance range
(1500—4000 cd/m?).

A comparison of the parameters determined for all tested
devices and their emissive layers is shown in Table 4. It should
be emphasized that the best devices exhibited good
parameters, considering that the diodes had such a simple
structure and were produced using solution methods. OLEDs
of similar structure, based on [Ir(bzq),(acac)], exhibited the
maximum current efficiency of 4.2 cd/A.*> Therefore, the
obtained current efficiencies of 9.5 and 12.0 c¢d/A for Sa and
Sh can be considered to be quite high. Of course, further
optimization of the devices’ structure by incorporation of
additiztznal layers should lead to PhOLEDs of better perform-
ance.

The devices that exhibited the best EQE were those with Sa,
b and 5g—i phosphorescent dopants (Table 4). As one can see
from a comparison of QYy,, and EQE, they correlate well for
all complexes with the exception of 5i. This deviation might be
related to a noticeable impact of the exciton energy transfer on
the device performance. Considering the above, it seems that
the best external efficiencies were obtained for the emitters
equipped with unmodified aromatic moieties (Sa and Sg—i)
and electron-donating methoxy group (Sb), all rich in
electrons. The very low performance of anthracenyl-derived
complexes (5j—k) might deny it at a first glance, but their poor
stability in electroluminescence should be kept in mind. Taking
into account the above-mentioned details, it is clear that their
efficiency might be suppressed by their unexpected instability.
In this way, we proved that S-ketoiminato ligands affect the
photophysical properties of the examined complexes, in
particular luminescence efliciency, although they do not tune
the maximum emission wavelength.
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It is known that the performance of PhOLEDs strongly
depends on the concentration of emitter in the active layer.
After screening all the emitters as dopants for OLEDs at 1 wt
%, we decided to optimize the dopant concentration for the
complex with the best—performance, i.e. Sh. This emitter was
chosen inter alia because of its highest quantum photo-
luminescence efficiency (18%). Furthermore, the devices based
on it exhibited the highest luminance and current efficiency
from among the tested PhOLEDs. To determine the optimal
dopant concentration, a series of devices with different emitter
content in the PVK/PBD matrix were prepared (from 0.5 to
7.0 wt %). The observed maximum luminance values (at 17 V)
were in the range from ~4000 cd/m? (for 7 wt %) to ~16000
cd/m? (for 1 wt %). The maximum value of external quantum
efficiency (EQE ~ 3.2%) was obtained for the devices with 1
wt % emitter additive. A little bit lower value, but with slower
reduction of the efficiency with the increase in current density,
was observed for the diodes with 2 wt % emitter content
(Figure 13). Therefore, it can be assumed that the optimal
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Figure 13. External quantum efficiency—current density dependencies
of PhOLEDs with emitting layer made of PVK/PBD doped with
different concentrations (from 0.5 to 7 wt %) of Sh emitter.

emitter content for such PhOLEDs ranges between 1 and 2 wt
%. Higher concentration may result in the emitter molecules
aggregation process resulting in quenching of emissive states
that is a common phenomenon observed in guest—host
systems. This might be the reason for the decrease in EQE
with increasing emitter concentration from 4 to 7 wt % in the
examined case.

In order to compare the energy transfer efficiency in electro-
and photoluminescence, the same amounts of Sh dopant were
used in both experiments. The obtained normalized PL spectra
are presented in Figure 14. As one can see, the contribution of
matrix emission decreases as the dopant concentration
increases. However, even for 7 wt % emitter additive, a small
emission from the matrix exciplexes was observed, so the
energy transfer was still incomplete. It strongly contrasts with
the electroluminescence spectra, in which almost complete
quenching of PVK/PBD emission was observed for the lowest
examined concentration (0.5 wt %) of emitter Sh (see Figure
39S in the SI). As mentioned above, these results suggest that
charge carrier trapping processes play an important role in the
electroluminescence phenomenon. EL spectra do not change
noticeably with the concentration increase and only a slight
shift of the band maximum was observed from 557 nm (0.5 wt
%) to 560 (7 wt %) nm. In the dopant concentration—
photoluminescence studies, a slightly bigger redshift from 547
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Figure 14. Normalized photoluminescence spectra of emissive layers
based on PVK/PBD doped with Sh in different concentrations (from
0.5 to 7 wt %). The excitation wavelength, corresponding to first
absorption band of PVK/PBD matrix, was 340 nm.

nm (0.5 wt %) to 556 nm (7 wt %) was observed, suggesting
stronger intermolecular interactions. This is a normal
consequence of increasing concentration since it should also
reduce the mean distance between emitter’s molecules in the
emissive layer. It is worth noting that this phenomenon is more
visible in photoluminescence and less in electroluminescence.
Nevertheless, it is undoubtedly clear that the lower dopant
concentration gave better results in OLEDs.

As mentioned above, the charge carrier trapping might play
an important role in electroluminescence, therefore this
phenomenon was further explored by spectrally resolved
thermoluminescence (SRTL) studies in the range of 20—300
K. In recent years, it has been proved that guest and matrix
molecules compete in charge carriers trapping in emissive
layers based on host—guest systems.”””” To maximize the
emitter efficiency, this balance should be shifted toward
efficient formation of excitons on guest molecules and
quenching of host emission, even for the systems with minor
content of the emitter molecules in the matrix.

The SRTL results for the neat PVK/PBD and for the PVK/
PBD matrix doped with 1 wt % of Sh are shown in Figure 15.
A comparison of the TL maps showed that doping of Sh into
the PVK/PBD matrix results in a change in the emitted light
range. The spectrally resolved luminescence (SRL) recorded
close to the TL maximum (115 K) revealed that the emission
occurs in the range of 490—730 nm with one very broad band
with a maximum at 565 nm (see Figure 1S5c, red dashed line)
which does not change its position with temperature (see
Figure 15a). For the neat PVK/PBD matrix (see Figure 1Sc,
blue solid line), the emission occurred in the broader range of
390 to 750 nm. One can see two separated emission bands: a
dominant one with a maximum at 550 nm and the second one
with a maximum at 450 nm. Both emission bands from the
PVK/PBD blend are attributed to the exciplexes formed
between carbazolyl group and PBD molecule. The dominant
band originates from the triplet exciplexes, and the minor one
can be related to the singlet exciplexes and/or monomeric
triplet states of carbazolyl groups.”” However, the identification
of the radiative recombination active center in the doped
matrix is problematic because the dominant emission band of
the matrix (550 nm) is close to the emission originating from
the iridium complex molecules (565 nm). Nevertheless,
comparing both spectra, one can see that the spectrum of
the matrix doped with Sh is more intensive and has no short-
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Figure 15. SRTL spectra for PVK/PBD layer doped with 1 wt % of
emitter Sh and for neat PVK/PBD matrix layer: (a) the TL maps; (b)
normalized monochromatic TL curves recorded at 4 = 565 and 550
nm, respectively; (c) non-normalized isothermal spectra of emitted
light recorded at 105 and 115 K, respectively. The red dashed and
blue solid curves show results for the doped and neat PVK/PBD
matrixes, respectively. Straight lines on the TL maps indicate selected
wavelength for monochromatic TL curves (horizontal lines) and
selected temperature for isothermal spectra of emitted light (vertical
lines).

wavelength band; the main emission band is slightly red-shifted
by 15 nm and has a smaller full width at half-maximum
(FWHM). Considering the differences, it can be assumed that
in doped film the emission from Sh dominates over PVK/PBD
emission. It is clear that the TL intensity of PVK/PBD with 1
wt % of Sh is significantly higher than the TL intensity of the
matrix alone (about 30%). In addition, two normalized
monochromatic TL curves shown in Figure 1Sb differ as
well. The monochromatic TL curve of the pure matrix
(recorded at A = 550 nm) has a main maximum at 105 K.
Introduction of 1 wt % of Sh causes an increase in the relative
intensity of the TL signal in the high temperature range (above
110 K), as well as TL signal broadening in comparison to that
of its pure matrix analogue. In this case, high-temperature TL
signal contribution was greater in comparison to the previous
TL results obtained for the system doped with the iridium
complex containing one fluorine atom in the para position of
phenyl ring of the S-ketoiminato ligand."’ This comparison
points out the impact of deep traps located on the emitter
molecules. The depth of the traps might be approximated to
0.5 eV for holes and 0.4 eV for electrons, on the basis of
differences between HOMO and LUMO levels of the emitter
(5.3 and 2.8 eV, see Table 1) and the matrix (PVK (5.8, 2.2
eV) and PBD (6.2, 2.4 eV)). However, it should be taken into
account that HOMO and LUMO levels obtained from CV
experiments might be slightly varied in thin films due to
different environment of the molecules (THF as solvent in CV,
PVK/PBD in thin films).

It can be concluded that introduction of the iridium complex
molecules to PVK/PBD matrix causes formation of new,
deeper trapping states that promote radiative recombination
on the dopant molecules. In addition, it must be emphasized
that the spectrum observed in the TL experiment for PVK/
PBD doped with Sh shown in Figure 15¢ is similar to the EL
spectrum, as far as their shapes and location of the maximum

are concerned (cf. Figure 10b). This indicates that in both
cases, after optical excitation at low temperatures (SRTL) and
during the excitation induced by the current flow at room
temperature (EL), the generation mechanism of triplet exciton
for the emitter molecules added to PVK/PBD is similar.

B CONCLUSIONS

In summary, we reported a synthetic protocol for the
obtainment of heteroleptic [Ir(bzq),(MeC(=NR)CH=C-
(—O)Me)] complexes series and studied their electrochemical,
photoluminescent, and electroluminescent properties in
reference to the structure of p-ketoiminato ligand. The
spectrum of investigated R substituents included phenyl with
methoxy, cyano, nitro, and S-methyl-2-benzothiazyl groups in
para position, as well as all possible regioisomers of naphthyl
and anthracenyl moieties. In the case of nitro-substituted
complexes, also ortho and meta isomers were investigated in
order to explore in detail their outstanding electrochemical
properties. Namely, it was found that the presence of nitro
group drastically increases electron affinity. With the aid of
theoretical calculations, we proved that this phenomenon was
related to the reduction of nitro group and should have rather
minor effect on other properties related to the bandgap
between the orbitals involved in excitation and emission. Apart
from the three nitro-derived complexes, the variation of
ancillary ligand structure had only slight impact on the electron
affinity and ionization potential.

The photoluminescence studies confirmed the results
obtained from electrochemical measurements and theoretical
considerations, showing that the ancillary ligand structure
modification does not affect the bandgap. As a result, the
complexes were found to be green emitters with emission
maximum within the range of 30 nm. Surprisingly, it evidenced
that the electrochemically determined bandgap for nitro-
derived complexes was flawed because of the incorporation of
lowest unoccupied orbital of nitro moiety. Therefore, together
with theoretical calculations, it proved that HOMO localized
mostly on iridium and cyclometalating ligands, and LUMOs
present mostly on bzq, are predominantly involved in radiative
transitions. It also correlates with the measured photo-
luminescence spectra, which resemble the typical broad
MLCT character of the transition. Additionally, the com-
pounds equipped with polyaromatic substituents exhibited
broad and structureless emission, whereas the complexes
bearing phenyl-based substituents were characterized by
structured emission. The observed structure could correspond
to ligand vibrations or low energy metal—ligand vibrations.
Additionally, the structured emission spectra were not
observed in solid state for thin film layers of PVK/PBD
doped with 1 wt % of studied complexes, suggesting that
mainly MLCT states were filled by exciton transfer from the
host to the guest.

We found that although the structure modification of f-
ketoiminato ligand did not allow tuning of the maximum
emission wavelength, the other properties related to
luminescence efficiency were strongly affected. A particular
impact was observed in the photoluminescence quantum yield
of PVK/PBD layers doped with 1 wt % of the studied Ir(III)
phosphors, which ranged between <1 and 18%. A similar, but
less spectacular change, was observed for external quantum
efficiencies of the devices based on the same emissive layer,
namely from 0.01 to 3.20%. Interestingly, N,O-donating
ligands bearing unsubstituted aromatic moiety seemed to be
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more promising in the application as dopants for PhOLEDs.
However, this does not include the anthracenyl substituents
since incorporation of these moieties resulted in instability of
the complex upon photo- and electro-excitation.

From the tested devices, the best performance showed the
PhOLED doped with the complex bearing 4-(1-naphthyl)-
imino-2-pentanonate as an ancillary ligand. The maximum
measured work parameters reached 12 cd/A for current
efficiency and 16000 cd/m? for luminance. It should be
emphasized that these values are quite high, considering that
diodes were fabricated using solution methods and taking into
account the uncomplicated device structure. For reference, a
very similar OLED based on [Ir(bzq),(acac)] exhibited the
maximum current efficiency of 4.2 cd/A. In all the examined
devices, the electroluminescence spectra demonstrated only
the dopant emission, while a significant contribution of the
PVK/PBD matrix emission was observed in the photo-
luminescence of the same emissive layers. This indicated that
the charge trapping might be the dominant mechanism of
exciton generation in EL phenomenon. In fact, spectrally
resolved thermoluminescence studies for the most efficient
host—guest system proved that the recombination centers are
created on the emitter molecules which simultaneously act as
deeper trapping states, than the pure matrix. Therefore, on the
basis of our results, it can be concluded that the introduction of
the iridium complexes into the matrix causes efficient exciton
creation on the emitter molecules in EL phenomenon, proving
their applicability in PhOLED technology.

B EXPERIMENTAL SECTION

General Information. All syntheses and manipulations were
carried out under argon using standard Schlenk-line and vacuum
techniques. The microwave-assisted reactions were performed with
the use of a CEM Discover microwave pressure system (power max
300 W, magnetron frequency 2455 MHz, pressure max 20 bar). The
chemicals were obtained from the following sources: IrCl;-3H,0 from
Pressure Chemicals, acetone, acetylacetone (acacH), Et,0, MeOH,
CDCl;, CD,Cl,, 1,2-dichloroethane, THF, arylamines from Aldrich,
benzo[h]quinoline (bzgH) from ABCR, THF 99.5 extra dry from
Acros Organics, Bu,NBF, (purity > 98) from TCIL The complex
[{Ir(u-Cl1) (bzq),},] (4)*° was synthesized according to the published
method. All solvents and liquid reagents were dried and distilled
under argon prior to use. The NMR spectra for 4-arylimino-2-
pentanones were recorded in CDCl; on 300 MHz spectrometer at
298 K, using SiMe, as internal standard for 'H and "*C measurements.
For iridium complexes, the chemical shifts were referred to the
residual protonated solvent peaks (‘H 8y = 7.26 ppm for CDCl; and
'H 8 = 5.32 ppm for CD,Cl,). The purity of iridium materials was
determined by elemental analysis on Flash 2000 (Thermo Scientific).
HRMS data were obtained on AMD 402 two—sector mass
spectrometer of B/E geometry (EI-MS) and Waters/Micromass Q-
tof Premier mass spectrometer equipped with an electrospray ion
source (ESI-MS).

Synthesis of Ligands and Complexes. Detailed descriptions of
the preparation of ligands and complexes, as well as spectroscopic
data, can be found in the Supporting Information.

X-ray Crystallography. Diffraction data were collected by the w-
scan technique, for Sg and 51 at 100(1) K, for 3h and 3j at 130(1) K,
for 3d and 3l at room temperature on a Rigaku Xcalibur four-circle
diffractometer with an Eos CCD detector and graphite-monochro-
mated Mo Ka radiation (4 = 0.71069 A), and for §j at room
temperature on Rigaku SuperNova four-circle diffractometer with
Atlas CCD detector and mirror-monochromated Cu Ka radiation (1
= 1.54178 A). The data were corrected for Lorentz polarization as
well as for absorption effects.”” Precise unit-cell parameters were
determined by the least-square fit of reflections of the highest

intensity, chosen from the whole experiment. The structures were
solved with SHELXT>® and refined with the full-matrix least-squares
procedure on F?* by SHELXL-2013.>" All non-hydrogen atoms were
refined anisotropically, in 3j all hydrogen atoms were found in
difference Fourier maps, in 3h NH and OH hydrogen atoms, in 3d al
but methyl group, and these hydrogen atoms were freely, isotropically
refined. All other hydrogen atoms were placed in idealized positions
and refined as “riding model” with isotropic displacement parameters
set at 1.2 (1.5 for methyl groups) times U, of appropriate carrier
atoms. In the structure 3h the hydrogen atoms of methyl group C1
were found in two alternative positions with 50/50 site occupations.

The structures of two other compounds (5f and Si) were also
confirmed by X-ray diffraction, but—due to the poor quality of
crystals and severe disorder—these structures are attached as
Supporting Information. Table 1S lists the relevant information
about the crystal and refinement data.

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre, Nos.
CCDC 1865881 (3d), 1892376 (3h), 1865882 (3j), 1865883 (31),
1865883 (5f), 1865885 (5g), 1865886 (5i), 1865887 (5j) and
1865888 (SI). Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK. Fax: + 44(1223)336-033. E-mail: deposit@ccdc.cam.ac.uk.
www.ccde.cam.ac.uk.

Thermogravimetric Analysis (TGA). Thermogravimetric anal-
ysis (TGA) of the prepared complexes samples was carried out using a
QS0-TGA thermobalance (TA Instruments, Inc.) under an N, flow of
60 mL min~'. Samples (3—5 mg) loaded on a platinum pan were
heated from RT to 1000 °C at a rate of 10 °C min™".

Electrochemical Measurements. Electrochemical properties
were estimated from cyclic voltammetry (CV) measurement using
Electrochemical Analyzer model 620 (CH Instruments). A classic
three electrode setup was used with a platinum wire as a working
electrode, platinum spiral as a counter electrode, and silver wire as
pseudo-reference electrode. Potential was calibrated by ferrocene as
an internal standard. Measurement was carried out in THF with
Bu,NBF, as a supporting electrolyte. Oxidation onset potential
(Eoxonset) and reduction onset potential (E,.qone:) Were estimated
from the intersections of tangential lines of redox peaks and
background line. Electrochemical energy gaps (Eg) were estimated
from equation E, = (Eognset = Ered onser)le 1. Tonization potential (IP)
and electron affinity (EA) were estimated from equations IP = (5.1 +
ononset)le_l and EA = (51 + Eredonset)le_|'32

Computational Methods. The full optimizations of all Ir(III)
complexes in their singlet ground state were carried out. Initially, the
density functional theory (DFT) with B3LYP—the hybrid Becke’s
three parameter functional—and Lee—Young—Parr exchange-corre-
lation potential were used.***° For the Ir metal center the SDD basis
set with Stuttgart—Dresden pseudopotentials®” were used and the 6-
31G(d) basis set for H, C, N, and O atoms.*® After preliminary
calculations more flexible basis sets including diffuse and polarization
functions were used variety 6-311++G(dip). The DFT calculations
using the B3LYP,***%* M06,*” WB97XD" functionals based on the
optimized S, geometries were performed to obtain the energies of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied orbital (LUMO). To investigate solvent effect, the
ground—state geometry optimization of iridium compounds was also
performed within the SCRF (self-consistent reaction field) theory
using the polarized continuum model (PCM)*'™* in chlorobenzene
(C¢H4Cl) solution to model the interaction with the solvent. All
calculations were performed using the Gaussian09 software package in
PL-Grid infrastructure.**

Spectroscopic Measurements. Photophysical studies of new Ir
complexes were performed in a solution as well as for emissive layers.
All compounds were diluted (~107° M) in chlorobenzene and the
standard 1 cm path length quartz cuvette was used. Thin films (60
nm) of PVK/PBD blends (7:3 weight ratio) doped with iridium
complexes were prepared on quartz substrates by means of spin—
coating. Absorption spectra were detected by a Carry 5000 (Varian)
spectrometer. The emission spectra were recorded on Edinburgh
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Instruments FLS980 spectrofluorometer equipped with an integrating
sphere used to determine the photoluminescence quantum yields.

Samples of thick layers (few um), required for SRTL experiments,
were prepared by drop—casting from chlorobenzene solutions onto
aluminum substrates in ambient conditions. The samples for SRTL
studies were placed in the vacuum chamber on a thermostated holder
and covered by a sapphire plate. After sample photoexcitation at 15 K
for by pulsed nitrogen laser (4 = 337 nm) (PTI, model GL-3300T)
the TL measurements were carried out in the temperature range of
20—300 K with heating rate of 7 K/min. Sample thermoluminescence
was recorded by a detection system contained an optical collector, an
optical—fiber, a Micro HR Imaging Spectrograph and a CCD 3500
camera (Horriba Jobin Yvon).

Fabrication and Characterization of PhOLEDs. The OLEDs
were fabricated on glass substrates by means of the spin—coating
technique followed by vacuum evaporation. First, the hole injection
layer of poly(3,4—ethylenedioxythiophene) and poly-
(styrenesulfonate) mixture (PEDOT:PSS) was spin coated on an
ITO anode in ambient conditions. Second, the emissive layer of PVK/
PBD with 1 wt % Ir complex was spin-coated from a chlorobenzene
solution in a glove box. The dopant concentration influence on the
device parameters was checked only for Sh in the range of 0.5—7 wt
%. As the last step, the cathode materials were patterned through a
shadow mask by physical vacuum deposition technique. The complete
device stack can be written as ITO/PEDOT:PSS (20 nm)/PVK:PBD
+ emitter (60 nm)/Ca (20 nm)/Ag (100 nm). The device ]-V—L
characteristics were determined with use of Keithley 2400 source
measurement unit connected with Minolta CS-200 camera. The EL
spectra were recorded by the CCD 3500 camera (Horiba Jobin
Yvon).
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1. Synthesis of ligands and complexes

4-Phenylimino-2-pentanone (3a)': To a solution of 0.05 mol of
acetylacetone (5.0 g) in benzene, 0.045 mol of aniline (4.2 qg)
and 20 mg of p-toluenesulfonic acid were added. The obtained
mixture was refluxed using Dean-Stark apparatus, until no more
water was generated (ca. 10 h). Then the solvent was
evaporated and the oily residue was crystallized from hexane.
The product was filtered off and dried in wvacuum at r.t.
Yield: 7.1 g (90%), m.p. 47-49°C. Yield: 7.1 g (90%); m.p. 47—
49°C; 'H NMR (300 MHz, CDCls3): & = 12.47 (bs, 1H; NH); 7.32 (t,
2H, 7.7 Hz; Cae,sH); 7.17 (t, 1H, 7.7 Hz; CpH); 7.09 (d, 2H,
7.7 Hz; Cur,6H); 5.18 (s, 1H; =CH); 2.09 (s, 3H; C(=0)CHs);
1.98 (s, 3H; =CCHs3); !3C NMR (75 MHz, CDCl;) & = 196.0 (C=0);
160.1 (=C-N); 138.7 (N-Car1); 129.0 (Carz,6); 125.5 (Cara); 124.7
(Cars,s) 7 97.5 (=CH); 29.1 (C(=0)CHsz); 19.8 (=CCH3); HRMS (EI):
m/z calcd for C;;H;3NO': 175.0992, found: 175.0971.

Compounds 3b—-3i have been synthesized using the same method as

for 3a:

4- (4-Methoxyphenyl) imino-2-pentanone (3b): 0.07 mol (8.6 g) of
4-methoxyaniline was used. Yield: 10.2 g (71%); m.p. 40-42°C;
'H NMR (300 MHz, CDCl3) & = & 12.27 (bs, 1H; NH); 7.01 (m, 2H;
CaroH); 6.84 (m, 2H; CasH); 5.13 (s, 1H; =CH); 2.06 (s, 3H;
C(=0)CH3); 1.88 (s, 3H; =CCHs); !3C NMR (CDCl;) & = 195.7 (C=0);
161.3 (=C-N); 157.6 (CawsO); 131.4 (N-Cpy1); 126.5 (Carz,6); 114.2
(Cars,s5) 7 96.7 (=CH); 28.5 (C(=0)CHs3); 19.5 (=CCH;); HRMS (EI):
m/z calcd for Cy,H;5NO,": 205.1097, found: 205.11009.

4- (4-cyanophenyl) imino-2-pentanone (3c): 0.05 mol (5.5 g) of
4—aminobenzonitrile was used. Yield: 8.2 g (88%); m.p. 85-88°C;
'H NMR (300 MHz, CDCls) & = & 12.67 (bs, 1H; NH); 7.59 (m, 2H;
CarzH); 7.14 (m, 2H; CaH); 5.28 (s, 1H; =CH); 2.12 (s, 3H;



C(=0)CH3); 2.11 (s, 3H; =CCH3); '°C NMR (CDCls3) & = 197.5 (C=0);
157.5 (=C-N); 143.3 (N-Cpy1); 133.2 (Cars,s); 122.8 (Carz,6); 118.6
(C=N) ; 107.2 (CarsCN) ; 99.9 (=CH) ; 29.5 (C(=0)CHs) ; 20.3
(=CCH3) ; HRMS (EI): m/z calcd for C;,H;,N,O0': 200.0944, found:
200.0938.

4- (4-Nitrophenyl) imino-2-pentanone (3d): 0.04 mol (6.1 g) of
4-nitroaniline was used. Yield: 7.1 g (73%); m.p. 140-142°C; 'H
NMR (300 MHz, CDCls;) & = 12.75 (bs, 1H; NH); 8.16 (m, 2H;
CarsH); 7.15 (m, 2H; CaH); 5.31 (s, 1H; =CH); 2.17 (s, 3H;
C(=0)CH3); 2.11 (s, 3H; =CCH;); !3C NMR (CDCl;) & = 197.8 (C=0);
156.9 (=C-N); 145.2 (N-Cp.1); 143.4 (CpryNOz); 125.1 (Cars,s);
121.8 (Carz,6) 7 101.1 (=CH); 29.5 (C(=0)CHs3); 20.5 (=CCHj); HRMS
(EI): m/z calcd for Cy;H;,N,O53": 220.0842, found: 220.0840.

4- (3-Nitrophenyl) imino-2-pentanone (3e): 0.05 mol (6.8 g) of
3-nitroaniline was used. Yield: 7.8 g (72%); m.p. 76-78°C; 'H
NMR (300 MHz, CDCl3) o = 12.64 (bs, 1H; NH); 7.99 (ddd, 1H,
8.1, 2.1 & 0.9 Hz; CpH); 7.96 (t, 1H, 2.1 Hz; CaH); 7.50 (t,
1H, 8.1 Hz; CpsH); 7.40 (ddm, 1H, 8.1 & 2.1 Hz; Cupe¢H); 5.28
(s, 1H; =CH); 2.12 (s, 3H; C(=0)CH3); 2.09 (s, 3H; =CCHy); 1C
NMR (CDClz) & = 197.4 (C=0); 158.3 (=C-N); 148.7 (Capr3NOy)
140.3 (N-Car1); 130.0 (Cays); 129.6 (Carg); 119.5 (Cayp); 118.3
(Cara); 99.6 (=CH); 29.4 (C(=0)CHs); 19.4 (=CCHs); HRMS (EI):
m/z calcd for C;;H;,N,05": 220.0842, found: 220.0857.

4- (2-Nitrophenyl) imino-2-pentanone (3f): 0.04 mol (5.2 g) of
2-nitroaniline was used. Yield: 7.3 g (88%); m.p. 58-60°C; 'H
NMR (300 MHz, CDCls) & = 12.89 (bs, 1H; NH); 8.02 (dd, 1H, 8.2
& 1.5 Hz; CanH); 7.54 (ddd, 1H, 8.4, 7.0 & 1.5 Hz; CusH); 7.22
(dd, 1H, 8.4 & 1.2 Hz; CpeH); 7.23 (ddd, 1H, 8.2, 7.0 & 1.2
Hz; CanH); 5.37 (s, 1H; =CH); 2.14 (s, 3H; C(=0)CH3); 2.03 (s,
3H; =CCH;); '3C NMR (CDClz) & = & 197.3 (C=0); 156.2 (=C-N);
142.5 (CaprpNOy); 134.0 (N-Cay1); 133.4 (Cars)s; 126.4 (Capz); 125.7



(Cara); 124.5 (Cayg): 101.9 (=CH); 29.5 (C(=0)CH3); 19.9 (=CCH3):;
HRMS (EI): m/z calcd for C;;H{,N,053": 220.0842, found: 220.0861.

4- (4- (5-Methyl-2-benzothiazyl)phenyl) imino—-2-pentanone (3g) :
0.03 mol (7.8 g) of 2-(4-aminophenyl)-5-methylbenzothiazole
was used. Yield: 9.4 g (90%); m.p. 156-158°C; 'H NMR (300 MHz,
CDCl;) & = 12.65 (bs, 1H; NH); 8.01 (m, 2H; Cpus,sH); 7.91 (d,
1H, 8.3 Hz; Cg7H); 7.66 (s, 1H; Cg4H); 7.28 (d, 1H, 8.2 Hz;
CeegH); 7.18 (m, 2H; Cpnp,6H); 5.24 (s, 1H; =CH); 2.48 (s, 3H;
BtCH3); 2.12 (s, 3H; C(=0)CHs); 2.09 (s, 3H; =CCH3); '3C NMR (75
MHz, CDCl;) & = 196.7 (C=0); 165.9 (Cgt); 158.8 (=C-N); 152.2
(Cprza) 7 141.2  (N-Cay1);  135.3  (Cges);  135.1  (Cgera) s 130.2
(CaraBt); 128.2 (Cars,s) i 127.9 (Cgee) i 123.7 (Carz,6)i 122.6 (Cgey) s
121.3 (Cgeq); 100.0 (=CH); 29.3 (C(=0)CHs3); 21.5 (BtCHs3); 20.1
(=CCH3) ; HRMS (EI): m/z calcd for C;9H;gN,0S*: 322.1134, found:
322.1153.

4- (1-Naphthyl) imino-2-pentanone (3h): 0.04 mol (5.8 g) of 1-
aminonaphthalene was used. Yield: 6.8 g (75%); m.p. 74-75°C; 'H
NMR (300 MHz, CDClz) & = 12.75 (bs, 1H; NH); 8.03 (d, 1H, 7.9
Hz; CypngH); 7.87 (d, 1H, 7.5 Hz; CypnsH); 7.77 (d, 1H, 8.2 Hz;
CypnaH) 7 7.53 (m, 2H; Cypne,7H); 7.44 (t, 1H, 7.4 Hz; CymsH); 7.28
(d, 1H, 7.4 Hz; CymH); 5.31 (s, 1H; =CH); 2.18 (s, 3H;
C(=0)CH5); 1.88 (s, 3H; =CCH;); !3C NMR (75 MHz, CDCl;) & =
196.4 (C=0); 161.8 (=C-N); 134.8 (N-Cypn1); 134.2 (Cypnio); 129.9
(Cypno) 7 128.2 (Cypns) ;7 126.9 (Cypne) 7 126.8 (Cypnz) i 126.5 (Cypny) 5
125.2  (Cypng) 7 123.4  (Cypna) 7 122.7 (Cypn2) ;s 97.4 (=CH); 29.1
(C(=0)CH3); 19.6 (=CCH3); HRMS (EI): m/z calcd for C;sH;5sNO":
225.1148, found: 225.1157.

4- (2-Naphthyl) imino-2-pentanone (3i): 0.04 mol (5.7 g) of 2-
aminonaphthalene was used. Yield: 6.3 g (70%); m.p. 95-97°C; 'H
NMR (300 MHz, CDCls) & = 12.66 (bs, 1H; NH); 7.82 (d, 1H, 7.2
Hz; CypnsH); 7.81 (d, 1H, 8.6 Hz; CypnsH); 7.77 (d, 1H, 8.1 Hz;



CypneH);  7.54 (d, 1H, 1.9 Hz; CymnH); 7.49 (t, 1H, 7.2 Hz;
Cypn7H) ;5 7.45 (d, 1H, 7.2 Hz; CymeH); 7.25 (dd, 1H, 8.6 & 1.9
Hz; CyensH); 5.31 (s, 1H; =CH); 2.18 (s, 3H; C(=0O)CHs3); 1.88 (s,
3H; =CCH3); '3C NMR (75 MHz, CDClz) & = 196.2 (C=0); 160.1 (=C-
N); 136.3 (N-Cypni)i 133.5 (Cypns)i 131.1 (Cpnio) i 129.0 (Cupns)
127.6 (Cypns) 7 127.4 (Cypn7) 7 126.6 (Cypn7) i 125.6 (Cypng) ;7 123.9
(Cypne) ;7 121.7 (Cypns); 97.9 (=CH); 29.2 (C(=0)CHs); 20.0 (=CCHs);
HRMS (EI): m/z calcd for C;sH;sNO*: 225.1148, found: 225.1141.

4- (1-Anthracenyl) imino-2-pentanone (3j): to a pressure glass
vessel of 10 mL capacity equipped with a magnetic stirrer, 400
mg (2.070 mmol; 1.00 eqg.) of l-aminoanthracene, 2.125 mL of
pentane-2,4-dione (20.70 mmol; 10.00 eqg.) and a drop of acetic
acid were added. The reactor was sealed by a plastic cap
equipped with elastic membrane and then placed in the chamber
of a microwave radiation source. The thus prepared reaction
system was sealed with an encapsulating head, equipped with a
pressure sensor. The reaction was conducted for 1 hour at 150
°C, irradiating the mixture with microwaves (150 W and
frequency 2445 MHz). Afterwards, the solvent was fully
evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was purified by flash
chromatography using silica treated with triethylamine as the
solid phase (gradient elution from pure n-hexane to n-
hexane:AcOEt = 4:1, v/v). The purified material was dried in

o

vacuo for 4 hours. The desired product was obtained in 79 %
yield (450.35 mg, 1.637 mmol); m.p. 157-158°C; 'H NMR (300 MHz,
CDCls) & = 12.86 (bs, 1H; NH); 8.58 (s, 1H; Cani0H); 8.45 (s,
1H; CanoH); 8.06 (m, 1H; CancsH); 8.00 (m, 1H; CansH); 7.92 (d,
1H, 8.5 Hz; CaneqH); 7.49 (m, 2H; Canes,7H); 7.42 (dd, 1H, 8.5 &
7.0 Hz; CanesH); 7.25 (dt, 1H, 7.0 & 1.0 Hz; CaoH); 5.37 (s,
1H; =CH); 2.23 (s, 3H; C(=0)CH3); 1.92 (s, 3H; =CCHj3); !3C NMR
(CDCls) & = 196.5 (C=0); 161.9 (=C-N); 134.8 (N-Canr1); 132.2
(Cantaa) 5 132.0  (Cantioa) ;7 131.9  (Cantsa) 7 128.7 (Canes) ;7 128.6



(Cantoa) 7 127.9 (Canes) 7 127.2 (Cane10) 7 126.8 (Cane7) 7 126.0 (Canes) s
125.8 (Cante) s 124.4 (Capro) ;s 122.6 (Capra) s 121.6 (Canrz) s 97.7
(=CH); 29.2 (C(=0)CH3); 19.6 (=CCH3); HRMS (ESI): m/z calcd for
C19H1gNO" ([M+H]*): 276.1383, found: 276.1384.

4- (2-Anthracenyl) imino-2-pentanone (3k) : Following the
procedure used for preparation of 3j, the reaction was carried
out with 0.726 mmol (140 mg) of l-amincanthracene and 7.26
mmol pentane-2,4-dione. Yield: 150.17 mg (0.545 mmol, 75%);
m.p. 185-188°C; 'H NMR (300 MHz, CDCls;) & = 12.71 (bs, 1H; NH);
8.39 (s, 1H; CantoH); 8.33 (s, 1H; Canci0H); 7.99 (dm, 1H, 8.7
Hz; CanesH); 7.97 (dm, 2H, 8.9 Hz; Canes,gH); 7.67 (4, 1H, 2.1 Hz;
Canc:H) s 7.47 (m, 2H; Cante,7H) 7 7.24 (dd, 1H, 8.7 & 2.1 Hz;
CancsH); 5.27 (s, 1H; =CH); 2.16 (s, 3H; =CCH3); 2.15 (s, 3H;
C(=0)CH3); '3C NMR (CDCl3) & = 196.4 (C=0); 159.9 (=C-N); 135.7
(N=Cant2) ;7 132.2 (Cantoa) 7 131.5 (Cantsa,10a) 7 129.5 (Canrs); 129.4
(Cantaa) 7 128.2 (Cants) 7 127.9 (Cantg) 7 126.3 (Cant1o0) 7 125.8 (Canty) 7
125.6 (Cante) s 125.4 (Canro) s 124.1 (Capez) s 120.5 (Cane1) s 98.3
(=CH); 29.3 (C(=0)CH3); 20.2 (=CCH3); HRMS (ESI): m/z calcd for
C19H1gNO" ([M+H]*"): 276.1383, found: 276.1473.

4- (9-Anthracenyl) imino-2-pentanone (31) : Following the
procedure used for preparation of 3j, the reaction was carried
out with 2.070 mmol (400 mg) of 9-aminoanthracene and 20.70
mmol (2.125 mL) of pentane-2,4-dione. Yield: 399.04 mg (1.450
mmol, 70%); m.p. 147-149°C; 'H NMR (300 MHz, CDCl;) & = 12.67
(bs, 1H; NH); 8.44 (s, 1H; Cant10H); 8.08 (dg, 2H, 8.5 & 0.9 Hz;
Cant1,8H); 8.03 (ddt, 2H, 8.3, 1.4 & 0.9 Hz; Capa,sH); 7.52 (m,
2H; Cant2,7H) ; 7.49 (m, 2H; Canes,éH); 5.42 (s, 1H; =CH); 2.25
(s, 3H; C(=0)CH;); 1.57 (s, 3H; =CCH;); !3C NMR (CDCl;) & =
196.7 (C=0); 163.8 (=C-N); 131.6 (Cantsa,10a); 130.3 (N-Capnrg)
129.1 (Cant10) 7 128.5 (Cants,6); 126.7 (Capta,s); 126.6 (Cantsa,oa) s
125.6 (Cant2,7) 7 127.2 (Capt1,8); 96.7 (=CH); 29.3 (C(=0)CHs); 19.3



(=CCH3) ; HRMS (ESI): m/z calcd for CigH;gNO* ([M+H]*): 276.1383,
found: 276.1410.

[Ir (bzqg),{MeC (0)=CHC (=N (C¢Hs) ) Me}] (5a) : Complex was

synthesized according to previously published procedure.!

[Ir (bzqg),{MeC (0)=CHC (=N (4-MeO-C¢H,) )Me}] (5b) : In a Schlenk
vessel equipped with a magnetic stirrer, 100 mg (0.0856 mmol,
1.00 eq.) of [{Ir(bzqg),(p-Cl)},] (4), 70.15 mg (0.342 mmol,
4.00 eg.) of 4-(4-methoxyphenyl)imino-2-pentanone (3b) were
placed and then 5 mL of dried and deoxygenated THF was
introduced. In the next step, to the stirred mixture 41.13 mg
(0.428 mmol, 5 eq.) of NaO'Bu was added. The reaction was
conducted at ambient condition for 12 hours. Then the solvent
was evaporated from the red-orange solution under reduced
pressure. The remaining crude product was purified by flash
chromatography using silica as the solid phase and chloroform
as eluent. After evaporation of the solvent the remaining
solid was dried in vacuo for 4 hours. The desired product was
obtained in 62 % yield (78.90 mg, 0.103 mmol). Elemental anal.
calcd for CigH39IrN3O,, C 60.62; H 4.02; found C 60.70; H 4.06.
'H NMR (300 MHz, CDCls) & = 9.28 (dd, J = 5.3&1.4 Hz, 1H); 9.11
(dd, J = 5.3&1.4 Hz, 1H); 8.23 (dd, J = 8.0&1.4 Hz, 1H); 8.14
(dd, J = 8.0&1.4 Hz, 1H); 7.75 (d, J = 9.2 Hz, 1H); 7.60 (d, J
= 8.8 Hz, 1H); 7.56 (dd, J = 8.0&5.3 Hz, 2H); 7.45 (d, J = 1.5
Hz, 2H); 6.93 (ddd, J = 7.6&4.0&3.2 Hz, 2H); 6.63 (t, J = 7.5
Hz, 1H); 6.34 (dd, J = 7.2&0.9 Hz, 1H); 6.19 (dd, J = 8.7&2.6
Hz, 1H); 5.96 (dd, J = 7.3&0.9 Hz, 1H); 5.89 (dd, J = 8.6&2.9
Hz, 1H); 5.48 (dd, J = 8.6&2.9 Hz, 1H); 4.85 (s, 1H, =CH-);
4.59 (dd, J = 8.6&2.6 Hz, 1H); 3.41 (s, 3H, -OCH3); 1.68 (s,
3H, -CHs;); 1.61 (s, 3H, -CHs;). HRMS (EI): m/z calcd for
C3gH30IrN30,*: [M]* 753.1962, found 753.1975.



[Ir (bzqg),{MeC (0)=CHC (=N (4—-CN-C¢H,) )Me}] (5¢) : In a Schlenk
vessel equipped with a magnetic stirrer, 27.27 mg (0.668 mmol,
10.00 eg.) of NaH (60% dispersion in mineral oil) was placed
and washed with anhydrous and deoxygenated toluene (3 x 1.5
mL). In the next step, to the stirred NaH powder, 30.00 mg
(0.147 mmol, 2.20 eqg.) 4-(4- cyanophenyl)imino-2-pentanone
(3¢) and 4 mL of dried and deoxygenated THF was introduced.
The reaction was conducted until hydrogen evolution ceased.
The mixture obtained was transferred by a syringe equipped
with a syringe-filter disc to a Schlenk vessel of 25 mL
capacity, in which a portion of 78.00 mg (0.0667 mmol, 1.00
eq.) of [{Ir(bzqg),(p-Cl)},] (4) and 2 mL of anhydrous and
deoxygenated THF were placed under 1inert atmosphere. The
reaction was conducted at 65°C for 24 hours. After that,
mixture was filtered and concentrated. The remaining crude
product was purified by flash chromatography using silica as
the solid phase (gradient elution from pure n-hexane to n-
hexane:CH,Cl, = 1:2, v/v). Solid material was dried in vacuo
for 4 hours. The desired product was obtained in 68 % yield
(67.87 mg, 0.091 mmol). Elemental anal. calcd for Cs3gH,;IrN,O, C
61.03; H 3.64; found C 61.10; H 3.69. 'H NMR (300 MHz, CDCls3) &
9.22 (d, J =5 Hz, 1H); 9.06 (d, J =5 Hz, 1H); 8.26 (d, J =
8.0 Hz, 1H); 8.17 (d, J = 8 Hz, 1H); 7.75 (d,
7.60 (m, 3H); 7.53 (d, J = 9 Hz, 1H); 7.48 (d, = OHz, 1H);
6.99 (d, J = 8 Hz, 1H); ©.94 (t, J = 8 Hz, 1H); 6.66 (t, J =
8Hz, 1H); 6.060 (d, J = 8Hz, 1H); 6.35 (dd, J = 8 & 2 Hz, 1H);
6.30 (d, J = 7 Hz, 1H); 6.23 (dd, J = 8.2 & 1.9 Hz, 1H); 5.94
(d, 0 = 7 Hz, 1H); 4.91 (s, 1H); 4.78 (dd, J = 8.1, 2.1 Hz,

J = 9Hz, 1H);
J

1H); 1.70 (s, 3H, -CH3); 1,59 (s, 3H, - CHj3); HRMS (EI): m/z
calcd for CsgH,7IrN4Of: [M]* 748.1809, found 748.1825.

[Ir (bzqg),{MeC (0)=CHC (=N (4-NO,—-CzH,) )Me}] (54) : Following the
procedure used for preparation of 5c, the reaction was carried

out with 200.00 mg (0.171 mmol, 1.00 eqg.) of [{Ir(bzqg),(u-



Cl)},] (4), 68.18 mg (1.713 mmol, 10.00 eqg.) of NaH and 82.00
mg (0.377 mmol, 2.20 eq.) of 4- (4-nitrophenyl)imino-2-
pentanone (3d). Mixture was filtered and the solvent was fully
evaporated from the ©post-reaction mixture under reduced
pressure. The remaining crude product was purified by flash
chromatography using silica as the solid phase (gradient
elution from pure n-hexane to n-hexane:CH,Cl, = 1:2, v/v). The
desired product was obtained in 67 % yield (176.02 mg, 0.229
mmol) . Elemental anal. calcd for C3;H,7IrN4,O3, C 57.88; H 3.54;

found C 57.99; H 3.59. 'H NMR (300 MHz, CDCl;) & = 9.23 (d, J =

6 Hz; 1H); 9.07 (d, J = 6 Hz, 1H); 8.27 (d, J = 9 Hz, 1H);
8.18 (d, J = 6Hz, 1H); 7.75 (d, J = 9Hz, 1H); 7.61 (m, 3H);
7.44 (g, J = 9 Hz, 2H); 7.17 (m, 2H); 6.97 (d, J = 9 Hz, 1H);
6.92 (4, §J = 9 Hz, 1H); 6.81 (m, 1lH); 6.68 (t, J = 9 Hz, 1H);
6.34 (m, 2H); 5.96 (d, J = 6Hz, 1H); 4.94 (s, 1H, =CH-); 4.80

(dd, 1H); 1.72 (s, 3H, -CHs); 1.62 (s, 3H, -CHs); HRMS (EI):
I'H/Z calcd for C37H27IIN403+: I:].V_[]+ 768.1707, found 768.1723.

[Ir (bzqg),{MeC (0)=CHC (=N (3-NO,—CzH,) )Me}] (5e) : Following the
procedure used for preparation of 5¢, the reaction was carried
out with 200.00 mg (0.171 mmol, 1.00 eqg.) of [{Ir(bzqg),(u-
Cl)},] (4), 68.18 mg (1.713 mmol, 10.00 eqg.) of NaH and 82.00
mg (0.377 mmol, 2.20 eq) of 4-(3-nitrophenyl)imino-2-pentanone
(3e). Mixture was filtered and the solvent was fully
evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was purified by flash
chromatography using silica as the solid phase (gradient
elution from pure n-hexane to n-hexane:CH,Cl, = 1:2, v/v). The
desired product was obtained in 80 % yield (210.17 mg, 0.274
mmol) . Elemental anal. calcd for Cz;H»,7IrN4,O3, C 57.88; H 3.54;
found C 58.02; H 3.59. 'H NMR (300 MHz, CDCls) & = 9.24 (m,
1H); 9.09 (m, 1H); 8.27 (t, J = o6 Hz, 1H), 8.18 (m, 1H); 7.75
(m, 1H),; 7.62 (m, 4H); 7.64 (s, 1H); 7.73 (m, 1H); 7.08 (m,
1H); 6.93 (m, 2H); 6.63 (m, 1H); 6.33 (dd, J = 6 Hz, 1H); 6.07



(m, 1H); 4.93 (s, 1H, =CH-); 1.71 (s, 3H, -CH3); 1.61 (s, 3H,
-CHsz); HRMS (EI): m/z calcd for Cs3;H,;IrNsO53": [M]T 768.1707,
found 768.1725.

[Ir(bzqg),{MeC (0)=CHC (=N (2-NO,—-CzH,) )Me}] (5F) : In a Schlenk
vessel equipped with a magnetic stirrer, 100 mg (0.0856 mmol,
1.00 eq.) of [{Ir(bzqg),(p-Cl)},] (4), 75.36 mg (0.342 mmol,
4.00 eqg.) of 4-(2-nitrophenyl)imino-2-pentanone (3£f) were
placed and then 5 mL of dried and deoxygenated THF was
introduced. In the next step, to the stirred mixture 41.13 mg
(0.428 mmol, 5 eg.) of NaO'Bu was added. The reaction was
conducted at ambient condition for 12 hours. After that,
solvent was evaporated under reduced pressure. The remaining
crude product was purified by flash chromatography using
silica as the solid phase and chloroform as eluent. After
evaporation of the solvent the remaining solid was dried in
vacuo for 4 hours. The desired product was obtained in 60 %
yield (78.90 mg, 0.103 mmol). Elemental anal. <calcd for
C37H7IrN4O3, C 57.88; H 3.54; found C 57.96; H 3.57. 'H NMR (300
MHz, CDClj3) & = 9.50 (d, J = 5.5 Hz, 1H); 9.18 (d, J = 5.5 Hz,
1H); 8.24 (d, J = 8.1 Hz, 1lH); 8.18 (d, J = 8.0 Hz, 1lH); 7.76
- 7.56 (m, 4H); 7.47 (d, J = 5.0 Hz, 2H); 7.21 (d, J = 7.8 Hz,
1H); 7.02 (d, J = 7.8 Hz, 1H); 6.%96 (d, J = 8.2 Hz, 1lH); 6.87
(¢, 0= 7.5 Hz, 1H); 6.76 (t, J = 7.5 Hz, 1H); 6.24 (t, J =
7.8 Hz, 1H); 6.14 - 5.99 (m, 3H); 5.09 (s, 1H); 4.93 (d, J =
7.9 Hz, 1H); 1.81 (s, 3H), 1.71 (s, 3H); HRMS (EI): m/z calcd
for Ci37H,7IrN,Os*: [M]* 768.1707, found 768.1729.

[Ir(bzqg),{4-(4-(5-Methyl-2-benzothiazyl)phenyl)imino-2-

pentanolato}] (5g) : Following the procedure used for
preparation of 5c¢, the reaction was carried out with 134 mg
(0.115 mmol, 1 eqg.) of [{Ir(bzg),(p-Cl)},] (4), 46.1 mg (1.149
mmol; 10 eg.) of KH and 82 mg (0.253 mmol; 2.2 eg.) of (4-(4-
(5-Methyl-2-benzothiazyl)phenyl)imino-2-pentanone (3qg) . The

crude product was purified by precipitation from DCM/n-hexane



mixture and then dried in vacuo for 4 hours. The desired
product was obtained in 51 % yield (102.07 mg, 0.117 mmol).
Elemental anal. calcd for C4sH33IrN4,0S, C 63.12; H 3.82; found C
62.21; H 3.89. 'H NMR (300 MHz, CD,Cl,) & = 9.35 (dd, 1H, J =
5.3 & 1.4 Hz); 9.07 (dd, 1H, J = 5.3 & 1.3 Hz); 8.33 (dd, 1H,
J = 8.0 & 1.4 Hz); 8.25 (dd, 1H, J = 8.1 & 1.3 Hz); 7.81 -
7.75 (m, 2H); 7.71 - 7.62 (m, 4H); 7.49 (d, 1H, J = 8.8 Hz);

7.35 - 7.23 (m, 3H); 7.02 (dd, 1H, J = 8.3 & 2.2 Hz); 6.94 (t,

1H, 0 = 7.5 Hz); 6.85 (d, 1H, J = 7.7 Hz); 6.65 (t, 1H,
7.5 Hz); 6.60 (dd, 1H, J = 8.2 & 2.2 Hz); 6.43 (dd, 1H,
8.3 & 2.2 Hz); 6.31 (dd, 1H, J = 7.2 & 1.0 Hz); 5.98 - 5.94

(m, 1H); 4.96 (s, 1H, =CH-); 4.77 (dd, 1H, J = 8.2 & 2.2 Hz);

J
J:

2.47 (s, 3H, -CHs); 1.72 (s, 3H, -CHs3); 1l.66 (s, 3H, -CHs);
HRMS (EI): m/z calcd for CysH33IrN,OS*: [M]* 870.1999, found
870.2019.

[Ir (bzqg),{MeC(0)=CHC (=N (1-Naph) )Me}] (5h) : Following the
procedure used for preparation of 5¢, the reaction was carried
out with 189 mg (0.162 mmol, 1 eqg.) of [{Ir(bzqg),(u-Cl)},] (4),
64.97 mg (1.620 mmol; 10 eg.) of KH and 80.29 mg (0.356 mmol;
2.2 eq.) of 4— (l-naphthyl)imino—-2-pentanone (3h) . The
remaining crude product was purified by flash chromatography
using silica as the solid phase (gradient elution from pure n-
hexane to n-hexane:CH,Cl, = 1:2, v/v). The desired product was
obtained in 64 % yield (160.33 mg, 0.207 mmol). Elemental
anal. calcd for C4H3yIrN3O, C 63.71; H 3.91; found C 63.86; H
3.97. 'H NMR (300 MHz, CDCl3) & = 9.47 (d, J = 6 Hz, 1H); 9.35
(d, J = 6Hz, 1H); 9.17 (d, JH = 6 Hz, 1H); 8.27 (d, J = 9 Hz,
2H); 7.74 (m, 4H); 7.48 (m, 1H); 7.22 (m, 2H); 6.90 (m, 2H);
6.67 (t, JH = 9 Hz, 2H); 6.16 (d, J = 6 Hz, 1H); 5.98 (d, J =
9 Hz, 1H); 5.92 (d, J = 6 Hz, 1H); 4.97 (s, 1H, =CH-); 1.78
(s, 3H, -CHs); 1.59 (s, 3H, -CH3); HRMS (EI): m/z calcd for
Cy1H3oIrNsO*: [M]*Y 773.2013, found 773.2033.



[Ir (bzqg),{MeC (0)=CHC (=N (2-Naph) )Me}] (51) : Following the
procedure used for preparation of 5c, the reaction was carried
out with 189 mg (0.162 mmol, 1 eqg.) of [{Ir(bzqg),(u-Cl)},] (4),
64.97 mg (1.620 mmol; 10 eqg.) of KH and 80.29 mg (0.356 mmol;
2.2 eq.) of 4— (2-naphthyl) imino-2-pentanone (31i) . The
remaining crude product was purified by flash chromatography
using silica as the solid phase (gradient elution from pure n-
hexane to n-hexane:CH,Cl, = 1:2, v/v). The desired product was
obtained in 70 % yield (174.74 mg, 0.226 mmol). Elemental
anal. calcd for C4Hs3IrN3;O, C 63.71; H 3.91; found C 63.83; H
3.96. 'H NMR (300 MHz, CDCl3) & = 9.44 (d, J = 4.8 Hz); 9.37
(d, J = 5.2 Hz, 2H); 9.18 (d, J = 5.2 Hz, 2H); 9.13 (d, J =
4.8 Hz); 8.27 (m, J = 6.9 Hz); 8.14 (d, J = 7.9 Hz); 7.74 (m);
7.69-7.55 (m); 7.37 (d, J = 8.8 Hz); 7.31 (d, J = 7.9 Hz);
7.24 - 7.20 (m); 7.18 - 7.13 (m); 7.07 (m); 6.99 (d, J = 8.8
Hz); 6.96 - 6.87 (m); ©.78 (d, J = 8.8 Hz); 6.66 (m); 6.56
(m); 6.46 - 6.34 (m); 6.30 (d, J = 7.2 Hz); 5.98 - 5.91 (m);
4.99 (d, J = 2.0 Hz); 4.96 (dd, J = 8.6 & 2.1 Hz); 4.91 (s),
4.89 (s, 1H), 1.72 (s), 1.71 (s, 3H), 1.65 (s, 3H), 1.64 (s);
HRMS (EI): m/z calcd for CuH3IrN3;Of: [M]* 773.2013, found
773.2029.

[Ir (bzqg),{MeC(0)=CHC (=N (l-anthracenyl))Me}] (5j): Following the
procedure used for preparation of 5c¢, the reaction was carried
out with 142 mg (0.121 mmol, 1 eqg.) of [{Ir(bzqg),(u-Cl)},] (4),
48.5 mg (1.214 mmol; 10 eg.) of KH and 73.5 mg (0.267 mmol;
2.2 eq.) of 4-(l-anthracenyl)imino-2-pentanone (33) . The
remaining crude product was purified by flash chromatography
using silica treated with triethylamine as the solid phase
(gradient elution from pure n-hexane to n-hexane: AcOEt = 6:4,
v/v). The purified material was dried in vacuo for 4 hours.
The desired product was obtained in 25% yield (50.0 mg, 0.061
mmol) . Elemental anal. calcd for Cy4sH;,IrN;O0, C 65.67; H 3.92;
found C 65.80; H 3.97. 'H NMR (300 MHz, CD,Cl,) & (ppm) = 9.55



(dd, 1H, J = 5.4 & 1.3 Hz); 9.22 (dd, 1H, J = 5.4 & 1.4 Hz);
8.35 (dd, 1H, J = 8.0 & 1.3 Hz); 7.80 - 7.66 (m, 5H); 7.47 -
7.40 (m, 2H); 7.37 - 7.24 (m, 4H); 7.20 (s, 1H); 7.01 (d, 1H,
J = 8.8 Hz); 6.97 (d, 1H, J = 8.4 Hz); 6.86 (t, 1H, J = 7.5
Hz); 6.81 - 6.76 (m, 1H); 6.70 - 6.52 (m, 4H); 6.05 (dd, 1H, J
= 7.2 & 1.0 Hz); 5.86 (dd, 1H, J= 7.2 & 1.0 Hz); 5.09 (s, 1H,
=CH-); 1.85 (s, 3H, -CH3); 1.68 (s, 3H, CH3); HRMS (EI): m/z
calcd for CysH3,IrN3;O*: [M]* 823.2169, found 823.2197.

[Ir (bzqg),{MeC(0)=CHC (=N (2-anthracenyl))Me}] (5k): Following the
procedure used for preparation of 5c, the reaction was carried
out with 142 mg (0.121 mmol, 1 eqg.) of [{Ir(bzqg),(n-Cl)},] (4),
48.5 mg (1.214 mmol; 10 eg.) of KH and 73.5 mg (0.267 mmol;
2.2 eq.) of 4—(2-anthracenyl) imino-2-pentanone (3k) . The
remaining crude product was purified by flash chromatography
using silica treated with triethylamine as the solid phase
(gradient elution from pure n-hexane to n-hexane: AcOEt = 6:4,
v/v). The purified material was dried in vacuo for 4 hours.
The desired product was obtained in 38 % yield (74.8 mg, 0.091
mmol) . Elemental anal. calcd for CysHs3,IrN3O, C 65.67; H 3.92;
found C 65.77; H 3.96. 'H NMR (300 MHz, CDCls) & = 6.49 (d, J
= 6.0); 9.39 (4, J = 5.1 Hz, 1H); 9.21 (d, J = 5.1 Hz, 1H);
9.15 (d, J = 5.2 Hz), 8.30-8.23 (m); 8.20 - 8.13 (m, 1H); 7.89
(s, 1H); 7.83 - 7.78 (m); 7.77 - 7.71 (m); 7.70 - 7.65 (m);
7.65 - 7.59 (m); 7.39 - 7.31 (m); 7.24 - 7.20 (m); 7.16 (s,
1H); 7.08 (d, J = 8.7 Hz, 1H); 6.95 (d, J = 8.8 Hz, 1H); 6.92
(¢, J = 7.5 Hz, 1H); 6.87 (s, 1H); 6.79 (d, J = 8.7 Hz, 1H);
6.61 (d, J = 8.7 Hz, 1H); 6.58 - 6.53 (m); 6.46 (s); 6.39 (s);
6.28 (t, J = 7.0 Hz, 1H); 6.14 (d, J = 7.7 Hz, O0H), 5.99 -
5.97 (4, 0= 7.3 Hz, 1H), 5.12 (s, 1H); 5.01 (dd, J = 8.9, 2.0
Hz); 4.94 (s); 4.92 (s, 1H); 1.75 (s); 1.72 (s, 3H); 1.70 (s,
3H); 1.68 (s); HRMS (EI): m/z calcd for Cu4sH3,IrN3O%: [M]*
823.2169, found 823.2198.



[Ir (bzqg),{MeC(0)=CHC (=N (9-anthracenyl))Me}] (51): Following the
procedure used for preparation of 5c, the reaction was carried
out with 142 mg (0.121 mmol, 1 eqg.) of [{Ir(bzqg),(u-Cl)},] (4),
48.5 mg (1.214 mmol; 10 eg.) of KH and 73.5 mg (0.267 mmol;
2.2 eq.) of 4-(9-anthracenyl)imino-2-pentanone (31) . The
remaining crude product was purified by flash chromatography
using silica treated with triethylamine as the solid phase
(gradient elution from pure n-hexane to n-hexane: AcOEt = 6:4,
v/v). The purified material was dried in wvacuo for 4 hours.
The desired product was obtained in 63 % yield (127.0 mg,
0.154 mmol). Elemental anal. calcd for C4sH;3,IrN3sO, C 65.67; H
3.92; found C 65.82; H 3.97. 'H NMR (300 MHz, CD,Cl,) & = &
10.08 (d, J = 5.3 Hz); 9.98 (d, J = 5.5 Hz, 1H); 9.23 (d, J =
5.3 Hz); 9.14 (d, J = 5.5 Hz, 1lH); 8.45 - 8.30 (m, 3H); 7.93
- 7.82 (m); 7.79 - 7.66 (m); 7.65 - 7.53 (m); 7.47 - 7.38 (m);
7.32 (s, 1H); 7.26 (d, J = 8.6 Hz); 7.18 (d, J = 7.3 Hz); 7.14
- 7.08 (m); 7.01 - 6.88 (m); 6.83 - 6.73 (m); 6.59 (t, J= 7.5
Hz, 1H); 6.52 (d, J = 8.0 Hz); 6.44 (d, J = 7.8 Hz, 1H); 5.94
(¢, = 17.2 Hz, 1H); 5.86 (d, J = 7.4 Hz, 1lH); 5.81 (t, J =
7.5 Hz, 1H); 5.61 (s); 5.44 (t, J = 6.3 Hz, 1H); 5.24 (s, 1lH),
5.02 (s); 2.50 (s), 2.05 (s), 1.85 (s, 3H), 1.62 (s, 3H); HRMS
(EI): m/z calcd for C4sH3,IrN;Ot: [M]*' 823.2169, found 823.2193.

References
(1) Witkowska, E.; Wiosna—Salyga, G.; Gtowacki, I.; Orwat, B.; Oh, M—j.; Kownacki, I.; Kubicki, M.;
Gierczyk, B.; Dutkiewicz, M.; Cieszko, P.; Luszczynska, B.; Ulanski, J.; Grzelak, I.; Hoffmann,
M.; Ledwon, P.; Lapkowski, M. Effect of fluorine substitution of the B-ketoiminate ancillary
ligand on photophysical properties and electroluminescence ability of new iridium(lll)
complexes. J. Mater. Chem. C 2018, 6, 8688—-8708.



2. NMR spectra of 4-arylimino-2-pentanones
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Fig. 1S. NMR spectra of 4-phenylimino-2-pentanone (3a)
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Fig. 2S. NMR spectra of 4-(4-methoxyphenyl)imino-2-pentanone (3b)
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Fig. 3S. NMR spectra of 4-(4-cyanophenyl)imino-2-pentanone (3c)



H NMR

1
[RRRRERRLR} IRRRRREARL IRARRERRRR} IRARERRRAR} | RARRRRRRR} IRRRRERRRR} IRARRARRAR} T LRRRRRRRRE] IRERRRERRR} |RRRRRRRRL T IRRRRRERRR} IRRERRRR RS 1
8.4 8.3 8.2 8.1 8.0 79 7.8 by d 7.6 75 7.4 7.3 7.2 71 7.0
B |
T T T T T T T T T T
13 12 11 10 9 8 il 6 5 4 3

13C NMR

e B e e e o T L o o o e L A B e o e e e o A B o e e e o e L I H e e o e e LA B o o o

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

Fig. 4S. NMR spectra of 4-(4-nitrophenyl)imino-2-pentanone (3d)
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Fig. 55. NMR spectra of 4-(3-nitrophenyl)imino-2-pentanone (3e)



H NMR

8.2 8.1 8.0 7.9 7.8 7.7 76 75 7.4 7.3 7.2 74
B i
r T T T T T T T T 1
13 12 1" 10 9 8 7 5 3 1
13CNMR
[t I et e 5 e e e e e e e B 2
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Fig. 6S. NMR spectra of 4-(2-nitrophenyl)imino-2-pentanone (3f)
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Fig. 7S. NMR spectra of 4-(4-(5-methyl-2-benzothiazyl)phenyl)imino-2-pentanone (3g)
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Fig. 8S. NMR spectra of 4-(1-naphthyl)imino-2-pentanone (3h)
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Fig. 9S. NMR spectra of 4-(2-naphthyl)imino-2-pentanone (3i)
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Fig. 10S. NMR spectra of 4-(1-anthracenyl)imino-2-pentanone (3j)
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Fig. 11S. NMR spectra of 4-(2-anthracenyl)imino-2-pentanone (3k)
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Fig. 12S. NMR spectra of 4-(9-anthracenyl)imino-2-pentanone (3l)



3. NMR spectra of iridium(lll) complexes
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Fig. 13S. *H NMR spectrum of 5b
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Fig. 15S. *H NMR spectrum of 5d
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Fig. 16S. *H NMR spectrum of 5f
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Fig. 18S. *H NMR spectrum of 5h
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Fig. 19S. *H NMR spectrum of 5i
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Fig. 20S. *H NMR spectrum of 5j
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Fig. 21S. *H NMR spectrum of 5k
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Fig. 22S. *H NMR spectrum of 5l



4. X-Ray analysis data

Table 1S. Crystal data, data collection and structure refinement

Compound

Formula

Formula weight

Crystal system

Space group

a(d)

b(A)

()

B

VA

Z

D,(g cm™)

F(000)

H(mm)

Reflections:
collected
unique (Rin)
with I>20(T)

R(P) [[>20(D)]

WR(F) [1>20(0)]

R(F) [all data]

wR(F?) [all data]

Goodness of fit

max/min Ap (e-A?)

3d
C11H12NO5
220.23
monoclinic
P2,/n
4.3661(7)
13.1478(18)
18.853(3)
93.000(15)
1080.8(3)
4
1.353
464
0.100

4926
1897 (0.019)
1507
0.0452
0.1296
0.0565
0.1375
1.079
0.18/-0.17

3h
2(C5HsNO)-H,O
468.58
monoclinic
12/a
16.8762(4)
8.2994(2)
18.2491(5)
103.665(2)
2483.66(11)
4
1.253
1000
0.081

12884
2720 (0.013)
2452
0.0350
0.0914
0.0389
0.0945
1.020
0.24/-0.24

3j
CioH7NO
275.33
monoclinic
P2,/c
7.7643(3)
14.0865(8)
13.5190(6)
101.690(4)
1447.93(12)
4
1.263
584
0.078

6148
2904 (0.016)
2464
0.0362
0.0917
0.0443
0.0981
1.057
0.22/-0.18

31
CioH7?NO
275.33 /c
monoclinic

P2,/n
8.8402(4)
15.0895(4)
22.5145(8)
97.237(4)
2979.38(19)
8
1.228
1168
0.076

27337
5242 (0.035)
4961
0.0637
0.1679
0.1239
0.1990
0.882
0.27/-0.18

5¢g 5j
CysH33IeN,OS - CysHapIeN;O
870.01 822.93
monoclinic monoclinic
P2,/c P2;/n
8.7504(2) 15.39264(9)
32.0328(12) 12.27706(7)
13.1546(5) 19.49316(13)
92.144(3) 109.5070(7)
3684.7(2) 3472.30(4)
4 4
1.568 1.574
1728 1632
3.721 7.752
21762 33752
7479 (0.057) 7195 (0.035)
5645 7017
0.0529 0.0283
0.1395 0.0803
0.0786 0.0288
0.153 0.0809
1.039 1.105
0.31/-0.22 2.79/-1.43

51
CysH3 It NSO
822.93
monoclinic
P2,/n
9.53788(14)
19.5224(3)
17.3966(4)
95.4280(17)
3224.76(10)
4
1.695
1632
4.184

14603
6553 (0.029)
5427
0.0278
0.0517
0.0398
0.0553
1.033
1.08/-0.61




Table 2S. Relevant geometrical features (A, °). Max(A) is the maximum deviation from the least-

squares plane through C1 — N5 atoms, A is the least-squares plane of keto-iminato fragment, A’

— of Ir-ketoiminato group, B — of aromatic substituent at N5, and C and D — of two bzq planes.

3d 3h 3 31 5g 5§ 51
C2=02 1.237(2) 1.2571(13) | 1.2553(15) | 1.231(3) | 1.280(10) | 1.265(4) | 1.283(4)
1.231(3)
C4-N5 1.357(2) 1.3430(13) | 1.3523(16) | 1.327(3) | 1.302(10) | 1.313(4) | 1.314(4)
1.328(3)
N5-C6 1.388(2) 1.4277(13) | 1.4169(15) | 1.427(3) | 1.424(10) | 1.437(4) | 1.444(4)
1.431(3)
02-C2-C3-C4 | -2.9(3) 1.23(17) | 1.02) -4.8(5) 3.2(6) 4.5(5) 7.9(7)
3.5(5)
C2-C3-C4-N5 | 1.7(3) 1.98(16) | -0.57(19) | 2.7(5) 9.02) -10.8(5) -11.9(6)
-1.3(5)
C3-C4-N5-C6 | -178.72(17) | -167.9309) | 176.23(12) | -175.2(3) | 171.8(5) | 172.9(3) | 165.7(4)
177.1(3)
Ir1-O2A 2135(6) | 21562 | 2.137(2)
Ir1-N5A 2.157(6) | 2171(3) | 2.183(3)
1Ir1-N1B 2.028(7) | 2.0452) | 2.061(3)
Irl-N1C 2.050(7) | 2.0643) | 2.045(3)
1r1-C12B 2.0069) | 2.0183) | 2.018(4)
1r1-C12C 2.0098) | 2.0153) | 2.005(4)
C-N-C 133.27(15) | 125.26(9) | 129.01(11) | 126.2(2) | 118.8(7) | 119.3(3) | 118.3(3)
126.4(2)
angles 1752(3) | 175.34(9) | 176.51(13)
1743(3) | 173.97(9) | 174.72(12)
173.8(3) | 173.31(10) | 172.38(11)
Max(A) 0.0216(12) | -0.1224(7) | 0.0341(9) [ 0.057(3) | 0.116(6) [ 0.118(2) | 0.196(3)
0.042(3)
A/B 12.36(11) 61.29(5) | 47.36(4) | 85.10(11) | 89.8(4) 79.17(19) | 89.11(14)
83.06(11)
A’/B 89.3 80.2 89.9
A’/C 86.2 79.2 85.8
A’/D 721 86.9 84.3
B/C 60.3 66.5 78.0
B/D 25.7 30.6 16.5
C/D 82.8 89.2 89.9
Table 3S. Intramolecular hydrogen bonds in the ligand molecules.
D | H | A | D-H | H--A | DA | D-H---A
3d
N5 | H5 | 02 | 0.902) | 1.88(2) | 2.6497(19) | 141.9(17)
3h
N5 | H5 | 02 | 0.911(15) | 1.925(15) | 2.6716(12) | 137.9(12)
3j
N5 | H5 | 02 | 0.918(16) | 1.877(16) | 2.6496(14) | 140.4(14)
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Table 4S. Crystal data, data collection and structure refinement

Compound

Formula

Formula weight

Crystal system

Space group

a(A)

b(A)

c(A)

BC)

V(A

Z

D,(g cm™)

F(000)

H(mm-)

Reflections:
collected
unique (R,
with I>20(1)

R(E) [1>20(D)]

wR(F?) [1>20(I)]
R(F) [all data]

wR(F?) [all data]
Goodness of fit
max/min Ap (e-A”)
CCDC number

5f

C37HpItN4O;

767.82
monoclinic
C2/c
35.389(2)
10.0534(4)
19.4276(11)
105.773(6)
6651.7(6)
8
1.533
3024
4.055

21762
7479 (0.057)
5645
0.1118
0.3216
0.1359
0.3654
1.414
3.06/-4.81
1865883

5i
CyuH3ItN;O
772.88
monoclinic
P2,/c
16.7335(11)
18.7126(16)
20.7091(106)
108.945(8)
6133.3(9)
8
1.674
3056
4.393

25025
10773 (0.074)
5738
0.0847
0.1838
0.1693
0.2162
0.971
7.13/-1.35
1865886

Fig. 23S. Perspective views of the complexes 5f and 5i.

b1, C4TA .
N30A



Table 5S. Conformations of the 5g and 5i complexes; plane codes as in Table 2S.

5g 5i(A) 5i(B)
A’/B 83.5 81.4 86.3
A’/C 85.9 83.1 83.4
A’/D 84.8 89.2 87.6
B/C 60.9 57.8 56.1
B/D 26.8 325 30.1
C/D 87.1 87.0 85.6




5. Thermal analysis curves
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Figure 24S. TG curves of 5a, 5b, 5¢, 5d and 5g complexes in N, atmosphere.
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Figure 25S. TG curves of 5d, 5e and 5f complexes in N, atmosphere.
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Figure 26S. TG curves of 5h and 5i complexes in N, atmosphere.
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Figure 27S. TG curves of 5j, 5k and 51 complexes in N, atmosphere.
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Figure 28S. TG curves of 5h and 5j complexes in N, atmosphere.
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Figure 29S. TG curves of 5i and 5k complexes in N, atmosphere.
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Figure 30S. TG curves of 5a, 5j, 5k and 51 complexes in N, atmosphere.
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Figure 31S. TG curves of 5a, 5i and 5k complexes in N, atmosphere.
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Figure 32S. TG curves of 5a, 5h and 5j complexes in N, atmosphere.
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Figure 33S. TG curves of 5a, 5h and 5i complexes in N, atmosphere.




6. Cyclic voltammetry measurements
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Fig. 34S. Cyclic voltammetry of compounds recorded in THF/0.1 M BuyNBF, electrolyte; scan rate 100 mV/s;
concentration 2 mM.



7. DFT calculation data
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Fig. 35S. Theoretical E " calculated at the B3LYP/SDD/6-311++G(d,p) level of theory vs
experimental values E,®-.



Table 6S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV)
calculated at the B3LYP/SDD/6-311++G(d.p) level of theory together with the experimental results.

HOMO LUMO LUMO+1 LUMO+2 Egtheor- EgS
compound

[eV] [eV] [eV] [eV] [eV] [eV]

5a -5.28 -1.97 -1.95 -1.34 331 2.49
5b -5.25 -1.96 -1.94 -1.33 3.29 2.32
5c -5.39 -2.03 -2.02 -1.62 3.36 2.36
5d -5.43 -2.87 -2.05 -2.03 2.56 1.99
Se -5.39 -2.94 -2.03 -2.00 244 1.96
5f -5.34 -2.79 -2.04 -1.92 2.55 1.89
5g -5.32 -2.00 -1.98 -1.90 3.32 2.64
5h -5.26 -1.98 -1.95 -1.40 3.28 2.51
5i -5.27 -1.97 -1.95 -1.40 3.30 2.47
5j -5.24 -2.04 -1.98 -1.92 3.20 2.49
Sk -5.24 -1.99 -1.99 -1.90 3.25 2.44
51 -5.18 -2.03 -1.96 -1.94 3.15 2.46




Table 7S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV)
calculated at the M06/SDD/6-311++G(d.p) level of theory together with the experimental results.

HOMO LUMO LUMO+1 LUMO+2 Etheer: ES%
compound

[eV] [eV] [eV] [eV] [eV] [eV]

5a -5.55 -1.86 -1.86 -1.24 3.69 2.49
S5b -5.52 -1.86 -1.85 -1.24 3.66 2.32
5c -5.67 -1.94 -1.92 -1.46 3.73 2.36
5d -5.71 -2.62 -1.96 -1.94 3.09 1.99
Se -5.66 -2.70 -1.92 -1.92 2.96 1.96
5f -5.64 -2.54 -1.95 -1.82 3.10 1.89
5g -5.60 -1.93 -1.92 -1.79 3.67 2.64
5h -5.54 -1.88 -1.85 -1.28 3.66 2.51
5i -5.54 -1.87 -1.86 -1.33 3.67 2.47
5j -5.55 -1.90 -1.87 -1.83 3.65 2.49
5k -5.49 -1.89 -1.86 -1.82 3.60 2.44
51 -5.48 -1.88 -1.86 -1.83 3.60 2.46




Table 8S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV)
calculated at the WB97XD/SDD/6-311++G(d,p) level of theory together with the experimental results.

HOMO LUMO LUMO+1 LUMO+2 Egtheor ES%
compound

[eV] [eV] [eV] [eV] [eV] [eV]

5a -7.06 -0.76 -0.74 -0.11 6.30 2.49
Sb -7.01 -0.82 -0.80 -0.17 6.19 2.32
5¢ -7.17 -0.92 -0.90 -0.42 6.25 2.36
5d -7.19 -1.39 -0.79 -0.77 5.80 1.99
Se -7.23 -1.48 -0.74 -0.72 5.75 1.96
5f -7.14 -1.05 -0.56 -0.42 6.09 1.89
5g -7.16 -0.83 -0.83 -0.76 6.33 2.64
5h -7.06 -0.76 -0.70 -0.14 6.30 2.51
5i -7.02 -0.75 -0.72 -0.20 6.27 2.47
5j -7.06 -0.81 -0.70 -0.64 6.25 2.49
5k -6.97 -0.80 -0.70 -0.61 6.17 2.44
51 -7.06 -0.89 -0.82 -0.79 6.17 2.46




Table 9S. Set of numerical orbital distributions.

Complex Orbital MO composition
Ir Bzql Bzqg2 Bzg-R
LUMO+1 3 6 91 0
5a LUMO 4 91 5 0
HOMO 31 18 18 33
HOMO-1 29 16 10 45
LUMO+1 4 13 83 0
5b LUMO 4 82 14 0
HOMO 30 17 17 36
HOMO-1 28 17 10 45
LUMO+1 4 15 80 1
5c LUMO 4 80 16 0
HOMO 32 23 22 23
HOMO-1 27 13 6 54
LUMO+1 4 49 47 0
5d LUMO 1 1 0 98
HOMO 32 24 23 21
HOMO-1 27 14 6 53
LUMO+1 4 0 96 0
5e LUMO 1 1 0 98
HOMO 33 22 22 23
HOMO-1 28 13 7 52
LUMO+1 3 97 0 0
5f LUMO 0 1 1 98
HOMO 31 20 25 24
HOMO-1 27 11 10 52
LUMO+1 4 92 1 3
5g LUMO 4 0 95 1
HOMO 31 21 19 29
HOMO-1 27 16 8 49
LUMO+1 3 97 0 0
5h LUMO 4 0 95 1
HOMO 30 20 17 33
HOMO-1 25 21 9 45
LUMO+1 4 78 18 0
5i LUMO 4 17 78 1
HOMO 30 21 17 32
HOMO-1 28 16 9 47
LUMO+1 4 8 79 9
5j LUMO 0 37 19 44
HOMO 27 18 16 39
HOMO-1 7 27 5 61
LUMO+1 2 35 27 36
5k LUMO 3 19 69 9
HOMO 23 25 14 38
HOMO-1 11 17 7 65
LUMO+1 4 80 16 0
51 LUMO 4 14 77 5
HOMO 25 24 15 36
HOMO-1 25 21 13 41




Table 10S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5a.

Atom X v 7
symbol
C -5.13087 -1.75439 -0.73518

-3.92862 -2.08424 -0.01784
-2.84487 -1.17188 -0.05963
-2.97823 0.03526 -0.80396
-4.16643  0.34877 -1.50314
-5.24777 -0.59542 -1.44419
-1.89195 0.86826 -0.80074
-4.20955 1.56718 -2.20558
-3.10691 2.40174 -2.18295
-1.96501 2.02085 -1.46760
-3.76375 -3.26913 0.72934
-2.56545 -3.49660 1.38667
-1.49987 -2.57398 1.32889
-1.60768 -1.38743 0.60794
-5.10307 1.84429 -2.75437
-3.10755 3.34880 -2.70705
1.02043 -1.97794 -3.28502
2.11622 -2.68103 -2.80870
0.26475 -1.12499 -2.45490
2.48442  -2.54990 -1.45382
3.59532  -3.24058 -0.85469
1.70787 -1.69054 -0.63843
3.90642 -3.09427 0.46555
3.12888 -2.23844 1.31884
1.23305 -0.71845 1.46463
3.36853 -2.03735 2.69088
1.47874 -0.54612 2.76440
2.54150 -1.19082  3.40937
0.58991 -0.94637 -1.11185
419396 -2.54676 3.17632
0.80393  0.11445  3.29324
2.69735 -1.01819 4.46652
-0.29323  0.15171  0.34947
-1.19862 1.16275  2.06902
0.95791 1.98947 0.09734
-1.11158  2.41090  2.32893
-0.26558 3.33764 1.71712
0.75269  3.12250 0.74643
-0.33903 4.35092  2.08824
-2.02529 2.88680  3.44151
-1.81169  2.32255  4.35404
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-3.06495
-1.91620
1.64303
1.17909
1.84350
2.61035
2.03944
2.11920
2.01870
3.37506
4.50858
4.40430
3.15324
3.45793
5.47390
5.28541
-1.08996
-6.16400
-5.96034
-4.57185
-2.44017
-0.58584
0.73357
-0.58252
2.68587
4.19394
4.74731
1.04905
3.05781

2.67967
3.95168
4.32593
5.23486
4.44874
4.20786
-1.55077
1.88948
2.00244
1.64640
1.53820
1.66732
1.89731
1.54396
1.35098
1.58278
2.65377
-0.36543
-2.45355
-3.99065
-4.40920
-2.81168
-2.08625
-0.60305
-3.33089
-3.89526
-3.62772
2.17380
1.99197

3.17162
3.64896
0.47768
0.85913
-0.58779
0.97389
0.73821
-0.73275
-2.12365
-0.16423
-0.96841
-2.35299
-2.92551
0.91191
-0.51058
-2.97888
-1.42419
-1.97696
-0.70275
0.78411
1.96147
1.86262
-4.32672
-2.88715
-3.46425
-1.48012
0.89529
-2.57504
-4.00176




Table 118S. Cartesian coordinates from the optimized structures of Sy in CsHsCl media for 5b.

Atom

X Y Z
symbol

5.38782 1.07344 -1.62332
4.34957 1.63274 -0.80004
3.18677 0.85887 -0.55961
3.08235 -0.43991 -1.13513
4.11052 -0.97827 -1.94278
5.27709 -0.17088 -2.16998
1.93278 -1.1308 -0.86018
3.92249 -2.27095 -2.46549
2.75946 -2.95857 -2.17018
1.78702 -2.35813 -1.36128
4.42071 2.91389 -0.21449
3.36626 3.36542 0.56273
2.21793 2.57713 0.78613
2.09508 1.3038 0.23593
4.68773 -2.71873 -3.09009
2.58452 -3.95718 -2.54935
-1.07153 1.70078 -3.26899
-1.99293 2.59075 -2.73866
-0.27799 0.87256 -2.44931
-2.14115 2.67768 -1.33906
-3.06036 3.56971 -0.6835
-1.331 1.83752 -0.5361
-3.16374 3.62627 0.67578
-2.34876 2.79142 1.51504
-0.6191 1.08147  1.5878
-2.38068 2.78852 2.92194
-0.66595 1.09799 2.92065
-1.53866 1.94016 3.62067
-0.38763 0.90818 -1.06053
-3.05964 3.45028 3.44868
0.01673 0.42807 3.42679
-1.53718 1.91694 4.70284
0.61394 -0.09288 0.39546
1.68766 -0.964 2.09645
-0.82274 -1.78895 0.59973
1.52327 -2.14617 2.55396
0.50801 -3.04102  2.2145
-0.62401 -2.84196 1.37316
0.54008 -3.99626 2.72097
2.54729 -2.56753 3.59011
2.50976 -1.87838  4.4392
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3.55083
2.38626
-1.65087
-1.20437
-2.05627
-2.49417
-1.44487
-2.08421
-2.20792
-3.21558
-4.44874
-4.55867
-3.42708
-3.13798
0.87282
6.07239
6.27803
5.29563
3.42239
1.42486
-0.9557
0.42588
-2.59443
-3.68257
-3.86319
-3.51945
-1.3396
-5.30177
-5.71354
-6.88941
-7.18367
-7.6703
-6.74995

-2.49403
-3.58361
-3.96344
-4.87098
-4.17679
-3.69001
1.91048
-1.67281
-1.97381
-1.22453
-1.09048
-1.40753
-1.85134
-0.97416
-2.87353
-0.57431
1.66671
3.53434
4.35245
2.98771
1.63847
0.19771
3.21827
4.21234
4.30829
-2.08853
-2.30858
-0.73769
-1.31422
-0.84216
-1.50553
-0.838
0.17345

3.16132
3.9516
1.41443
1.81998
0.42464
2.05506
0.88013
-0.07008
-1.43295
0.6102
-0.03397
-1.38905
-2.08354
1.66226
-1.10297
-2.78726
-1.80657
-0.37628
1.01173
1.40214
-4.34689
-2.9256
-3.38755
-1.29833
1.14702
-3.13708
-1.98717
0.53015
-2.11909
-1.46656
-0.64688
-2.22496
-1.08297




Table 12S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5c.

Atom

X Y Z
symbol

5.29474  1.2289 -1.58222
4.24221 1.73885 -0.74506
3.09763 0.93103 -0.53166
3.02452 -0.35146 -1.1466

4.0669 -0.84195 -1.96627
5.21457 -0.00086 -2.166

1.8906 -1.07593 -0.89602
3.90989 -2.12325 -2.52619

2.7625 -2.84604 -2.25417
1.77424 -2.29183 -1.43175
4.28186 3.00278 -0.12036

3.2162 3.40529 0.66808
2.08602 2.58398 0.86479
1.99551 1.3267 0.27464

4.6867 -2.53564 -3.16076
2.61228 -3.83729 -2.66207
-1.17571 1.75304 -3.2287
-2.12938 2.59353 -2.67598
-0.35662 0.92814 -2.43032
-2.28428 2.63489 -1.27484
-3.23394 3.47709 -0.59728
-1.44869 1.79934 -0.49359
-3.34051 3.49267 0.76275
-2.4997 2.66228 1.58051
-0.71905 1.00379 1.61043
-2.53291 2.62025 2.98679
-0.76783 0.98289 2.94329
-1.66599 1.77969 3.66396
-0.47417 0.91756 -1.04219
-3.23261 3.24609 3.52987
-0.06693  0.3202  3.4338
-1.66475 1.72775 4.74509
0.54671 -0.10432 0.38619
1.63762 -1.00751 2.05953
-0.85218 -1.8491 0.54824
1.49871 -2.19931 2.49291
0.49926 -3.10972 2.13478
-0.63387 -2.91629 1.30263
0.55309 -4.07536 2.61882
2.52983 -2.62234  3.5204
2.47709 -1.95224 4.38366
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3.53159
2.38937
-1.63867
-1.17523
-2.03853
-2.48675
-1.56767
-2.1077
-2.21967
-3.25001
-4.47494
-4.58002
-3.43968
-3.16957
0.87202
6.02046
6.17103
5.14208
3.24828
1.28236
-1.05329
0.37273
-2.75035
-3.87687
-4.06292
-3.51552
-1.34224
-5.35017
-5.83828

-6.85894

-2.51851
-3.64894
-4.05725
-4.96825
-4.25008
-3.82193
1.82789
-1.71665
-1.90478
-1.34753
-1.18864
-1.39457
-1.75331
-1.1824
-2.83667
-0.36664
1.84809
3.64825
4.37897
2.95648
1.72801
0.29357
3.21871
4.11482
4.13777
-1.9094
-2.17407
-0.90486
-1.23757

-1.11369

3.09411
3.85955
1.30917
1.68616
0.31244
1.95853
0.92403
-0.10223
-1.48702
0.62383
-0.00798
-1.39205
-2.12807
1.6915
-1.19076
-2.79282
-1.74536
-0.26121
1.14731
1.49089
-4.3073
-2.92309
-3.30836
-1.19544
1.25082
-3.19713
-2.06022
0.56356
-2.04821

-2.57941




Table 13S. Cartesian coordinates from the optimized structures of Sy in CsHsCl media for 5d.

Atom

X Y Z
symbol

5.4145 1.04992 -1.80968

44129 1.61383 -0.94523
3.25635 0.84609 -0.66049
3.12088 -0.4504 -1.23429
4.11229 -0.99255 -2.08385
5.27447 -0.1923 -2.35436
1.97857 -1.13438 -0.91579
3.89369 -2.28161 -2.60359

2.7375 -2.96155 -2.26639
1.80245 -2.35793 -1.41682
4.51378 2.89361 -0.36098
3.49361 3.35026 0.45746
2.35037 2.56828 0.72576
2.20152 1.29716 0.17895
4.63021 -2.73251 -3.25961
2.53986 -3.95664 -2.6435
-1.10299 1.71095 -3.19205
-2.02179 2.57999 -2.62464
-0.26577 0.89361 -2.40474
-2.11881 2.66212 -1.21997
-3.02438 3.54028 -0.52798
-1.26564 1.83385 -0.45007
-3.06993 3.59908 0.83426
-2.20716 2.77958 1.63999
-0.45652 1.08885 1.64391
-2.17607 2.78396 3.04695
-0.44305 1.11359 2.97752
-1.29259 1.95074 3.71143
-0.33045 0.91992 -1.01344
-2.83952 3.43965 3.60019
0.26845 0.45477 3.45781
-1.24165 1.93453 4.79246
0.72446 -0.0891 0.39861
1.87117 -0.97651 2.04666
-0.70924  -1.7942 0.68565
1.73021 -2.15379 2.51471
0.69347 -3.0504 2.22935
-0.47663 -2.84868 1.45603

0.7535 -4.00703 2.73026

2.8047 -2.57793 3.49604
2.82177 -1.88042 4.33866
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3.78294
2.65382
-1.50408
-1.03592
-1.97175
-2.30209
-1.32116
-1.99459
-2.18771
-3.08831
-4.34124
-4.50475
-3.43617
-2.9441
-5.18385
0.8949
6.04234
6.3004
5.38507
3.57264
1.5843
-1.02361
0.4341
-2.65822
-3.68251
-3.75905
-3.5902
-1.34835
-5.82262
-6.74878
-5.95175

-2.51863
-3.58894
-3.96622
-4.88501
-4.15534
-3.71093
1.9069
-1.6247
-1.75861
-1.26042
-1.05018
-1.20502
-1.559
-1.134
-0.76729
-2.86854
-0.5992
1.63809
3.50952
4.33642
2.98181
1.65627
0.23485
3.19799
4.17114
4.27173
-1.67075
-2.0208
-0.98986
-0.66027
-1.14786

3.01057
3.87498
1.53681
1.88838
0.56918
2.23968
0.96994
0.1185
-1.26599
0.92273
0.36854
-1.00775
-1.83197
1.9887
0.98384
-1.12676
-3.00313
-2.02658
-0.55598
0.90459
1.37282
-4.27352
-2.90839
-3.24865
-1.11675
1.33306
-2.89599
-1.89566
-1.59895
-0.85792
-2.81274




Table 14S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5e.

Atom

X Y Z
symbol

-5.63961 -1.34235 -0.72232
-4.47168 -1.76361  0.0038
-3.30859 -0.9565 -0.06005
-3.33033 0.2374 -0.83614
-4.48458 0.63962 -1.54671
-5.64937 -0.19731 -1.46267
-2.17198 0.96663 -0.85275
-4.4143 1.83571 -2.28408
-3.23865 2.56436 -2.28375
-2.1376 2.10092 -1.55351
-4.4146 -2.94011 0.77951
-3.24061 -3.26224 1.44098
-2.09475 -2.44316 1.36174
-2.09676 -1.26814  0.6152
-5.27856 2.17849 -2.84247
-3.1515 3.49157 -2.83534
0.54741 -2.15399 -3.23529
1.58657 -2.92003 -2.73084
-0.16001 -1.23613 -2.43154
1.94459 -2.79003 -1.37265

2.9962 -3.54486 -0.74471
1.21754 -1.86471 -0.58434
3.29665 -3.39712 0.57785
2.56762 -2.47478  1.4042
0.78327 -0.82149 1.49388
2.79924 -2.2682 2.77699
1.01861 -0.6471 2.79534
2.02198 -1.35523 3.46833
0.15935 -1.05519 -1.08736
3.58024 -2.82461 3.28351
0.38486 0.06833 3.303
2.17308 -1.17631 4.52501
-0.65268 0.14365 0.3354
-1.49149 1.27549 2.01457
0.75386 1.86471 0.06438
-1.2953 2.51294 2.25535
-0.36169 3.35098 1.63623
0.64337 3.02851 0.68823
-0.35014 4.37388 1.98725
-2.16988 3.08929 3.35125
-1.99976  2.5356 4.27926
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-3.2221
-1.97854
1.63861
1.23276
1.89223
2.57078
1.53901
1.9118
1.84093
3.13355
4.24343
4.18846
2.9663
3.22152
-1.20905
-6.54097
-6.53037
-5.28556
-3.19841
-1.20483
0.26728
-0.96529
2.11904
3.55733
4.09276
2.88932
0.89428
5.0717
5.52219
5.56636
6.4871

2.95444
4.14764
4.14157
5.10203
4.19576
3.97836
-1.72235
1.62188
1.61208
1.33094
1.05652
1.05439
1.33769
1.31024
2.65356
0.10284
-1.96024
-3.58254
-4.16916
-2.75066
-2.2628
-0.66724
-3.61934
-4.25002
-3.97867
1.34136
1.8223
0.83473
0.75114
0.79314
0.46791

3.08498
3.52973
0.40182
0.71725
-0.65813
0.95039
0.79476
-0.7257
-2.12595
-0.11441
-0.90862
-2.29948
-2.8997
0.96237
-1.52447
-2.00219
-0.67127
0.85198
2.03638
1.90031
-4.27872
-2.88478
-3.36636
-1.34949
1.02947
-3.98018
-2.60684
-2.88145
-0.24627
0.98059
-0.95142




Table 158S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5f.

Atom

X Y Z
symbol

5.2489 1.41453 -1.2605
4.07328 1.98497 -0.66044
2.96623 1.13781 -0.40468
3.04857 -0.24221 -0.74413
4.21431 -0.79206 -1.32389
5.31942  0.0903 -1.57726
1.94209 -1.00018 -0.46603
4.21735 -2.1712 -1.60421
3.10038 -2.92498 -1.29878
1.98065 -2.30743 -0.7259

3.9582 3.34526 -0.30551

2.785 3.79951 0.27356
1.69643 2.93674 0.52099
1.75729 1.58503 0.19345
5.09271 -2.6307 -2.05034
3.06784 -3.98905 -1.49397
-1.07991 1.03961 -3.59849
-2.10032 1.93393 -3.31544
-0.3037 0.44756 -2.58079
-2.3739  2.26773 -1.97272
-3.39873 3.19321 -1.56838
-1.5836 1.65831 -0.96793
-3.6181 3.49673 -0.25632
-2.82779 2.89762 0.78362
-1.01855  1.3562 1.30796
-2.97741 3.15553 2.15889
-1.17592 1.62083  2.6061
-2.14958 2.51605 3.06614
-0.53638 0.73078 -1.23711
-3.73496 3.85326 2.499
-0.50255 1.10983 3.28201
-2.23656 2.69723  4.1297
0.39472 0.09357 0.44955
1.35499 -0.432 2.34794
-0.9714 -1.68136 0.82733
1.26132 -1.55869 2.93969
0.33886 -2.57671 2.67252
-0.76465 -2.5774 1.78141
0.40993 -3.44559 3.31248
2.24909 -1.75958 4.07186
2.10913 -0.97369 4.81992
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3.2672
2.14489
-1.76451
-1.34343
-2.05894
-2.66912
-1.82403
-2.23534
-2.49418
-3.30425
-4.54084
-4.75294
-3.71994
-3.13763
-5.33891
-5.71063
1.09656
6.21671
6.09576
4.78554
2.69741
0.80557
-0.86825
0.48472
-2.68364
-4.00531
-4.39371
-3.85074
-1.51103
-1.46535
-0.80918

-1.65791
-2.73158
-3.70092
-4.47907
-4.1434
-3.32424
1.9815
-1.66256
-2.16655
-1.00156
-0.84772
-1.331
-1.98486
-0.59722
-0.3388
-1.20599
-2.87535
-0.32203
2.0639
4.02285
4.84689
3.35431
0.78704
-0.24
2.37986
3.65975
4.20119
-2.38414
-2.97744
-2.87748
-3.75199

3.6855
4.55444
1.98552
2.62086
1.03314
2.47192
0.39668
0.18033

-1.11029
0.80529
0.19049

-1.10097

-1.75385
1.79588
0.71869

-1.5905

-0.479

-2.02569

-1.45792

-0.48707
0.54577
0.97674

-4.63288
-2.8673

-4.11378
-2.3381
0.02368

-2.75055

-1.83543
-3.0576

-1.18889




Table 168S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5g.

Atom

X Y Z
symbol

6.02788 -0.22221 -2.82368
5.23471 0.72711 -2.08987

4.1218 0.25075 -1.35293
3.82414 -1.14207 -1.3615

4.6097 -2.06453 -2.09009
5.73268 -1.55349 -2.82655
2.73607 -1.53013 -0.62731
4.23813 -3.42076 -2.04151
3.13848 -3.7961 -1.29125
2.41184 -2.82334 -0.59379
5.49969 2.11211 -2.06085
4.67413 2.94718 -1.32551
3.57065 2.44985 -0.60071
3.26558 1.09159 -0.59052

4.8141 -4.15944 -2.58821
2.82732 -4.83088 -1.22816
-0.6265 0.59236 -3.26826
-1.37714 1.70878 -2.93425
0.31464  0.0341 -2.37874
-1.19191 2.31297 -1.6736
-1.90768 3.48013 -1.23125
-0.23962 1.73605 -0.79819
-1.68436 4.04082 -0.00784
-0.71544 3.48427 0.89562
0.93163 1.72896 1.25591
-0.40968 4.00257 2.16782
1.20721 2.24112 2.45629
0.55227 3.37872 2.94397

0.5289 0.57942 -1.11466
-0.92491 4.88556 2.53007
1.97237 1.7308 3.02675
0.81308 3.75568 3.92456
1.80075 0.05525 0.37732
3.20324 -0.28229 2.02901
0.37608 -1.2551 1.50934
3.10749 -1.19776 2.91391
2.00372 -2.02103 3.15205

0.7114 -1.98256 2.56286
2.11992 -2.73553 3.95565
4.33348 -1.35648 3.79145
4.54325 -0.4089 4.29635
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5.20082
4.21681
-0.32448
0.16567
-0.9776
-0.96211
-0.01387
-0.99766
-1.48075
-1.88927
-3.22196
-3.71073
-2.81523
-1.52568
-3.89943
1.55291
6.3442
6.881
6.34324
4.87901
2.96087
-0.76479
0.87179
-2.09734
-2.64219
-2.2352
-0.80439
-3.15607
-5.12336
-5.77573
-5.99676
-7.25276
-7.34755
-8.39615
-9.59686
-9.67598
-8.55344
-8.32605
-10.4866
-10.6239
-8.61806

-1.58557
-2.13966
-2.87172
-3.64007
-3.3521
-2.28659
2.33257
-1.17445
-1.83029
-0.39108
-0.27951
-0.94709
-1.72276
0.13619
0.32944
-3.0852
-2.25219
0.1427
2.51262
4.01323
3.15395
0.13309
-0.83972
2.12188
3.91895
4.92187
-2.42544
-2.25013
-0.81183
-1.60194
-0.13253
-0.17565
-0.93387
0.4608
0.32995
-0.42639
-1.06589
1.0426
0.8179
-0.5145
-1.64783

3.16563
4.54096
3.23278
3.83
2.50265
3.90146
0.4738
1.14469
0.00633
1.8925
1.52462
0.38985
-0.36092
2.76691
2.10942
0.00821
-3.38695
-3.38669
-2.61276
-1.30594
-0.04477
-4.24248
-2.70011
-3.63215
-1.89899
0.30281
-0.59356
-1.24501
0.02228
-1.44388
0.70164
0.12797
-1.06186
0.63165
-0.05287
-1.23385
-1.75086
1.54309
0.32781
-1.75189
-2.66219




Table 17S. Cartesian coordinates from the optimized structures of Sy in CsHsCl media for 5h.

Atom

X Y Z
symbol

-5.72531 1.06077 0.45312
-4.54302 1.55796 -0.19747
-3.33794 0.82341 -0.06464
-3.33329 -0.37587 0.70387
-4.50229 -0.85113 1.34208
-5.70927 -0.08712 1.18855
-2.13585 -1.03478 0.78888
-4.40484 -2.04255 2.08366
-3.18876 -2.69678 2.15722
-2.07606 -2.16559 1.49372
-4.51224 2.74193 -0.96314
-3.32204 3.14216 -1.54852
-2.13447  2.3955 -1.40103
-2.10837 1.21619 -0.66103
-5.27942 -2.43839 2.58844
-3.07791 -3.61734 2.71566
0.26367 2.19384 3.35116
1.26646 3.04304  2.9091
-0.33739 1.24429 2.49971
1.69556 2.96516 1.56792
2.70859 3.81421 0.99924
1.0787 2.00212 0.73229
3.06906 3.72444 -0.31339
2.44738 2.76881 -1.18814
0.81082 0.97742 -1.38204
2.73448 2.62648 -2.55836
1.09371 0.8683 -2.68111
2.05229 1.67849 -3.30138
0.05833 1.11051 1.17043
3.48044 3.26163 -3.02373
0.53422 0.12216 -3.23056
2.24441 1.54965 -4.35883
-0.60118 -0.11059 -0.3084
-1.28427 -1.25207 -2.04914
0.86257 -1.78398 0.03228
-1.06704 -2.49411 -2.25334
-0.18402 -3.31624 -1.54969
0.7618 -2.97093 -0.54482
-0.15597 -4.34965 -1.86798
-1.85931 -3.09291 -3.39914
-1.63311 -2.5484 -4.32064
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-2.92878
-1.64471
1.70656
1.28475
1.90932
2.667
1.46588
1.96638
1.77235
3.27536
4.35243
4.10316
2.8371
-1.11623
-6.61157
-6.64759
-5.41584
-3.29996
-1.23469
-0.07183
-1.12101
1.71517
3.18765
3.83099
5.65258
5.88881
4.82626
3.55598
6.46157
6.88668
2.74994
5.01596
2.64448
0.7804
4.92406

-2.96788
-4.15105
-4.09464
-5.05985
-4.09153
-3.98896
1.91654
-1.54223
-1.51071
-1.28614
-1.02429
-1.01383
-1.2514
-2.66112
-0.44469
1.62335
3.32911
4.0546
2.76185
2.26205
0.61157
3.7676
4.54723
4.37965
-0.78353
-0.79803
-1.05101
-1.28784
-0.58724
-0.61414
-1.4751
-1.05557
-1.24057
-1.68676
-0.81419

-3.2064
-3.55106
-0.14905
-0.42809

0.92265

-0.6615

-0.63434

0.90831
2.2742
0.37935
1.28953
2.68593
3.1629
1.52404
1.67239
0.34926
-1.08695
-2.13663
-1.88317
4.3817

2.90378

3.58011

1.64052
-0.72121

0.76766
-0.58576
-1.48459
-1.01345

1.46392

-0.9682
-1.71069
-2.55222

4.22997

2.66972

3.36635




Table 18S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5i.

Atom

X Y Z
symbol

5.62667 1.07315 -1.41368
4.56941 1.60935 -0.59913
3.38842 0.84337 -0.43418
3.28574 -0.42533 -1.07361
4.33274 -0.94166 -1.87124
5.51718 -0.14242 -2.02191
2.11813 -1.10996 -0.86964
4.14417 -2.20608 -2.45913
2.96221 -2.8883 -2.23476
1.97137 -2.31059 -1.43167
4.639 2.86027 0.04871
3.56575 3.29112 0.81168
2.39936 2.51148 0.95956
2.27719 1.26782 0.34547
4.92366 -2.63694 -3.07801
2.78614 -3.86546 -2.66577
-0.73301 1.87912 -3.25558
-1.66847 2.75302 -2.72319
0.0158 1.00308 -2.44354
-1.87672 2.77525 -1.32861
-2.81263 3.64805 -0.67078
-1.11134 1.88756 -0.53329
-2.97227 3.64253 0.68399
-2.2025 2.75935 1.51626
-0.49484 1.02698 1.58123
-2.29233 2.69313 2.91902
-0.59623 0.98388 2.91041
-1.48866 1.80381 3.61197
-0.15603 0.97278 -1.06119
-2.98558 3.33863 3.44731
0.05823 0.28396  3.4133
-1.53187 1.73187 4.69113
0.77136 -0.10895 0.38531
1.76385 -1.07851 2.08366
-0.70104 -1.7918 0.46209
1.58144 -2.28624 2.45873
0.577 -3.1544 2.02672
-0.53232 -2.89256 1.17464
0.59068 -4.14116 2.46973
2.56509 -2.77629 3.50339
2.49302 -2.14416 4.39359
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3.58447

2.39112
-1.56906
-1.12336
-1.98877
-2.40078
-1.28289
-1.94649
-2.02221
-3.07728
-4.31713
-4.39023
-3.20815

1.04121

6.32686

6.53059

5.52757

3.62082

1.59211
-0.56979

0.73438
-2.23464
-3.40188
-3.68408
-5.49552
-5.63231
-6.75574
-6.68514
-3.25203
-1.12704
-3.02496
-5.68209
-7.69925
-7.57644

-5.4432

-2.67554
-3.81348
-4.00456
-4.94846
-4.12394
-3.78805
1.89657
-1.60385
-1.77976
-1.22401
-1.0287
-1.22687
-1.60506
-2.82292
-0.52855
1.66056
3.47368
4.25468
2.90501
1.86813
0.34481
3.41829
4.32594
4.31016
-0.64773
-1.03688
-0.66868
-0.47275
-1.75106
-2.05894
-1.07454
-1.18663
-0.52666
-0.18276
-0.49722

3.11996
3.79112
1.12298
1.43654
0.12344
1.79933
0.87916
-0.21253
-1.62083
0.47874
-0.18361
-1.59858
-2.28895
-1.22923
-2.63146
-1.53966
-0.05485
1.30909
1.5681
-4.32911
-2.92095
-3.36616
-1.28007
1.15714
0.51373
-2.25885
-1.55503
-0.15462
-3.36338
-2.16235
1.55197
-3.33261
-2.07
0.3908
1.58719




Table 19S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5j.

Atom

X Y Z
symbol

-6.22089 0.74609 -0.41467
-4.98129 1.22677 -0.96309
-3.7742 0.60918 -0.54969
-3.82401 -0.46046 0.38954
-5.04941 -0.91842 0.92668
-6.25693 -0.27556 0.48749
-2.62092 -1.01141 0.74175
-5.0028 -1.9742 1.85536
-3.77948 -2.51873 2.20064
-2.60907 -2.01405 1.62133
-4.89609 2.28506 -1.8914
-3.65318 2.68188 -2.35745
-2.46474 2.05431 -1.92925
-2.49023 1.00077 -1.01911
-5.92112 -2.35225 2.29143
-3.70626  -3.3339 2.90898
-0.80291 2.70396  3.1041
0.21241 3.55103  2.6881
-1.22186 1.60509  2.3259
0.84214 3.31675 1.44805
1.88765 4.14626 0.91033

0.4063 2.20549 0.68558
2.44736 3.89866 -0.30885

2.0111 2.79013 -1.11217
0.51162 0.87955 -1.2692

2.5059 2.48044 -2.39252
0.99025 0.61171 -2.48498
1.98861 1.39444 -3.07715
-0.6238 1.31438 1.10158
3.28206 3.09493 -2.83541
0.55618 -0.24224 -2.98917
2.34259 1.13518 -4.06662
-0.98784 -0.14636 -0.25666
-1.32724 -1.57517 -1.88783
0.49139 -1.64925 0.53675
-1.05146 -2.8214 -1.84586
-0.26913 -3.47363 -0.8894
0.51397 -2.91813 0.15968
-0.16662 -4.54248 -1.0206
-1.63451 -3.63541 -2.98445
-1.25379 -3.25184 -3.93584
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-2.72123
-1.39396
1.43364
1.0883
1.48633
2.45115
0.99929
1.46039
1.1005
2.8208
3.76702
3.33298
2.03599
-1.6404
-7.20228
-7.14464
-5.79954
-3.58921
-1.52248
-1.2934
-2.02632
0.5191
2.2284
3.23047
5.09102
5.53139
4.58958
3.26353
5.79544
2.56347
1.70602
0.07787
4.04859
6.88252
7.27916
6.34869
5.04637
7.59022
8.3067
6.68241
4.33789

-3.51292
-4.6962
-3.90564
-4.92611
-3.71518
-3.82981
1.95747
-1.19902
-0.95733
-0.94537
-0.45424
-0.22812
-0.47397
-2.42645
-0.62169
1.2184
2.78026
3.49875
2.41236
2.89167
0.98292
4.39168
4.99308
4.54134
-0.21537
-0.44309
-0.93395
-1.16544
0.15535
-1.52623
-0.30156
-1.13449
0.14143
-0.20976
-0.44906
-0.93731
-1.17064
0.1606
-0.26942
-1.12296
-1.54265

-3.00053
-2.90952
0.85955
0.69585
1.93224
0.46561
-0.5839
1.48475
2.78759
1.06777
2.0448
3.38567
3.74054
1.8644
0.89084
-0.73324
-2.23073
-3.06986
-2.32955
4.05459
2.70412
3.30113
1.49761
-0.69607
1.65599
0.34886
-0.62569
-0.24135
2.39453
-0.98454
4.75899
3.09471
4.11213
-0.05794
-1.3455
-2.30953
-1.95986
0.67664
-1.64146
-3.32436
-2.69258




Table 20S. Cartesian coordinates from the optimized structures of Sy in CsHsCl media for 5k.

Atom

X Y Z
symbol

6.12929 1.03506 -1.61793
5.10923 1.58137 -0.7637
3.93065 0.82427 -0.54875
3.79273 -0.4452 -1.18012
4.80305 -0.97094 -2.01781
5.98668 -0.18136 -2.21751
2.62853 -1.12015 -0.92874
4.58101 -2.23426 -2.59615
3.40264 -2.90586 -2.3255

2.4492 -2.31928 -1.48438

5.2129 2.83411 -0.12397
4.17399 3.27506 0.67969
3.00929 2.50396 0.87742
2.85471 1.25896 0.27341
5.33209 -2.67222 -3.24447
3.20111 -3.88146 -2.74882
-0.29637 1.88921 -3.19704
-1.21369 2.75927 -2.62792
0.48358 1.01307 -2.41537
-1.36826 2.77969 -1.22636
-2.27963 3.64995 -0.53187
-0.57069 1.89328 -0.46176
-2.38393 3.64534 0.82824
-1.57771 2.76609 1.62966
0.13429 1.03638 1.62675
-1.60794 2.70372  3.0351
0.08889 0.99675  2.9592

-0.774 1.81774 3.69573
0.36316 0.97954 -1.02761
-2.27915 3.34966 3.59061
0.76385 0.29835 3.43636
-0.77127 1.74877 4.77595
1.34321 -0.10781 0.37998
2.40402 -1.0844 2.03261
-0.13895 -1.77739 0.53041
2.22827 -2.28906 2.41975
1.19639 -3.14889 2.03799
0.05251 -2.87921 1.23618
1.22258 -4.13538 2.48102
3.25766 -2.78705 3.41534
3.25406 -2.13803 4.29609
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4.25524
3.07504
-0.99158
-0.53309
-1.46427
-1.78493
-0.68388
-1.411
-1.53491
-2.51085
-3.78342
-3.904
-2.73493
1.52305
6.76846
7.03167
6.10061
4.25534
2.22971
-0.17358
1.18426
-1.80578
-2.89547
-3.07835
-4.91843
-5.14506
-6.2803
-6.16288
-2.81471
-0.65548
-2.42207
-5.23081
-4.83278
-7.55579
-8.64874
-8.53375
-7.33008
-7.6415
-9.61042
-9.41015
-7.24331

-2.7199
-3.81462
-3.98568
-4.93462
-4.09202
-3.77513

1.90347
-1.57244
-1.70426
-1.21888
-1.00391

-1.1567
-1.51246

-2.8231
-0.57527

1.61546

3.44127
4.24012
2.90504
1.88068
0.35637
3.42387
4.3254
4.31116
-0.65684
-0.95205
-0.60402
-0.45385
-1.62318
-1.96302
-1.10185

-1.0654
-0.54359
-0.39285
-0.05629

0.09075
-0.10186
-0.50508

0.10057

0.35709

0.00992

2.97162
3.73087
1.22815
1.50645
0.25104
1.95065
0.95658
-0.08325
-1.50332
0.65659
0.04527
-1.38396
-2.12527
-1.24592
-2.85775
-1.78169
-0.2652
1.17057
1.51643
-4.27596
-2.9206
-3.24784
-1.11708
1.32897
0.7878
-1.99392
-1.25174
0.17892
-3.20171
-2.07916
1.73131
-3.07048
1.8643
-1.86132
-1.10928
0.30383
0.92628
-2.93727
-1.58478
0.8841
2.00221




Table 218S. Cartesian coordinates from the optimized structures of Sy in CgHsCl media for 5.

Atom

X Y Z
symbol

5.82823 0.46734 -1.16893
4.70355 1.30314 -0.84667
3.49211 0.68446 -0.44627
3.42815 -0.73542 -0.36233
4.55134 -1.5439 -0.65584
5.7592 -0.89097 -1.07806
2.23144 -1.26489 0.04428
4.41843 -2.93493 -0.49489
3.21894 -3.45013 -0.0412
2.15131 -2.58395 0.22361
4.7404 2.71172 -0.89781
3.609 3.43285 -0.55376
2.41499 2.79601 -0.15697
2.32032 1.40765 -0.0918
5.25706 -3.58762 -0.71162
3.08544 -4.51241 0.11778
-0.20712 0.14174 -3.88126
-1.1419 1.16177 -3.96625
0.39851 -0.2141 -2.65862
-1.49162 1.87614 -2.80186
-2.41617 2.97851 -2.78333
-0.87467  1.4957 -1.58489
-2.68081 3.67735 -1.64188
-2.04616 3.33265 -0.39962
-0.51214 1.81669 0.72722
-2.21476 4.02836 0.81177
-0.67817 2.50022 1.86066
-1.52166 3.61458 1.93621
0.07245 0.43838 -1.47265
-2.87671 4.88646 0.85469
-0.11933 2.14529  2.7171
-1.6216 4.13503 2.88003
0.76073 0.20294 0.42455
1.44357 0.13963  2.5093
-0.8373 -1.28113 1.08711
1.23936 -0.83208  3.3123
0.31221 -1.86718 3.15766
-0.72544 -2.00096 2.19377
0.29526  -2.5992 3.95401
2.09187 -0.80593 4.56587
1.90737 0.12482 5.11049
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3.14939

1.89199
-1.76991
-1.35388
-2.13507
-2.63198
-1.16733
-2.08069
-2.21518
-3.19117
-4.44007
-4.54704
-3.47254

1.21375

6.62143

6.75207

5.65048

3.63836

1.56534

0.06921

1.12664

-1.5947
-2.90015
-3.36995
-3.60265
-2.56977
-1.33322
-1.16416
-0.51595
-0.21553
-4.55124
-2.68698
-5.55662
-5.46584
-3.14439
-4.24035
-6.48648
-6.32309
-2.21998

-4.1763
-5.48932

-0.81038
-1.64908
-3.05329
-3.79131
-3.56318
-2.59282
2.2265
-1.34055
-2.11828
-0.60879
-0.63062
-1.37934
-2.13349
-2.96128
-1.5045
0.94233
3.21787
4.51757
3.41932
-0.39968
-1.01803
1.4206
3.26153
4.5147
-2.95206
-3.73439
-3.73119
-2.94426
-4.35022
-2.93574
-2.94658
-4.35715
0.09927
0.79655
0.13801
0.8111
0.07781
1.33851
0.16386
1.36559
-1.39523

4.28648
5.22754
2.52966
3.21544
1.6377
3.02123
-0.39993
0.37662
-0.79691
0.86593
0.1412
-1.03178
-1.50646
0.60253
-1.31557
-1.48317
-1.20119
-0.59082
0.09742
-4.78093
-2.65757
-4.91733
-3.71278
-1.65606
-2.67223
-3.10803
-2.40466
-1.29775
-2.75807
-0.78625
-3.19905
-3.98788
0.65786
1.82989
2.08482
2.5534
0.09894
2.21349
2.64459
3.48303
-1.57025




8. Photophysical measurements
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Figure 36S. Normalized absorption and photoluminescence spectra of 5d in chlorobenzene.
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Figure 37S. Normalized photoluminescence excitation spectra (measured at emission band) of the
first group (5a—5g) of investigated complexes in chlorobenzene.
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Figure 38S. Normalized EL spectra of PhOLEDs based on PVK/PBD doped with 5l under
incensement of applied voltage.
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Figure 39S. Normalized EL spectra of PhOLEDs based on PVK/PBD doped with 5h in different
concentrations (from 0.5 to 7 wt%).
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Abstract: In view of literature reports, benzo[/]quinoline and its substituted analogues, due to their structural
similarity to 2-phenylpyridine derivatives, appear to be very promising C,N-cyclometalating ligands for
iridium-based Phosphorescent Organic Light Emitting Diode technology. 5-bromo-benzo[k]quinoline aroused
our particular interest as a convenient precursor for further transformations, and was successfully
functionalized in the course of transition metal-promoted exclusive C—C, C—O and C—-N bond formation,
yielding a series of 5-substituted benzo[k]quinoline derivatives with unique structures and properties. Some
of the synthesized compounds seemed to be appropriate starting materials for subsequent transformations,
and enabled the preparation of new benzo[h]quinoline-based materials, for instance those with fluorine or
silsesquioxane groups, which have not been synthesized by the conventional Scraup protocol. In selected
transformations, the assistance of microwave irradiation as a non-conventional energy carrier significantly
improved efficiency, leading to the formation of desired products with yields of up to 99%.

Keywords: Cross-coupling; Homogeneous catalysis; Ligand design; Microwave chemistry; Nitrogen hetero-

1 Introduction

Organic chemists have shown moderate interest in
benzo[h]quinoline (bzqH) since it was first obtained
by Scraup in the course of a reaction between 1-
naphthylamine and glycerol in the presence of nitro-
benzene and sulfuric acid."! On the basis of this
protocol, some simple alkyl, alkoxy, nitro or halogen-
substituted bzqH derivatives have been synthesized
with use of starting materials already bearing in their
structures the above-mentioned functional groups.”! A
few bioactive bzqH-based derivatives have been
obtained also by means of the zinc chloride-mediated
Scraup protocol.”! Unfortunately, this synthetic path-
way, involving the formation of a third N-aromatic
ring, is characterized by low yields of desired products.
Moreover, the reactions must be performed in harsh
conditions. These two factors have reduced interest in
this protocol. In contrast, a few bzqH derivatives have
been prepared via different types of transformations,
including condensation, Diels-Alder reaction, cycliza-

Adv. Synth. Catal. 2018, 360, 3331-3344 Wiley Online Library

tion and more complex processes involving a series of
subsequent reactions, occurring in significantly milder
conditions.”! In order to improve the efficiency of
nitrogen-containing ring formation, compounds of
transition metals, i. e. Mn, Fe, Cu, Ru, Rh, Pd, W, Ir"!
or main group elements such as Mg or In, have been
proposed as reaction catalysts, resulting in moderate
to good yields. Nevertheless, in most cases, these
methods require expensive catalysts or specific, non-
commercially available substrates. There is only one
report in literature concerning one-pot synthesis of
various azaphenanthrenes via palladium-catalyzed
Suzuki-Miyaura coupling/aldol condensation cascade
reaction, involving the formation of an inner aromatic
ring instead of an N-cyclic part of the molecule, as
takes place in almost all of the aforementioned
methods.” It is noteworthy that most bzqH derivatives
have been obtained while working on methods for the
synthesis of new indoles or quinolines. Moreover, it
should be emphasized that all methods mentioned in
this paragraph are not entirely satisfactory because

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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they require complex substrates, expensive catalysts,
harsh conditions or high specificity of reaction.

Instead of the inefficient method based on the
formation of a third aromatic ring, using specific
substrates bearing in their structure target functional
moieties, an alternative approach leading to function-
alized bzqH compounds can be applied via direct
functionalization of the bzqH core (see Scheme 1). It
is possible to obtain the desired compounds through
direct catalytic alkylation, arylation, imidation or
lithiation,®™ as well as in the course of typical organic
stoichiometric transformations, such as nitration or
halogenation and subsequent transformation of nitro
or halogen groups.”” The C(sp*)—H bond at position 10
in the bzqH core is the most reactive part of this
molecule, due to its specific location relative to the
nitrogen atom in the cavity. There are many examples
illustrating the reactivity of this position in processes
such as acylation, alkoxylation, arylation, halogena-
tion, and thiolation."”! Unfortunately, the functionali-
zation of the bzqH molecule in this position has a
serious disadvantage, namely blocking the aforemen-
tioned specific cavity. The replacement of 10-H with
the introduced substituent via C(sp?)—H bond activa-
tion decreases potential applications of the new
compounds by hindering the most important fragment
of the molecule.

R

NH, Scraup N2

protocol |
—_—

Q0 o™ O
formation

Direct
| functionalization

C-H activation

N ’
| This work |
C-Br activation O‘
Br R

Scheme 1. Comparison of the synthetic protocols for the
synthesis of bzqH derivatives.

5 Q%
\ \
Y

According to literature, nitration of bzqH in a
nitric/sulfuric acid mixture is very inefficient com-
pared to halogenation, which can be performed very
selectively and with high yields.""! However, despite
the fact that bromo- and iodo-benzo[/]quinolines
have been obtained with good regioselectivity and
yields,"” no additional study on the catalytic trans-
formation of these compounds leading to bzqH

Adv. Synth. Catal. 2018, 360, 3331-3344 Wiley Online Library

derivatives has been reported. Taking into account
some potential applications of the compounds listed
below, it seems pertinent to carry out studies aimed at
the development of efficient methods of synthesis,
which may lead to new bzqH derivatives with unique
properties.

BzgH and its derivatives are considered interesting
and useful C,N-cyclometalating ligands in coordina-
tion chemistry, particularly due to their structural
similarity to 2-phenylpyridine (ppyH), the heterocyclic
compound which is one of the most widely studied
and commonly used ligands in the preparation of
iridium(IIT) phosphorescent emitters for organic light
emitting diodes (OLEDs).["¥l Since 1995, hundreds of
publications concerning the relationships between the
structure of the ligand, i.e. the specific nature of
substituents bonded to C,N-cyclometalating core, for
example ppy ligand, and the photophysical properties
of the final iridium(III) OLEDS’s dopant, such as
emitted wavelength, quantum efficiency, excited state
lifetime erc., have been published." In this context,
bzqH seems to be very intriguing due to its similarity
to ppyH (Scheme 2). It contains an ethynylene bridge,
which not only stiffens its structure but also extends
electron m-conjugation more than in the ppy ligand.
However, it does so without changing the pocket size
or bite angle, and thus does not disturb its coordina-
tion ability. As a matter of fact, there are known
organometallic compounds bearing cyclometalated
bzq ligand, among which iridium(III) compounds
show the most interesting properties.!””) However, the
impact of bzq modifications on iridium emitters
containing ligands such as these still remains unknown
due to the lack of consequently regiofunctionalized
bzqH derivatives containing electron-donating, elec-
tron-withdrawing, n- and p-type semiconducting or
sterically hindered substituents. A significant part of
the known bzgqH derivatives are unsuitable for this
purpose, due to the presence of substituents at
position 2, hindering cyclometalation, or at position
10, making it potentially impossible. After studying
the available literature, we chose 5-bromo-benzol[h]
quinoline (1) as the most accessible precursor for
further modifications and decided to investigate its
ability to undergo structural modification via some

N N
MENGE l
ppyH bzqH

Scheme 2. Chemical structures of 2-phenylpyridine (ppyH)
and benzo[/]quinoline (bzqH).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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well-known organometallic transformations. As a
result, we hoped to obtain bzqH derivatives bearing in
their structure functional groups with unique proper-
ties, which could potentially be interesting and useful
for designing iridium-based emitters for application in
OLEDs, similarly to ppyH derivatives.

2 Results and Discussion

At first, we focused on equipping the bzqH core with
electron-donating substituents. Our area of interest
was focused on the substituents characterized by high
Opara and low o,,., Hammett parameters since if these
groups are properly regiolocalized on the ppyH core,
they can tune the wavelength emitted by OLEDs to
the blue area.'” Fluorine is the most commonly used
substituent for this purpose, but it has been shown
that a methoxy substituent acts similarly and exhibits
better stability.'”! Taking into account the aforemen-
tioned criteria, as the first example of such substitu-
ents, a methoxy moiety was chosen. A few attempts to
introduce this group were performed based on
procedures described in the literature, such as cou-
pling of aryl bromides with sodium methoxide or
methanol in the presence of copper or palladium
catalysts, unfortunately, led only to a debrominated
product.'™ However, replacement of the sodium
cation in the initial methoxide with a lithium cation
unexpectedly changed the reaction selectivity. There-
fore, the reaction system which included 2 equivalents
of lithium methoxide in methanol and 5 mol% of
copper(I) iodide as a reaction promotor was found to
be very efficient and led to the exclusive formation of
the desired methoxylated derivative.'”! The summary
of the reaction parameters is shown in Scheme 3.
Additionally, it should be emphasized that the assis-
tance of microwaves, as a non-conventional source of
heat, allowed full conversion to be reached in a very
short reaction time, ca. 10 minutes.

| Cul (1 mol%)
_—
XL o~ O
Br 150 °C, 10 min OMe

(1) (2) 99%

Scheme 3. Copper-catalyzed alkoxylation of 1.

In the next step, we tried out to introduce a
phenoxy group which exhibits Hammett’s parameters
similar to those of the methoxy moiety but features a
much higher steric hindrance. Bearing in mind the
more acidic character of a phenolic hydroxyl group, as
a consequence of stronger H-O bond polarization and
thus lower nucleophilicity of the phenoxy anion in
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contrast to methoxy anion, the synthetic strategy had
to be different than the one previously utilized. The
iron-copper catalytic system, which has been described
in the literature,”™ applied in the examined reagent
system showed moderate efficiency in the conversion
of 1 to an appropriate phenoxy-functionalized deriva-
tive. Both extension of the reaction time and duplica-
tion of the catalyst, as well as phenol loading, resulted
in only very slight reaction progress. A short period
(i.e. 10 minutes) of microwave irradiation showed no
significant effect on the conversion of the reagents.
However, GCMS analysis showed that extended
heating in the microwave pressure reactor (12 h) at an
elevated temperature (150°C) led to total halogen-
substituted substrate consumption and its transforma-
tion into S5-phenoxybenzo[k]quinoline with accompa-
nying small amount of bzqH, as a result of the
debromination process. However, the desired product
was isolated with only 20% yield. This may be the
result of prolonged heating leading to the decomposi-
tion of the formed product. In order to avoid the
occurrence of undesirable processes, we decided to
carry out the phenoxylation reaction at a higher
temperature but for a shorter time. Therefore, at this
point, we examined the catalytic method described in
literature, in which copper(I) halides were successfully
used as catalysts in O-arylation of phenol in an NMP
environment.”! The model reaction system used for
optimization consisted of various loadings of copper
(I) chloride, 1.3 eq of phenol and 1.1 eq of cesium
carbonate (Scheme 4), as reported. At first, we
examined the reaction efficiency under the reported
conditions which led to ca. 54% conversion of the
substrate without the occurrence of debromination
(Table 1, attempt 1). Application of the previously
described guidelines, along with double or triple
catalyst loading, resulted in a significant increase in
conversion. Finally, this method after optimization
proved to be very efficient. In the course of the
reaction, the intended product was selectively ob-
tained without debromination of the initial substrate,
and was isolated with 86% yield.

G

CuCl (15 mol%)

N7 N7
| Cs,CO4 |
99 wew L 1)
Br 480°C, 40 min 0

(1) (3) 86%

Scheme 4. Copper-mediated aryloxylation of 1.
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Table 1. Optimization for the synthesis of 3!

Attempt Reaction CuCl Temperature GC
time loading [°C] conversion
[min] [mol%] [%]

1 960 5 160 54

2 20 10 180 80

3 30 10 180 87

4 40 15 180 98

2l Conditions: 1 (0.25 mol), phenol (0.325 mol), Cs,CO;
(0.275 mol), NMP (1 mL).

In order to complete the series of bzqH derivatives
containing an electron-donating substituent, as the last
example, an amino group was selected. This type of
moiety may endow unique properties to the bzq-cored
ligand due to its basic character, unlike methoxy and
phenoxy groups. Therefore, to convert 1 to the
corresponding amino-functionalized derivative, we
tried applying the methods reported in the literature,
according to which the series of quinazolines and
various other aryl amines were successfully prepared,
with the use of aqueous ammonia solution and in the
presence of copper(I) oxide, chloride or iodide.” Tt
turned out, unexpectedly, that the reaction carried out
under the conditions disclosed in the aforementioned
publications did not bring positive results. Microwave
irradiation of the reaction systems did not show any
effect, but only small amounts of 5-chloro-bzqH were
observed, which appeared to be a result of the
substitution of bromine with chlorine atoms via an
aromatic Finkelstein-type reaction between 1 and
CuCl Inactivity of 1 in the amination reaction might
be caused by its ability to undergo metal coordination,
which can have a negative impact on copper catalyst
activity. Due to the obstacle encountered in the
conversion of 1 to the target derivative through simple
amination with ammonia, we were forced to find a
solution to this problem in the synthesis process.

In the search for a way to convert bromo-
substituted precursor 1 to the corresponding amino
derivative, we encountered the concept of ammonia
surrogate employment, which we finally decided to
examine as most promising. From our point of view,
the most convenient method was palladium-mediated
Buchwald-Hartwig-type amination of bromoaryls with
ketimine as an amino group synthon. For this purpose,
benzophenoneimine®! was prepared and used in our
system as the most convenient amino group synthon,
which was further coupled with 1 in the presence of a
catalytic system created on the basis of [Pd,(dba)s]/
BINAP/NaOrBu, and additionally accelerated with
microwaves. Finally, the adapted methodology gave us
an almost theoretical yield of imine-substituted bzqH
intermediate in a relatively short reaction time
(Scheme 5). In the next step, the formed imine was
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hydrolyzed under typical conditions to the corre-
sponding 5-amino-benzo[/]quinoline (4), with an over-
all yield of 90%.

Pd,(dba); (0.25 mol%)

NH N | BINAP
NaOtBu
O O O‘ Toluene, MW
Br 150 °C, 10 min
(1)
N ’z
N ‘2
1. H(:l(aq,
2 NH3(aq)
NH,
4 90%

Scheme 5. Two-step synthesis of 4.

Since the unprotected primary amino group, partic-
ularly when bonded to aromatic systems, may undergo
some undesirable side-reactions, alkylation was per-
formed in order to protect it. It was essential not to
overdose the alkylation reagent and conduct the
process in mild conditions to avoid quaternization of
both amine and bzqH nitrogen atoms. As a result, 5-
dimethylamino-benzo[/k]quinoline (5) was obtained
almost quantitatively (Scheme 6).

N* NaH N~ |
| Mel
9¢ e~
NH,  rt,24h N

(4) (5) 97%

Scheme 6. Alkylation of 4.

Numerous literature reports concerning iridium
(IIT)-based OLED emitters describe the influence of
fluorinated 2-phenylpyridine derivatives as ligands on
the shift of emission band to the blue region of the
visible light spectrum, with respect to the position in
the spectra of non-fluorinated analogues. Among
them, the Flrpic complex, the most widely and
intensively studied blue phosphorescent emitter con-
taining in its structure two C,N-cyclometalated 2-(4,6-
difluorophenyl)pyridine ligands.™ Successful applica-
tions of a wide range of fluorinated ligands in the
synthesis of different blue OLED emitters prompted
us to prepare some selected bzqH derivative, bearing
weakly electron-withdrawing fluorine atoms. Taking
into account the literature on halogenation method-
ology, the first fluorination test was carried out with

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://asc.wiley-vch.de

FULL PAPER

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

the soft fluorination reagent Selectfluor® both in
sulfuric acid and in acetonitrile, similarly to the
bromination of bzqH.™ Unfortunately, GCMS analy-
sis revealed in both post-reaction mixtures the pres-
ence of many regioisomers as a consequence of the
non-regioselective fluorination process. Facing the
inability to control the selectivity of fluorination, we
decided to carry out the functional group transforma-
tion of one of the previously obtained bzqH deriva-
tives. Retrosynthetic analysis of the desired product
permitted the selection of a plausible synthetic path-
way with the use of the Balz-Schiemann reaction,
involving the conversion of amino-functionalized
aromatic derivatives to a diazonium salt with a
tetrafluoroborate counterion as a source of fluorine
atoms that gives fluoroarenes as a result of its
decomposition.?”

According to the given reference, the previously
synthesized 4 was transformed to the corresponding
diazonium salt (Scheme 7), which in a further step was
converted to 5-fluoro-benzo[h]quinoline (6) by ther-
mal decomposition of the latter compound in an ionic
liquid containing the same counterion. It is note-
worthy that the reaction proceeded smoothly with
high regioselectivity and enabled the target product to
be obtained with a good yield.

NP HBF, N7
| NaNO, |
—_—
©
O‘ H,0,0°C OO ® BFy
NH, 10 min NSN

(4)

IEt

N
® IT\/) © >
N BF, |

996

(6) 85%

NEt(iPr),

90°C, 24 h

Scheme 7. Synthetic methodology for compound 6 synthesis.

In addition to the synthesis of 6, an attempt was
made to obtain a derivative containing more fluorine
atoms. Considering the difficulties associated with the
direct fluorination of the bzqH molecule, we decided
to use a perfluorinated aryl building block, such as a
pentafluorophenyl moiety, the synthetic equivalent of
which is pentafluorobenzene. In contrast to other
possible coupling methods leading to the C—C bond
formation, such as Kumada or Suzuki-Miyaura, in this
particular case, the Negishi reaction was chosen as the
most convenient protocol. Considering the reactivity
of Grignard and organozinc species, the former are
more nucleophilic, thus increasing the risk of para-
fluorine substitution in the pentafluorophenyl group,
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which is well-documented in the literature.”! This
side-reaction could cause a decrease in the selectivity
of the expected product. On the other hand, the use of
boronic acid derivatives, as well as their high reac-
tivity, requires an additional step to isolate them.
Therefore, in our case, the formation of an organozinc
reagent was more convenient. Our choice is also
supported by the fact that the Negishi coupling has
been proven to be one of the most commonly used
methods for C—C bond formation between complex
synthetic intermediates in total synthesis.”*”!

The whole procedure for obtaining 7 is presented
in Scheme 8. In the first stage of the synthetic path-
way, due to the acidic nature of the hydrogen atom
located on the aromatic ring bearing five fluorine
atoms, deprotonation with ethylmagnesium bromide
was performed, resulting in the formation of the
corresponding Grignard reagent, which in the next
step was converted to pentafluorophenylzinc chloride.
Next, the obtained Negishi reagent was subjected to a
coupling reaction with 1 in the presence of 2 mol% of
palladium(0) complex ([Pd(PPhs),]), resulting in 5-
pentafluorophenyl-benzo[h]quinoline (7) with high
yield.

F
F
E F 1. EtMgBr, THF, 65 °C, 3 h F F
2.ZnCly, rt 30 min
o F F
F F
ZnCl
NZ |
L
Br e F
Pd(PPh3)4 (2 mol%)
65°C, 24 h F
™ 70%

Scheme 8. Negishi reagent formation and coupling thereof
resulting in formation of 7.

Besides the incorporation of substituents character-
ized by high o,,, and low o, Hammett parameters
to the bzqH core, an attempt was made to equip the
skeleton with some well-known p-type semiconducting
moieties, for instance a triphenylamine motif. There-
fore, in the initial stage of the work, p-diphenylamino-
bromobenzene was transformed to the corresponding
Negishi reagent through transmetalation of Grignard
intermediate. The subsequent coupling reaction per-
formed with the assistance of 1.5 mol% of palladium
homogenous catalyst was found, on the first attempt,
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to give a good yield, with the use of a conventional
source of heating (Scheme 9). As a consequence, 8
was successfully obtained in a two-step sequence.

; 1. Mg, THF, 65°C, 5 h ;
/©/N\© 2.2ZnCly, tt, 30 min /©/N\©
Br ClzZn

NZ NZ
I I
e O
Br
( )

Yoo
O

®) 70%

Pd(PPhs), (1.5 mol%

65°C, 24 h

Scheme 9. Negishi reagent formation and coupling thereof
resulting in formation of 8.

Bearing in mind the potential application of this
type of derivatives as ligands, we decided to enrich the
series of compounds with further examples of bzqH
equipped with p-type semiconducting substituents.
Thus, 5-diphenylamino-benzo[/]quinoline (9) was also
synthesized. It has similar properties to the previously
described derivative but is characterized by a less -
conjugated system. Its synthesis was carried out via
palladium-catalyzed C—N, not C—C bond formation as
in the case of 8. The target derivative was prepared by
the means of microwave-assisted Buchwald-Hartwig
coupling protocol in a one-step method, using a non-
polar solvent in the presence of 2 mol% of [Pd(PPhs),]
as a catalyst and NaOtBu as a base (Scheme 10). Thus,
irradiation of the reaction mixture with microwave
electromagnetic radiation enabled the final product to
be obtained with 67% yield after only 20 minutes of
heating.

Another example of moiety reported in literature
as a hole-conductive, which we decided to attach to
the bzqgH core was a carbozolyl substituent. Unfortu-
nately, many attempts at reactions between carbazole
and 1 were made, but none of them yielded positive
results. Various stoichiometric and catalytic methods
making use of the activity of copper and palladium
species were examined in this reagent system. How-
ever, all failed.”™” All combinations of various palla-
dium pre-catalysts (palladium acetate, [Pd,(dba)s],
[PdCl,(phosphine),]), phosphines (tri-tert-butylphos-
phine, tricyclohexylphosphine, triphenylphosphine,
rac-BINAP) with sodium or potassium fert-butoxide in
toluene were unable to catalyze carbazole N-arylation
with 1. We also tried out the method which was
successfully applied for the synthesis of 9, which
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N/

0 aC

(1

H
N

7

Br

N/

Pd(PPh3), (2 mol%)

|
NaOtBu OO /©
> N

Toluene, MW
150 °C, 20 min

9) 67%

Scheme 10. Buchwald-Hartwig N-arylation of 1.

differs from the considered case only in its use of a
slightly different substrate, but it also proved ineffec-
tive. Moreover, the desired product formation was not
observed after additional microwave irradiation of the
reaction mixture over an extended time. At last, this
deadlock was broken by changing the synthetic
strategy. The target compound 10 was efficiently
prepared through the reaction of 4 with 2,2’-dibromo-
biphenyl leading to 5-membered ring enclosure via the
Buchwald-Hartwig reaction (Scheme 11).F" It is worth
emphasizing that the catalytic system used in this
transformation, developed on the basis of [Pd,(dba);]/
[HP(tBu);]BF, (10mol% Pd, 20mol% of the
phosphine), was able to form up two C-N bonds

N/ I Br
| g
NH; Br
(4)

Pd,(dba)s (5 mol%) N

[HP(tBu)3]BF4
NaOtBu

NeOeWe
v

(10) 80%

Toluene, MW
120°C, 24 h

Scheme 11. Successful double Buchwald-Hartwig N-arylation
leading to formation of 10.
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between the amino group and 2,2’-dibromobiphenyl,
but was not efficient enough in C—N bond formation
when carbazole and 1 were applied as reagents.
However, in order to prevent of side reactions such as
the formation of oligomeric byproducts, the reaction
temperature was decreased from 150°C (temperature
successfully applied in the syntheses of 4 and 9) to
120°C and consequently, the time of microwave
irradiation had to be extended to 24 h.

Furthermore, another example of a bzqH deriva-
tive bearing a semiconducting moiety, 5-(N-phenothia-
zyl)-benzo[k]quinoline (11) was exclusively synthe-
sized in the presence of microwave irradiation. On the
first attempt, similar reaction conditions as for the
synthesis of 9 were applied, with a slightly reduced
amount of catalyst added (1.5 mol% Pd). Analysis of
the post-reaction mixture revealed total consumption
of the substrate and exclusive formation of the desired
product 11. Additional tests allowed us to conclude
that the optimal reaction time was 10 minutes, in
which full substrate conversion was reached. After a
quick workup and easy chromatographic purification,
the target compound was isolated with 79% yield (see
Scheme 12). Taking into account the photo- and
electronic properties, this compound is similar to 9 but
bears a sulfur atom bridging two aromatic benzene
rings, which increases substituent rigidity. Moreover,
the phenothiazine moiety is well-known for its unique
photoluminescent and p-type semiconducting proper-

ties.’?
H NZ
@[]@ l
QO
= Br
(1)

NZ |
Pd(PPh3)4 (1.5 mol%)
NaOtBu _
o N
Toluene, MW S
150°C, 10min
(11) 79%

Scheme 12. N-arylation of phenothiazine.

Not only electron-donating substituents or semi-
conducting moieties connected with ligands can
influence phosphorescent emitter properties. Litera-
ture reports indicate that the bonding of sterically
hindered substituents to ligands involved in the
structure of phosphorescent emitters has a positive
effect on their emission quantum yields due to the
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prevention of aggregation and, consequently, also the
reduction of the triplet-triplet annihilation phenom-
ena, as well as providing better dispersion of emitters
in the polymer matrix.®® There are some reports
describing silsesquioxanes as substituents with high
steric hindrance of nanometric dimensions, which are
important building blocks for optoelectronic materi-
als.’ Inspired by these reports, we decided to equip
the bzqH core with a silsesquioxane moiety. On the
basis of literature, we tried to perform Heck coupling
between the heptaisobutyl-POSS vinyl group and 1.
Unfortunately, the analysis of the post-reaction mix-
ture did not detect the presence of the expected
product. In the face of this failure, we decided that the
best solution would be to connect the POSS moiety
with bzqH core via hydrosilylation, which is a very
well documented reaction, commonly used in POSS
chemistry.” For this purpose, a bzqH derivative
containing a hydrosilyl group had to be synthesized. It
was created by the Grignard reaction between chlor-
odimethylsilane and Grignard reagent formed in situ
(Scheme 13). The order in which the reagents were
added was very important, as the attempt to synthe-
size 5-(benzo[h]quinolinato) magnesium bromide and
subject it to the nucleophilic substitution with chlor-
odimethylsilane failed at the stage of the Grignard
reagent formation. During the magnesium insertion
reaction, a complex black-colored mixture was ob-
tained that did not react further in an expected
manner. One way to overcome this problem was the
drop-wise addition of 1 solution into the solution
containing activated magnesium and chlorodimethylsi-
lane, which forced the immediate conversion of the
Grignard reagent into the desired product, isolated
with a moderate yield.

| Mg
_—
OCI THF OCI
Br rt, 24h SiMe,H
(1) (12) 60%

Scheme 13. Synthesis of 12.

The obtained compound 12 was subsequently used
in the hydrosilylation reaction in the presence of a Pt-
Karstedt catalyst, resulting in a bzqH derivative
containing at position 5 a POSS moiety connected by a
—CH,CH,— hydrocarbon linker (compound 13, see
Scheme 14). An additional desirable feature of the
linker is its flexibility, which hinders the crystallization
process and thus favors the formation of amorphous
phases. A high glass-transition point is particularly
important in the design of the new OLED dopants
since the formation of amorphous layers facilitates
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Si i iBu o-si N
o~ W NV AN N\
Si si |
/ o iBu o [} N7 Karstedt catalyst 0/
Bu~g; \ 5i | (0.01 mol%)
\O\//O\ * - > / o] IBU\ /o O
/ /Si \ Si\IBU Yoluene IBU\Si\ \/s‘iO
0 o YBu O SiMe,H 70°C, 24h 0T KO~/
/S{ \ SI\iBu
/ ° (12) d o B P/
si si \ / / d
By \O/ \iBu \/ Si/
4
B S0 gy

Scheme 14. Hydrosilylation of POSS-OSiMe,CH=CH, by 12.

uniformity of the emitters dispersion in the matrix and
prevents electrical shortages.”)

Interestingly, in the CSD (Cambridge Structural
Database, version Nov. 2017) there are no examples of
organic 5-substituted benzo[/]quinolines (without oth-
er substituents), and only one example of metal-
organic compound ((Benzo[/]quinolin-5-yl(methoxy)
methylene)-(pentacarbonyl)-chromium(0)).**  Per-
spective views of the molecules 1, 2, 4, 6, 7 and 10 are
shown in Figure 1, and some geometrical data is
included in Supporting information. Molecular struc-
tures in the solid state are quite similar for all
compounds (Figure 2). The bzqH ring system is
approximately planar; in fact, the only differences are,
evidently, related to the nature of the substituent at
position 5, and these substituents influence mainly the
C5—-C6—C7 angle (as observed long ago by Domenica-
no and Murray-Rust for benzene derivatives).* Also,
dihedral angles between the bzqH ring system and the
aromatic substituent in 7 and 10 are very similar
(61.73(8)° in 7A, 67.70(7)° in 7B, 67.026(19)° in 10.
Only in 4 does the molecule contain a strong hydrogen
bond donor (NH, group) and the N—H:-N1 hydrogen
bonds connect molecules into infinite chains. In all
other structures, only weak interactions determine
crystal architectures, but they seem to be quite robust
as, for instance, the solvent molecule was not incorpo-
rated into the structures in either case. On the other
hand, the presence of multiple molecules in 2 of 6
structures (Z'=3 in 2, Z'=2 in 7) indicates some kind
of packing conflicts. Table 3 in Supporting information
lists some details of these interactions. They include
halogen C—Br--Br halogen bonding in 1, C—H--F
interactions in 7, and m---w and C—H---xt interactions of
differing importance, practically in all cases.

3 Conclusion

A number of methods were proposed to obtain a
series of bzqH modified at position 5. A series of
substituents with various electron and steric properties
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51%

were implemented in order to change the electron
density on the bzqH core, support p-type semiconduc-
tivity and reduce aggregation tendency. All synthe-
sized compounds have a coordination pocket, which
enables C,N-cyclometalation of metal atoms, and thus
have the potential to be used in OLED technology for
the synthesis of C,N-cyclometalated phosphorescent
emitters. Further work on the application of the new
compounds is in progress.

Experimental Section
Synthesis of 5-bromo-benzo[/]quinoline (1)

The reaction was performed under an air atmosphere. Benzo
[A]quinoline (24.75 g, 138 mmol) was added portionwise to a
reaction flask, containing 220 mL of vigorously stirred
concentrated sulfuric acid, at room temperature. After cool-
ing, NBS (24.58 g, 138 mmol) was very slowly added to
maintain the temperature inside the flask below 35°C. After
the addition of NBS, the reaction mixture was left for stirring
overnight. The post-reaction mixture was slowly poured into
1000 mL of ice-cold water and subsequently very carefully
neutralized with saturated ammonia solution to pH=6. The
precipitated product was extracted with chloroform and
washed with water 3 times. The organic layer was dried over
magnesium sulfate, filtered and concentrated on rotavap to
give the crude product as a yellowish oil. The crude product
was purified with flash chromatography using 10% diethyl
ether: 90% hexanes eluent. The fractions containing over
90% desired product and less than 2% dibrominated benzo
[A]quinolines (determined by GC) were collected and the
solvent was evaporated. Finally, the pure product was
obtained as a white crystalline solid after recrystallization
from diethyl ether with 56% yield (18.04 g, 69.9 mmol). 'H
NMR (400 MHz, CDCL;) 6 9.29-9.24 (m, 1H), 9.01 (dd, J=
4.4, 1.7Hz, 1H), 8.61 (dd, /=83, 1.7 Hz, 1H), 8.15 (s, 1H),
7.85-7.80 (m, 1H), 7.78-7.68 (m, 2H), 7.62 (dd, J=83,
4.4 Hz, 1H). *C NMR (101 MHz, CDCl;) & 149.58, 147.13,
135.78, 133.79, 131.21, 131.14, 129.08, 127.67, 127.17, 125.86,
124.96, 122.68, 119.78. GCMS (EI): 257.1 (100%), 259.1
(93%), 178.2 (58%), 151.1 (44%), 89.1 (30%), 75.1 (30%),
150.0 (28%), 177.2 (28%), 258.3 (19%), 75.9 (14%), 260.2
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Figure 1. Perspective views of the molecules 1, 2, 4, 6, 7, and 10 in crystal structures.
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Figure 2. A comparison of geometries of all compounds,
whose crystal structures were determined.

(14%), 152.1 (11%), 74.1 (11%). HRMS (ESI) calc. for
CsH,BrN: [M + H]* 257.9918, found 257.9935.

Synthesis of 5-methoxy-benzo[k]quinoline (2)

Lithium methoxide (0.294 g, 7.75 mmol), 1 (1.0 g, 3.87 mmol)
and copper(I) iodide (37 mg, 0.194 mmol) were charged into
a CEM 10mL reaction vessel. Subsequently, 5SmL of
anhydrous MeOH was added and the closed vessel was
placed in a CEM microwave reactor. The reaction mixture
was heated at150°C for 10 minutes with P, =100 W. After
cooling, S mL of DCM was slowly added and the precipitate
was filtered off. All volatiles were evaporated under reduced
pressure and the crude product was purified by flash
chromatography, using gradient elution, from 100% DCM to
50% AcOEt:50% DCM. The collected fractions were
concentrated in vacuo to give a white crystalline product,
with 99% yield (0.803 g, 3.84 mmol). 'H NMR (300 MHz,
CDCl;) 69.22-9.12 (m, 1H), 9.01 (dd, /=44, 1.8 Hz, 1H),
8.60 (dd, /=83, 1.8 Hz, 1H), 7.80-7.74 (m, 1H), 7.69-7.55
(m, 2H), 7.52 (dd, /=8.3, 4.4 Hz, 1H), 7.00 (s, 1H), 4.06 (s,
3H). "C NMR (75 MHz, CDCl;) §152.59, 149.34, 147.27,
134.15, 130.74, 128.64, 127.79, 126.75, 124.79, 124.45, 121.63,
121.49, 102.48, 55.69. GCMS (EI): 209.3 (100%), 166.2
(93%), 140.1 (16%), 210.3 (16%), 194.2 (16%), 139.1 (16%),
167.2 (12%). HRMS (ESI) calc. for CH;,NO: [M+H]*
210.0919, found 210.0929.

Synthesis of 5-phenoxy-benzo[/]quinoline (3)

Phenol (0.367 g, 3.9 mmol), 1 (774 mg, 3 mmol), cesium
carbonate (1.075 g, 3.3 mmol) and copper(I) chloride (45 mg,
0.45 mmol) were charged into a CEM 80 mL reaction vessel.
Subsequently 12 mL of NMP were added and the closed
vessel was placed in a CEM microwave reactor. The reaction
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mixture was heated at180°C for 40 minutes with P,.=
200 W. After cooling, 50 mL of water was added and the
precipitate was centrifuged. The precipitate was dissolved in
10mL of DCM and washed 3 times with 40 mL of 5%
NaOH aqueous solution and 7 times with 40 mL of water.
The organic layer was dried with anhydrous magnesium
sulfate, filtered and concentrated in vacuo to give the crude
product. The crude product was purified by flash chromatog-
raphy using gradient elution from 100% hexanes to 50%
hexanes: 50% DCM. The combined fractions were concen-
trated in vacuo to obtain a pure product as a white crystalline
solid with 86% yield (0.7 g, 2.58 mmol). 'H NMR (300 MHz,
CDCl;) 69.30-9.21 (m, 1H), 9.06 (dd, /J=4.4, 1.8 Hz, 1H),
8.63 (dd, J=8.3, 1.8 Hz, 1H), 7.74-7.62 (m, 3H), 7.56 (dd, J=
8.2, 4.4 Hz, 1H), 7.47-7.37 (m, 2H), 7.24-7.10 (m, 4H). “C
NMR (75 MHz, CDCl;) & 156.96, 150.82, 149.60, 147.65,
133.51, 130.84, 130.15, 128.96, 128.74, 127.22, 125.91, 124.58,
124.11, 122.01, 121.83, 119.51, 111.46. GCMS (EI): 271.2
(100%), 2432 (33%), 166.0 (28%), 2422 (26%), 272.3
(21%), 151.0 (15%), 77.1 (12%). HRMS (ESI) calc. for
CH,NO: [M+H]" 272.1075, found 272.1091.

Synthesis of 5-amino-benzo[/]quinoline (4)

Compound 1 (1.329 g, 5.15mmol), sodium fert-butoxide
(0.675 g, 6.81 mmol), tris(dibenzylideneacetone)-dipalladium
(0) (12 mg, 13 umol) and rac-BINAP (24 mg, 39 umol) were
charged into a CEM 80 mL reaction vessel. Subsequently,
13 mL of anhydrous toluene and benzophenone imine
(0.968 mL, 1.045 g, 5.77 mmol) were added and the closed
vessel was placed in a CEM microwave reactor. The reaction
mixture was heated at 150°C for 10 minutes with P, =
300 W. After cooling, all volatiles were removed under
reduced pressure and 20 mL of DCM were added. The
solution was washed 3 times with 10 mL of water and
concentrated in vacuo. The residuals were dissolved in
20 mL of THF and vigorously stirred. Subsequently, muriatic
acid (0.823 mL, 0.988 g, 10.3 mmol) was slowly dropped in,
which resulted in the instant formation of a beige solid. The
solid intermediate hydrochloride was centrifuged and washed
twice with 10 mL of THF. After drying in air, the solid was
dissolved and vigorously stirred in 10 mL of water, giving a
bloody-red, clear solution. During 10 minutes of stirring, a
beige solid of benzophenone gradually appeared and was
removed by extraction three times with 5 mL of DCM. Next,
the aqueous layer was basified to pH =8 with concentrated
aqueous ammonia solution, which resulted in the formation
of a beige precipitate. The precipitate was extracted 3 times
with 10 mL of DCM. The organic layer was dried over
anhydrous sodium sulfate, filtered and concentrated in
vacuo. The obtained crude product was purified by flash
chromatography using gradient elution from 100% DCM to
15% AcOEt: 85% DCM. The collected fractions were
concentrated in vacuo to give 4 as a yellowish solid in 90%
yield (0.895¢g, 4.61 mmol). 'H NMR (300 MHz, CDCl;)
09.15 (d, J=8.1 Hz, 1H), 9.01 (dd, /=44, 1.7 Hz, 1H), 8.19
(dd, J=8.3, 1.7Hz, 1H), 7.69-7.55 (m, 2H), 7.55-7.47 (m,
2H), 7.00 (s, 1H), 4.10 (s, 2H). *C NMR (75 MHz, CDCl;)
0 148.77, 147.34, 139.06, 134.69, 129.37, 128.67, 127.49,
125.75, 124.48, 124.03, 121.19, 120.48, 107.93. GCMS (EI):
194.1 (100%), 167.1 (26%), 166.1 (22%), 193.3 (22%), 195.1
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(18%), 97.0 (14%), 139.3 (13%), 140.3 (11%), 138.5 (10%).
HRMS (ESI) calc. for C;;H;;N,: [M+H]" 195.0922, found
195.0928.

Synthesis of 5-(V, N-dimethylamino)-benzo| /]
quinoline (5)

A 60% suspension of NaH in mineral oil (0.424 g,
10.6 mmol) was charged into a Schlenk flask. Next, the solid
was washed 3 times with 5 mL of anhydrous toluene, 3 times
with 5mL of anhydrous hexane and dried under reduced
pressure. 10mL of anhydrous THF and 4 (0.686¢g,
3.53 mmol) were added to the flask and vigorously stirred.
Next, iodomethane (0.471 mL, 1.063 g, 7.42 mmol) was
slowly added dropwise and the reaction flask was closed with
a bubbler socket and left for stirring for 20 h at room
temperature. After reaction completion 1 mL of methanol
was very carefully added and all volatiles were removed
under reduced pressure. The residual solid was washed 3
times with 10 mL of DCM and the filtrate was concentrated
in vacuo, giving the product with 97% yield, as a yellowish
oil (0.785 g, 3.41 mmol). 'H NMR (300 MHz, CDCL,) § 9.23-
9.15 (m, 1H), 8.99 (dd, /=4.3, 1.8 Hz, 1H), 8.58 (dd, J=8.3,
1.8 Hz, 1H), 7.82-7.75 (m, 1H), 7.67-7.57 (m, 2H), 7.53 (dd,
J=8.3, 43 Hz, 1H), 7.30 (s, 1H), 2.93 (s, 6H). "C NMR
(75 MHz, CDCl;) & 148.59, 148.08, 147.78, 134.02, 132.81,
129.04, 128.51, 126.99, 125.47, 124.38, 123.98, 121.20, 113.71,
45.10. GCMS (EI): 222.3 (100%), 221.3 (71%), 179.2 (33%),
206.3 (22%), 178.1 (22%), 151.1 (22%), 180.2 (18%), 205.2
(16%), 223.2 (16%), 207.3 (16%), 166.2 (14%), 194.2 (13%),
152.2 (12%), 103.1 (11%), 220.2 (11%). HRMS (ESI) calc.
for C;sH;sN,: [M+H]* 223.1235, found 223.1240.

Synthesis of 5-fluoro-benzo[h]quinoline (6)

The reaction was performed under an air atmosphere. 4
(0.784 g, 4.04 mmol) was weighted to a reaction vial and
tetrafluoroboric (2.64 mL, 3.69 g, 20.18 mmol) acid solution
was added, followed by a few mL of water to completely
dissolve the substrate to get a bloody-red, clear solution. The
mixture was cooled to 0°C and sodium nitrite aqueous
solution (0.306 g, 4.44 mmol) was slowly added, upon vigo-
rous stirring. After 10 minutes, the precipitated red solid was
filtered off and washed 4 times with a mixture of 40 mL of
diethyl ether and 5 mL of triethyl orthoformate and twice
with 20 mL of diethyl ether, and dried in air. The next step
was performed under an inert atmosphere. A Schlenk flask
was charged with f 1-ethyl-3-methylimidazolium tetrafluor-
oborate (8.0 g, 40.4 mmol) and the intermediate diazonium
salt and left for heating at 90°C for 24 h. After cooling, N-
ethyldiisopropylamine (1.378 mL, 1.043 g, 8.07 mmol) was
added and the contents were stirred for an additional hour.
Next, the product was extracted 3 times with 10 mL of
diethyl ether and the combined washes were concentrated in
vacuo. The crude product was sublimed at 150°C under
pressure 2x107% Torr to give a pure product as colorless
crystals in 85% yield. 'H NMR (300 MHz, CDCl;) & 9.25-
9.16 (m, 1H), 9.03 (dd, /=44, 1.8 Hz, 1H), 8.44 (dd, J=8.2,
1.8 Hz, 1H), 7.86-7.78 (m, 1H), 7.70-7.63 (m, 2H), 7.57 (dd,
J=82, 44Hz, 1H), 743 (d, J=11.0Hz, 1H). *C NMR
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(75 MHz, CDCL,) 8 155.65 (d, J=253.1 Hz), 149.84, 147.37
(d, J=4.8 Hz), 132.82 (d, J=10.1 Hz), 129.36 (d, J=5.2 Hz),
129.14 (d, J=1.1 Hz), 129.00, 127.47 (d, J=5.8 Hz), 126.36
(d, J=2.4 Hz), 124.67 (d, J=1.4 Hz), 121.91, 119.34 (d, J=
19.5 Hz), 108.80 (d, J=19.0 Hz). GCMS (EI): 197.2 (100%),
196.1 (30%), 198.3 (14%), 169.2 (10%). HRMS (ESI) calc.
for C;H,FN: [M +H]* 198.0719, found 198.0730.

Synthesis of 5-pentaluofophenyl-benzo[/]quinoline
Y

A Schlenk flask was charged with 15 mL of anhydrous THEF,
1M ethylmagnesium bromide THF solution (4.65 mL,
4.65 mmol) and pentafluorobenzene (0.693 mL, 1.052¢g,
6.2 mmol). The mixture was heated in an oil bath at 65 °C for
3 h. After cooling, a zinc chloride THF solution (5.04 mL,
5.04 mmol) was added dropwise and the contents were
stirred for 30 min. After the completion of transmetalation, 1
(1.0 g, 3.87 mmol) and tetrakis(triphenylphosphine)-palladi-
um(0) (90 mg, 77 umol) were added. The reaction mixture
was heated at 65°C for 24 h. After the indicated time the
mixture was concentrated under reduced pressure and
100 mL of water was added. The formed suspension was
extracted 3 times with 20 mL of DCM, the combined washes
were dried with anhydrous magnesium sulfate, filtered and
concentrated to give the crude product. The crude product
was purified by flash chromatography using gradient elution
from 100% hexanes to 12% diethyl ether: 88% hexanes. The
collected fractions were combined and concentrated in vacuo
to give the desired product as a white crystalline solid, with
70% yield (0.936 g, 2.71 mmol). 'H NMR (300 MHz, CDCl5)
09.37 (d, J=8.1 Hz, 1H), 9.06 (dd, J=4.4, 1.7 Hz, 1H), 7.95
(d, J=7.6Hz, 1H), 7.88-7.73 (m, 4H), 7.53 (dd, J=8.3,
4.4 Hz, 1H). BC NMR (75 MHz, CDCl;) & 149.40, 146.83,
133.01, 132.56, 132.19, 131.46-131.26 (m), 128.97, 128.52,
128.36, 124.93, 124.83, 122.31, 121.58-121.45 (m). GCMS
(EI): 345.1 (100%), 326.2 (24%), 346.2 (20%), 147.6 (18%),
3252 (17%), 344.1 (11%) 172.6 (10%). HRMS (ESI) calc.
for C,gHoFsN: [M +H]* 346.0655, found 346.0665.

Synthesis of 5-(4-(V, N-diphenylamino)phenylene)-
benzo[A]quinoline (8)

A Schlenk flask was charged with magnesium turnings
(0.182 g, 7.5 mmol) and 20 mL of THF. Magnesium surface
was activated by the addition of 1,2-dibromoethane (44 uL,
96 mg, 0.5 mmol) and heating the reaction mixture at 50°C,
until gas evolution ceased (ca. 30 min). Next, 4-(N,N-
diphenylamino)bromobenzene was added and the mixture
was heated at 65°C for 5 h. The mixture was cooled to room
temperature and a zinc chloride THF solution (5.75 mL,
5.75 mmol) was added dropwise upon stirring for another
30 min. After the successful formation of the Negishi
reagent, 1 (1.291 g, 5mmol) and tetrakis(triphenylphos-
phine)palladium(0) (87 mg, 0.075 mmol) were added and the
reaction mixture was vigorously stirred at 65°C for 24 h.
After the indicated time, the mixture was concentrated under
reduced pressure and 100 mL of water was added. The
formed suspension was extracted 3 times with 20 mL of
DCM, the combined washes were dried with anhydrous
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magnesium sulfate, filtered and concentrated to give the
crude product. The crude product was purified by flash
chromatography using gradient elution from 100% hexanes
to 30% DCM: 70% hexanes. The collected fractions were
combined and concentrated in vacuo to give the desired
product as a white crystalline solid with 70% yield (1.479 g,
3.5 mmol). '"H NMR (300 MHz, CDCL;) & 9.37-9.28 (m, 1H),
9.03 (dd, /=44, 1.7 Hz, 1H), 8.37 (dd, /=83, 1.7 Hz, 1H),
7.95-7.88 (m, 1H), 7.80 (s, 1H), 7.73 (tt, J=7.0, 5.1 Hz, 2H),
7.51 (dd, /=83, 43 Hz, 1H), 7.41 (d, J=8.5 Hz, 2H), 7.36—
7.27 (m, 4H), 7.26-7.18 (m, 6H), 7.08 (t, J=7.3 Hz, 2H). ®C
NMR (75 MHz, CDCl;) & 148.71, 147.79, 147.61, 147.03,
137.43, 134.49, 133.38, 133.30, 131.11, 130.93, 129.52, 128.59,
127.92, 127.85, 127.82, 127.03, 125.90, 124.78, 124.58, 123.36,
123.31, 121.66. DEPMS (EI): 422.3 (100%), 423.4 (32%),
488.3 (25%), 421.5 (18%), 489.4 (10%). HRMS (ESI) calc.
for C;;HyN,: [M+H] ' 423.1861, found 423.1868.

Synthesis of 5-(N, N-diphenylamino)-benzo[ 4]
quinoline (9)

A CEM 80 mL reaction vessel was charged with 1 (0.5 g,
1.94 mmol), diphenylamine (0.344 g, 2.03 mmol), sodium tert-
butoxide (0.279 g, 2.91 mmol) and tetrakis(triphenylphos-
phine)-palladium(0) (45 mg, 39 pumol). Subsequently, 15 mL
of anhydrous toluene were added, the vessel was closed and
placed in a CEM microwave reactor. The reaction mixture
was heated at150°C for 20 minutes with P, =300 W. After
the reaction, all volatiles were removed under reduced
pressure and the residuals were washed 3 times with 5 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution, starting from 100%
hexanes to 100% DCM. Evaporation of the combined
fractions gave the desired product as a white crystalline solid
(0.448 g, 1.293 mmol) with 67% yield. 'H NMR (300 MHz,
CDCl;) 69.60 (d, J=7.8 Hz, 1H), 9.28 (dd, /=42, 1.5Hz,
1H), 8.59 (dd, J=8.3, 1.5 Hz, 1H), 8.11-7.95 (m, 3H), 7.94 (s,
1H), 7.69 (dd, J=8.3, 4.4 Hz, 1H), 7.59-7.47 (m, 4H), 7.39 (d,
J=8.4Hz, 4H), 7.29 (t, J=7.3 Hz, 2H). ®C NMR (75 MHz,
CDCl;) 06149.00, 148.31, 148.17, 141.29, 133.89, 133.02,
130.61, 129.41, 128.64, 127.61, 127.59, 127.01, 125.41, 124.61,
122.35, 121.95. GCMS (EI): 346.2 (100% ), 269.2 (36% ), 347.2
(28%), 345.3 (27%), 243.2 (15%), 268.2 (13%), 173.0 (12%),
771 (12%), 242.2 (10%). HRMS (ESI) calc. for C,sHgN,:
[M-+H]" 347.1548, found 347.1553.

Synthesis of 5-(N-carbazolyl)-benzo[ h]quinoline (10)

A CEM 80 mL reaction vessel was charged with 4 (0.5¢g,
2.57 mmol), 2,2’-dibromobiphenyl (0.883 g, 2.83 mmol), so-
dium tert-butoxide (0.742 g, 7.72 mmol), tris(dibenzylidenea-
cetone)dipalladium(0) (0.118 g, 0.129 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.149 g, 0.515 mmol).
Subsequently, 20 mL of anhydrous toluene were added, the
vessel was capped and placed in a CEM microwave reactor.
The reaction mixture was heated at120°C for 24 h with
P,..=300 W. After the reaction, all volatiles were removed
under reduced pressure and the residuals were washed 3
times with 5 mL of DCM. The washings were combined and
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concentrated under reduced pressure and the crude product
was purified by flash chromatography using gradient elution,
starting from 100% hexanes to 60% DCM: 40% hexanes.
Evaporation of the combined fractions gave the desired
product as a white crystalline solid (0.709 g, 2.059 mmol)
with 80% yield. 'H NMR (300 MHz, CDCl;) 8 9.45 (d, J=
8.3 Hz, 1H), 9.06 (dd, J=4.3, 1.8 Hz, 1H), 8.28-8.18 (m, 2H),
8.04 (s, 1H), 7.96 (d, /=7.9 Hz, 1H), 7.88 (td, /=83, 7.7,
1.5Hz, 1H), 7.80 (td, /=74, 1.4 Hz, 1H), 7.59 (dd, /=83,
1.7 Hz, 1H), 7.40-7.29 (m, 5H), 7.10-7.03 (m, 2H). “C NMR
(75 MHz, CDCl;) & 149.73, 147.77, 142.24, 133.10, 132.18,
131.88, 131.58, 129.03, 128.50, 128.31, 128.25, 126.30, 124.90,
124.63, 123.45, 122.32, 120.62, 120.24, 110.22. GCMS (EI):
344.2 (100%), 171.3 (30%), 172.0 (29%), 342.2 (28%), 345.2
(26%), 343.0 (23%), 170.3 (14%). HRMS (ESI) calc. for
CosH7N,: [M+H]* 345.1392, found 345.1400.

Synthesis of 5-(N-phenothiazyl)-benzo[A]quinoline
an

A CEM 10 mL reaction vessel was charged with 1 (0.535 g,
2.0 mmol), phenothiazine (0.418 g, 2.1 mmol), sodium tert-
butoxide (0.258 g, 2.6 mmol) and tetrakis(triphenylphos-
phine)-palladium(0) (35 mg, 30 umol). Subsequently 5 mL of
anhydrous toluene was added, the vessel was closed and
placed in a CEM microwave reactor. The reaction mixture
was heated at 150°C for 10 minutes with P,,, =300 W. After
the reaction, all volatiles were removed under reduced
pressure and the residuals were washed 3 times with 5 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution starting from 100%
hexanes to 100% DCM. Evaporation of the combined
fractions gave a yellow solid which was then washed 2 times
with 3 mL of diethyl ether and dried. The desired product
was obtained as a white crystalline solid (0.595 g, 1.58 mmol)
with 79% yield. 'H NMR (300 MHz, CDCl;) 8 9.40 (d, J=
8.1Hz, 1H), 9.05 (dd, /=4.2, 1.7 Hz, 1H), 8.45 (dd, J=8.3,
1.8 Hz, 1H), 8.05 (s, 1H), 7.98 (d, /=7.8 Hz, 1H), 7.90-7.74
(m, 2H), 7.49 (dd, J=83, 44Hz, 1H), 7.06 (dd, J=7.5,
1.7 Hz, 2H), 6.77 (dt, J=23.5, 7.2 Hz, 4H), 6.19 (d, /=8.0 Hz,
2H). “C NMR (75 MHz, CDCl,) & 149.75, 148.57, 143.64,
134.54, 133.40, 132.57, 131.86, 131.43, 131.40, 128.89, 128.35,
127.18, 126.90, 124.85, 124.81, 122.93, 122.59, 120.07, 115.91.
GCMS (EI): 376.2 (100%), 198.1 (38%), 377.3 (29%), 154.2
(14%), 179.1 (14%), 166.1 (14%), 188.4 (13%), 187.5 (12%),
3432 (12%), 171.7 (12%), 375.2 (12%), 342.2 (11%), 151.1
(10%), 197.1 (10%). HRMS (ESI) calc. for C,sH;N,S: [M +
H]* 377.1112, found 377.1120.

Synthesis of 5-dimethylsilyl-benzo[/]quinoline (12)

In a Schlenk flask, a solution of 1 (0.3 g, 1.162 mmol) in 2 mL
of anhydrous THF was prepared. A separate Schlenk flask
was charged with magnesium turnings (42 mg, 1.743 mmol)
and 3 mL of anhydrous THF. The magnesium was activated
by addition of 1,2-dibromoethane (15 ul, 33 mg,
0.174 mmol) and heating the reaction mixture at 50°C until
gas evolution ceased (ca. 30 min). Next, chlorodimethylsilane
(0.329 mL, 0.281 g, 2.91 mmol) was added, followed by the
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dropwise addition of a previously prepared solution of 1 in
THEF. Upon addition of the reagents, a yellow color appeared
and then quickly disappeared. The rate of addition was
controlled to keep the reaction mixture colorless. After
addition of the reagents, the reaction mixture was left at
room temperature for 24 h. Then, all volatiles were removed
in vacuo and the residuals were washed 3 times with 2 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution starting from 100%
hexanes to 100% diethyl ether. Evaporation of the combined
fractions gave the desired product as a yellowish oil (0.166 g,
0.697 mmol) with 60% yield. 'H NMR (300 MHz, CDCl,)
09.31 (d, J=8.0 Hz, 1H), 9.02 (dd, /=44, 1.7 Hz, 1H), 8.45
(dd, /=82, 1.7Hz, 1H), 8.05 (s, 1H), 7.94-7.86 (m, 1H),
7.80-7.66 (m, 2H), 7.54 (dd, /=82, 4.3 Hz, 1H), 4.91 (hept,
J=3.7 Hz, 1H), 0.55 (d, J=3.8 Hz, 6H). *C NMR (75 MHz,
CDCl;) 6148.41, 146.46, 136.32, 135.65, 133.57, 133.01,
132.32, 129.39, 128.42, 128.01, 127.82, 124.52, 121.62, —3.27.
GCMS (EI): 236.2 (100%), 237.2 (54%), 222.1 (21%), 206.1
(21%), 238.2 (12%). HRMS (ESI) calc. for C;sH;(NSi: [M +
H]* 238.1052, found 238.1065.

Synthesis of 5-{1-ethylenedimethylsiloxy-3,5,7,9,11,13,
15-isobutylpentacyclo-[9.5.1.1*°.15".1"]octasiloxane}-
benzo[h]quinoline (13)

A Schlenk flask was charged with 12 (53 mg, 0.223 mmol), 1-
vinyldimethylsiloxy-3,5,7,9,11,13,15-isobutyl pentacyclo-
[9.5.1.1*°.1>5.1"P]octasiloxane  (0.225 g, 0.246 mmol) and
2 mL of anhydrous toluene. The mixture was heated to 70°C
in an oil bath and then Karstedt’s catalyst (0.5 uL, 0.426 mg,
0.022 umol) was added, and the reaction mixture was left for
24h at the same temperature. Then, all volatiles were
removed in vacuo and the residuals were washed 3 times
with 2mL of DCM. The washings were combined and
concentrated under reduced pressure and the crude product
was purified by flash chromatography using gradient elution,
starting from 100% hexanes to 100% diethyl ether. Evapo-
ration of the combined fractions gave the desired product as
a white crystalline solid (0.132 g, 0.114 mmol) with 51%
yield. "H NMR (300 MHz, CDCl;) § 9.32-9.22 (m, 1H), 8.99
(dd, J=4.3,1.7 Hz, 1H), 8.41 (dd, /=8.2, 1.7 Hz, 1H), 8.00 (s,
1H), 7.93-7.85 (m, 1H), 7.79-7.65 (m, 2H), 7.53 (dd, J=8.2,
43 Hz, 1H), 1.94-1.76 (m, 7TH), 0.99-0.89 (m, 43H), 0.65-0.56
(m, 14H), 0.50 (s, 6H), 0.08 (s, 6H). "C NMR (75 MHz,
CDCl;) 6148.24, 146.79, 136.41, 13591, 135.08, 133.03,
132.28, 129.61, 128.37, 128.09, 127.69, 124.49, 121.36, 25.85,
25.82, 24.00, 23.96, 22.60, 22.56, 10.13, 7.84, —0.87, —1.87.
DEPMS (EI): 236.2 (100%), 238.2 (92%), 294.1 (82%), 253.2
(46%), 237.4 (38%), 220.2 (28%), 295.2 (25%), 368.1 (25%),
488.3 (23%), 239.2 (19%), 179.1 (19%), 178.0 (18%), 206.1
(14%), 219.4 (14%), 235.3 (14%), 222.0 (12%), 254.2 (12%),
296.2 (11%), 267.9 (10%), 234.1 (10%), 151.1 (10%), 489.3
(10%), 221.0 (10%). HRMS (ESI) calc. for C,;HgNO,5Si4:
[M-+H]" 1154.3948, found 1154.3963.
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1. General information

All syntheses and manipulations were carried out under argon using standard gas-vacuum line
unless otherwise specified. Benzo[h]quinoline and chlorodimethylsilane were obtained from
ABCR, all other reagents were purchased from Sigma Aldrich and were used without further
purification unless otherwise specified/ stated. [noted= rzadziej] . Methanol was dried with
sodium, THF with sodium/benzophenone, toluene with sodium/potassium alloy, n-hexane with
sodium/potassium alloy and distilled under argon prior to use. NMP was only degassed under
reduced pressure and saturated with argon three times. 1-ethyl-3-methylimidazolium
tetrafluoroborate was heated at 105 °C for 3 h under vacuum and saturated with argon prior to
use. 5-bromo-benzo[h]quinoline preparation was based on the literature-known methodology
with minor modifications.['! 4-(N,N-diphenylamino)-bromobenzenel?l and benzophenone

iminel®! were prepared according to published procedures.

Flash chromatography purification was performed on a Biotage Isolera One automated system
with columns packed with Silicagel 60 A 230-400 mesh manufactured by Merck. Industrial
grade and non-dried solvents were used for automated flash column chromatography. All noted

percentage values of eluents composition are referred to volume ratios.

The microwave-assisted reactions were performed using a CEM Discover microwave reactor

system.

NMR spectra were measured at room temperature using a Bruker Ultrashield 300 or a Bruker
Avance 400 NMR spectrometer. All chemical shifts are reported in d-scale as parts per million
[ppm] (multiplicity, coupling constant J, number of protons) relative to the solvent residual
peaks as the internal standard. Abbreviations used for signal multiplicity: br = broad, s = singlet,

d = doublet, t = triplet, q = quartet, dd = doublet of doublets and m = multiplet.

GC measurements were performed on a Bruker Scion 436 gas chromatograph. GCMS
measurements were performed on a Bruker 450 gas chromatograph coupled with a Bruker 320

mass spectroscopy detector. The same mass detector was used to perform DEPMS analysis.

HRMS measurements were performed on a Bruker Impact Il UHR Q-TOF instrument in ESI

mode.
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Diffraction data were collected by the w-scan technique, at room temperature (1, 2, 4, 6) and at
100(1) K (7) on Rigaku Xcalibur four-circle diffractometer with Eos CCD detector and
graphite-monochromated MoK, radiation (A=0.71069 A), and at room temperature (10) on
Rigaku SuperNova diffractometer with Atlas CCD detector and mirror-monochromated CuK,
radiation (A=1.54178 A). The data were corrected for Lorentz-polarization as well as for
absorption effects.l Precise unit-cell parameters were determined by a least-squares fit of
reflections of the highest intensity (3567 for 1, 199 for 2, 2024 for 4, 1118 for 6, 14754 for 7,
3638 for 10, chosen from the whole experiment. The structures were solved with SHELXT [2]
and refined with the full-matrix least-squares procedure on F?> by SHELXL-2013.51 All non-
hydrogen atoms were refined anisotropically, NH> hydrogen atoms in 4 were found in
difference Fourier maps and freely isotropically refined, all other hydrogen atoms were placed
in idealized positions and refined as ‘riding model’ with isotropic displacement parameters set
at 1.2 times Ueq of appropriate carrier atoms. The molecule 6 was found disordered over two
positions, mirror-related; the s.o.f.”s converged at 85.0(3)/15.0(3)%; for less-occupied molecule
non-hydrogen atoms were refined isotropically. Crystals of 10 were two-component twin, it
was taken into account during both data reduction and refinement procedures; BASF factor,
showing relative content of both components converged at 51.22(15)/48.78(15)%. Table 1 lists

the relevant crystallographic and refinement data.

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, Nos. CCDC-1818627 (1), CCDC-1818628 (2), CCDC-1818629
(4), CCDC-1818630 (6), and CCDC-1818631 (7), CCDC-1818961 (10). Copies of this
information may be obtained free of charge from: The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail: deposit@ccdc.cam.ac.uk, or www:

www.ccdc.cam.ac.uk
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2. X-ray measurements details

Table 1. Crystal data, data collection and structure refinement

Compound
Formula

Formula weight

Crystal system

Space group

a(A)

b(A)

c(A)

a(®)

BC)

7(®)

V(A%

Z

Dx(g cm™)

F(000)

p(mm-')

© range (°)

Reflections:
collected
unique (Rint)
with I>20(I)

R(F) [1>20(1)]

wR(F?) [I>26(1)]

R(F) [all data]

wR(F?) [all data]

Goodness of fit

max/min Ap (e A)

1
Ci3HsBrN

258.11

monoclinic
P21/¢c
5.31759(13)
13.2431(4)
14.4070(5)
90
97.736(2)
90
1005.33(5)
4
1.71
512
4.048
3.24-26.56

9705
2003 (0.024)
1725
0.026
0.067
0.034
0.070
1.09
0.31/-0.31

2
CisHiiINO

209.24

monoclinic
P21/¢c
24.0456(19)
11.1962(10)
12.0746(12)
90
95.310(8)
90
3236.8(5)
12
1.288
1320
0.082
3.10-25.00

12444
5701 (0.060)
2094
0.061
0.062
0.181
0.080
0.84
0.19/-0.15

4
Ci3HioN2

194.23

monoclinic
P21/¢c
13.1348(8)
5.2026(3)
14.7221(9)
90
105.240(6)
90
970.66(10)
4
1.329
408
0.080
2.90 —25.00

7750
1706 (0.023)
1290
0.043
0.112
0.059
0.122
1.05
0.12/-0.15

6
Ci3HsFN

197.20

monoclinic
P2i/n
6.9034(5)
9.9212(8)
13.6384(11)
90
102.697(7)
90
911.25(13)
4
1.437
408
0.099
3.66 —26.56

3090
1748 (0.023)
1431
0.045
0.122
0.055
0.133
1.03
0.28/-0.18

7
Ci9HsFsN

345.26

orthorhombic
P21212i
10.1766(2)
11.0529(2)
25.2507(6)

90

2840.22(10)
8
1.615
1392
0.141
3.14-27.15

54952
6007 (0.064)
5139
0.044
0.097
0.055
0.103
1/04
0.29/-0.20

10
Ca5Hi6N2

344.40

monoclinic
P2/c
11.4067(5)
6.7393(3)
22.7302(10)

95.728(4)

1738.62(13)
4
1.316
720
0.599
3.90-76.52

10813
6244 (0.043)
5524
0.054
0.148
0.059
0.152
1.07
0.16/-0.27




Table 2. Selected geometrical data (A,°) with s.u.’s in parentheses (if there is more than one

line, it refers to the multiple molecules in the asymmetric part of the unit cell). “max_dev” line

is the maximum deviation from the least-squares plane calculated for 14 ring-system atoms.

1 2 4 6 7 10

N1-C2 1.31903) 1.333(4) 1.324(2) 1.346(5) 1.321(4) 1.325(3)
1.326(4) 1.325(4)
1.321(4)

N1-C14 1.35903) 1.350(4) 1.3539(17) | 1.353(5) 1.356(4) 1.361(2)
1.376(4) 1.354(4)
1.358(3)

C5-C6 1.431(3) 1.445(4) 1.445(2) 1.423(2) 1.459(4) 1.442(2)
1.460(4) 1.452(4)
1.446(4)

C6-C7 1.345(3) 1.337(4) 1.355(2) 1.33702) 1.355(4) 1.354(3)
1.332(4) 1.358(5)
1.337(4)

C2-NI-Cl14 | 117.6(2) 116.83) 117.91(13) | 117.1(4) 118.03) 117.23(16)
117.13) 117.93)
117.23)

C5-C6-C7 122.50(19) | 121.5(3) 119.35(14) | 123.81(13) | 120.2(3) 120.91(15)
121.6(3) 120.1(3)
120.5(3)

max_dev 0.012(2) 0.023(3) 0.0223(11) | 0.0444(14) | 0.014(3) 0.0318(17)
0.029(3) 0.019(3)
0.079(3)
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Table 3. Weak interaction data (A, °); Cg denote the centroids of the aromatic rings.

D | H | A | D-H |H A DA | D-H A
2

C16B H16D Cgl! 0.96 2.88 3.512(4) 124

C2A H2A Cg2' 0.93 2.87 3.704(5) 151

Cc2C H2C Cg3® 0.93 2.84 3.564(4) 135

C9C HOC Cgdli 0.93 2.84 3.564(4) 135

4

N6 | H6 | N1V [ 0.92(2) [ 2.21(2) 3.071(2) 156.5(18)
7

C2A H2A F16B' 0.95 2.66 3.249(4) 120

C3A H3A F18A" 0.95 2.65 3.433(4) 140

C4A H4A F17AY 0.95 2.68 3.568(4) 155

C9A H9A F19A" 0.95 2.69 3.252(4) 119

CI10A H10A FI19AY 0.95 2.63 3.225(4) 121

C3B H3B F18B" 0.95 2.56 3.298(4) 135

C4B H4B F19BYi 0.95 2.67 3.575(4) 160

C7B H7B NIAvi 0.95 2.69 3.489(4) 143

C9B H9B F16B™ 0.95 2.58 3.457(4) 153

C10B H10B F17B* 0.95 2.59 3.258(4) 128
10

C18 H18 Cg5* 0.93 2.64 3.480(3) 150

C25 H25 Cg6" 0.93 2.76 3.604(3) 151

C3 H3 Cg7" 0.93 2.79 3.559(3) 140

C10 H10 Cg8Mi 0.93 2.77 3.565(3) 144

Halogen bonds

1

C6-Br6 Br6---Br6*" C6-Br6- - -Br6*"

1.9002) 3.7944(5) 95.29(7)

Symmetry codes: | 1-x,-1/2+y,1/2-z; 1 2-x,-1/2+y,3/2-z; 1 x,3/2-y,-1/2+z; ¥ x,1/2-y,-1/2+7; ¥ -x,-1/2+y,1/2-z; ¥ 1-
X,1/2+y,1/2-z; Vi Vortx, 1/2-y,1-z; Vil Vaoux, 1-y,1/2+7; % -1/24x,3/2-y,1-z; ¥ 1-x,1-y,1-z; ¥ —x,-y, 1-z; X1 -x,-y,1-z; il
X, 1-y,1-z; XV 2-x,-y,1-z.



3. MSS spectra
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4. NMR spectra
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ABSTRACT: We present the results of our research on the use of
microwaves as an unconventional heat source for the acceleration of
iridium(III) chloro-bridged dimer preparation. The results enabled us
to revise and improve known guidelines for the very quick and highly
efficient synthesis of iridium(III) dimeric complexes in a very simple
isolation manner. According to the developed methodology, the
already known dimers containing ligands based on the 2-phenyl-
pyridinato motif, as well as new ones stabilized with functionalized
benzo[h]quinolinato and 2-phenoxypyridinato-based ligands, were
efficiently synthesized. The scope of the incorporated ligands included
compounds equipped with electron-donating (—Me, —OMe, —OPh,
—NMe,), electron-withdrawing (—F, —Br, —CF;, —C,F;), and hole-

IrCl, « xH,0 R
li nd? rsor P/_\N
gand precurso MeCN C\l ‘\\\CI
NN
or c” solvent
DMSO S\/N
R
proved by

NMR, ESI-MS, XRD
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hole-transporting

microwave-assisted
process

ps

transporting (—NPh,, —C(H,NPh,) groups. The obtained complexes were characterized by NMR, X-ray diffraction, and
electrospray ionization mass spectrometry methods, and their behavior was examined in the presence of coordinating solvents such
as dimethyl sulfoxide and acetonitrile. Investigation of the interactions between the above-mentioned solvents and dimers enabled us
to confirm the ability of the former to cleave u-chloride bridges, which enriches the knowledge in the field of organometallic
chemistry. This knowledge can be particularly useful for the scientists working in the field of iridium-based materials, helping to

avoid misinterpretation of the spectroscopic data.

B INTRODUCTION

Neutral or cationic C,N-cyclometalated iridium(III) complexes
have been studied mainly in the context of their use as
biosensors, photocatalysts, and phosphorescent emitters for
organic light-emitting diodes (OLEDs).' ™ Such compounds
might be synthesized in different ways, but the most popular
way proceeds via chloro-bridged binuclear iridium(III)
intermediates. Unfortunately, these intermediates have not
received much attention in the literature because they are
rarely target molecules for materials chemistry, despite their
involvement in the preparation of a vast number of
iridium(III) compounds. There are many papers in which
the use of iridium(IIl) dimers as intermediates for highly
advanced functional materials of desirable properties has been
reported,” ™ but here we will briefly discuss only the most
recent and relevant ones. For instance, various chloro-bridged
iridium(III) dimers have recently been applied in the synthesis
of methacrylate-functionalized triscyclometalated iridium(III)
complexes, to be used in light-mediated atom-transfer-radical
polymerization.” The iridium(III) complexes played the role of
both a monomer and a polymer growth mediator/photo-

© 2020 American Chemical Society
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catalyst, which allowed the fabrication of red/green/blue
(RGB) pixel arrays and a multicolor OLED prototype made of
copolymer brushes, covalently bonded to the indium—tin oxide
(ITO) layer by irradiation of the monomer solution. The next
example related to this field is a new class of luminescent
mechanochromic iridium(III) complexes, also prepared from
chloro-bridged iridium(III) dimers as starting materials.®
Interestingly, the observed red shift of the final iridium
coordination compound phosphorescence, being the result of
conformational change caused by mechanical stimulation, may
be utilized in mechanical and chemical vapor sensors. Apart
from the above-mentioned lighting and sensing applications,
iridium compounds have been studied as biologically active
species. In this context, cationic iridium(III) complexes have
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been examined as biosensors for DNA and RNA detection, as
well as conductors for the electrochemical sensing of interferon
gamma.”"" Another noteworthy example is the decoration of
polyhedral oligomeric silsesquioxane with eight iridium(III)
cyclometalated moieties in the corner positions.'” Such
organic—inorganic hybrids have been found to be relatively
noncytotoxic and to effectively stain the cytoplasm of human
cervix epithelioid carcinoma cells, enabling its bioimaging
because of the strong photoluminescent properties. As in the
previously mentioned examples, synthesis of these interesting
compounds also proceeded via chloro-bridged iridium(III)
dimers. Finally, there are only a few reports illustrating the use
of dimers as such.'>'* One of them concerns a series of chloro-
bridged iridium(III) dimers based on the formyl-substituted 2-
phenylpyridinate ligands that have been studied as OLED
emitters. It was surprisingly found that, as the content of
formyl groups increased, the emission became brighter. This
observation has opened up new possibilities for the develop-
ment of iridium-based phosphorescent dopants because the
dimers have been considered to be poorly emissive
compounds.' "¢

Considering the importance of chloro-bridged iridium(III)
dimers for the chemistry of iridium-based phosphorescent
materials, there are not many papers mainly devoted to their
preparation and properties. A significant development in the
field began in 1974, when Nonoyama reported the synthesis
and characterization of [Ir(u-Cl)(bzq),],.'” Since then, many
reports on the synthesis of C,N-cyclometalated iridium(III)
complexes have been published, but as was already mentioned,
they very often have not been directly concerned with the
intermediate dimers. In some cases, the yields of these
precursors were not precisely given or they were not even
characterized but used as they were obtained, with the latter
being common practice in the research of cyclometalated
iridium compounds.'®"**" The lack of the above-mentioned
experimental information makes evaluation of the synthesis
efficiency difficult, especially when the purity of the product
remains unknown. In addition, in most of the reported
procedures, the synthesis requires prolonged heating (up to 48
h) using conventional heat sources and relatively large
amounts of solvent, and sometimes even flash chromatography
purification of the product should be made.””~*” Even then,
the products were not always obtained with satisfactory yields.
An improvement in the latter aspect is especially in demand
because of the high price of iridium, which makes its
compounds very costly. The disadvantage of the other
methodologies is the need of using an excess of the ligand
precursors, which in the case of their sophisticated structures
might make them comparatively expensive to the starting
iridium material.’”*' However, there are a few examples of the
microwave irradiation protocols, whose application allowed
one to shorten the reaction times, raise the reaction
temperatures, increase the %)roduct yields, and improve the
overall reaction economy.3 -3 Unfortunately, the reaction
conditions described in these reports are rather mutually
inconsistent, and there is still a lack of comprehensive data on
the microwave effect on the efficiency of reactions, leading to
the chloro-bridged iridium(III) dimers. On the basis of our
experience in the acceleration of various chemical trans-
formations by the means of microwave radiation,***” we
decided to examine the effect of such an unconventional heat
source on the formation of C,N-cyclometalated iridium(III)
dimers. We are convinced that the knowledge gained on this
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subject will be extremely useful for those researchers who want
to improve the efficiency of their syntheses and to obtain both
known and novel dimers with high yields, as shown here.
Recently, we have published results on efficient stoichiometric
and catalytic methods for the synthesis of various S-substituted
benzo[h]quinolines via C(sp*)—Br bond activation.”® The
ability of unmodified benzo[h]quinoline (bzqH) to cyclo-
metalate iridium(III) has already been confirmed per
analogiam to 2-phenylpyridine (ppyH).'®** However, in
contrast to countless complexes based on the ppy motif, only
several examples of iridium(III) complexes with bzq have been
synthesized and characterized as potential electroluminescent
phosphors. In our recently published papers on the synthesis
and photophysical and emission properties of ionic and neutral
iridium complexes with a nonfunctionalized bzq ligand, we
have shown that this type of iridium coordination system
shows interesting electroluminescent properties, which can be
potentially useful in OLED technology.””*" Therefore, it
would be beneficial for the development of an organometallic
phosphor field to extend the scope of complexes equipped with
new C,N-cyclometalating ligands, in particular taking into
account that our potential ligands include electron-donating
and -withdrawing substituents and groups known for their p-
type semiconductivity. In addition, our theoretical studies have
shown that some of these ligands might be useful in the
preparation of emitters for OLEDs.* Therefore, we decided to
implement S-functionalized benzo[h]quinolines in our re-
search and examine their reactivity in the iridium cyclo-
metalation process. Another innovative part of our work was
the obtainment of new dimers containing 6-membered
metallacyclic rings based on a 2-phenoxypyridinato motif, a
system in which the conjugation of two aromatic rings is
prevented. After the successful synthesis of all planned
complexes, they were subjected to spectroscopic character-
ization. We encountered some inconsistences in the inter-
pretation of analytical data reported in the literature, which
prompted us to get more deeply into the structural details of
compounds synthesized using X-ray diffraction (XRD), NMR,
and electrospray ionization mass spectrometry (ESI-MS)
techniques. As a result, we explained the behavior of the
iridium(III) dimers in specific solvents, which, if not known,
may lead to drawing the wrong conclusions in the related
research. All of the phenomena clarified here constitute an
important contribution to the chemistry of organometallic
iridium compounds.

B RESULTS AND DISCUSSION

Optimization of the C,N-Cyclometalation Conditions.
As already mentioned above, the lack of a comprehensive
comparison of the methods allowing the synthesis of chloro-
bridged iridium(III) dimers using conventional and unconven-
tional heat sources prompted us to investigate this issue and to
find the optimal conditions for the efficient preparation of such
materials. Taking into account that the vast majority of the
methods for obtaining dimeric iridium(III) complexes are
based on the reactions of iridium(III) chloride hydrate with
the appro}griate ligand precursors in an alcohol/water environ-
ment, ®™*> this system was chosen as a model synthetic
protocol for our study. Of the many known examples of such
dimers, [Ir(u-Cl)(ppy),], was selected as the target molecule
because of its wide applicability and the availability of the
required ligand precursor.’ In summary, a composition
consisting of iridium(II) chloride hydrate, ppyH, and a 2-

https://dx.doi.org/10.1021/acs.inorgchem.0c01071
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methoxyethanol/water (4:1) mixture was chosen as a model
reagent system (Scheme 1). We began testing the model
reaction by comparing the efficiency of the target dimer
formation depending on the mode of thermal treatment of the
reaction mixture. Therefore, the reactions were carried out
using an oil bath and a microwave reactor. On the basis of our
earlier work concerning the synthesis of phosphorescent
iridium(III) dopants and the results of the initial tests not
described here, the 10 min reaction time was chosen as
sufficient to illustrate the effect of the temperature and the
influence of microwave radiation on the yield of the product
formed.”” The data illustrating the observed trends are
presented in Chart 1. It has been clearly demonstrated that
the type of heat source has a significant impact on the reaction
outcome. In each reaction conducted at selected temperatures,
the yield of the product was higher in the case of the
microwave-assisted process. The reason might be that both the
iridium precursor and the reaction medium are highly polar,
making them susceptible to excitation by microwave
absorption. As one can see, the yield was strongly related to
the temperature of the reaction. In general, the yield increased
with increasing reaction temperature. A significant improve-
ment in the reaction yield was observed when the temperature
was elevated up to 150 °C, and when the process was carried
out at 170 °C, the yield improvement was much less
spectacular. The trend observed is consistent with the
literature data stating that 30 min of microwave heating at
190 °C led to an almost quantitative yield of the dimer.*’
However, such harsh conditions can only be applied for
thermally and chemically stable ligands because not many
moieties and functional groups are able to survive intact in an
acidic alcohol/aqueous environment at a temperature close to
200 °C. Indeed, the authors of the cited paper admitted that
one of the quinoline-based ligands underwent degradation
under the reaction conditions, which prevented formation of
the corresponding dimer. Similarly, during some of our initial
tests on the formation of iridium(III) dimers stabilized with S-
functionalized benzo[h]quinolines at 170 °C, the course of
undesirable side reactions was also noted, as evidenced by 'H
NMR analyses. For consideration of this issue, it is important
to remember that hydrogen chloride (HCl) is evolved as a
result of cyclometalation. At first sight, one could think of
introducing a HCI scavenger into the reaction system in order
to inhibit undesirable processes associated with the presence of
a strong acid and to shift the equilibrium toward the desired
dimer. On the other hand, it should be remembered that the
consumption of HCl would also promote further cyclo-
metalation, leading to the subsequent formation of triscyclo-
metalated iridium (III) species. Therefore, the presence of HCI

Scheme 1. Model Reaction of [Ir(u-Cl)(ppy),], Synthesis
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Chart 1. Comparison of the Model Product Yields Obtained
in an Oil Bath and a Microwave Reactor
H Microwave
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0
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Yield [%]

or a Lewis acid in the reaction system is essential for selectivity
of the process because it shifts the equilibrium toward dimer
formation.*""** Considering the above, conducting the process
in a sealed microwave-pressurized vial is advantageous because
of trapping of the evolving HCIl inside. However, HCI
consumption may occur under these conditions not only
because of the presence of ligand precursors of basic nature but
also as a result of the thermal reaction of HCl with alcohol,
leading to the corresponding alkyl halide and water.”> Such a
process should be facilitated along with elevation of the
reaction temperature. An additional advantage of the proposed
microwave-assisted protocol is the very simple product
isolation, which only requires filtration and rinsing. Heating
of the reaction mixtures at too high temperatures, resulting in
the formation of undesired byproducts as a consequence of
further cyclometalation or thermal degradation, implies the
need for their time-consuming purification, thus cutting out
the benefits of a quick and simple microwave-accelerated
process. Taking into account all of the aforementioned risks
associated with the change in the reaction temperature from
150 to 170 °C, paralleled with a relatively small increase in the
yield of the model complex, we decided that running the
process at 150 °C is the best compromise between the product
yield and simplicity of its isolation.

Our attention was drawn by the fact that in all reported
protocols on the preparation of chloro-bridged iridium(III)
dimers, the presence of water in the reaction system was
required. Interestingly, it has been shown that, even the other
solvents, such as acetonitrile (ACN), tetrahydrofuran, and
ethylene glycol, were scoped as the reaction medium in the
dimer formation with a significant admixture of water.”> The
large number of reports describing the synthesis of iridium(I1I)
dimers in the presence of water and the scarcity of protocols
carried out under anhydrous conditions strongly suggest the
importance of the role of water in the formation of such
complexes. It seems that the presence of water must be even
more important for microwave-assisted reactions because this
type of radiation is strongly absorbed by polar molecules and
stimulates them to collide with each other and with other
molecules in the reaction system. Therefore, we decided to
carry out the tests under the previously optimized conditions
(microwave reactor, T = 150 °C, t = 10 min, and P,,,, = 200
W) with different alcohol/water ratios to evaluate how the
water content affects the yield of the product. The results are
presented in Chart 2.
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Chart 2. Illustration of the Effect of the Water Content in
the Reaction Mixture on the Yield of [Ir(u-Cl)(ppy),],
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As one can see, the water content in the reaction medium
has a significant effect on the yield of the product. The
observed trend is clear: the higher the water content, the
higher the yield. The effect of the medium composition was
also observed by visual evaluation of the postreaction mixture.
When no water was added, distinct dark-green particles of
unreacted iridium(III) chloride were observed along with the
lemon-yellow product. Upon the addition of more water, the
color of the obtained solid became more yellow-orange and the
dark-green grains were no longer observed, suggesting higher
consumption of the starting iridium(III) chloride. We suppose
that the progress of the reaction might be controlled by the
solubility of iridium(III) salt in the solvent mixture. Because it
is an ionic material, the addition of a strongly polar solvent
(water) should increase its solubility and hence the availability
for cyclometalation. However, the yield reached a plateau at

25% water content, showing that its further addition has no
beneficial effect. What is more, too high amount of water might
raise issues related to the solubility of the ligand, depending on
its lipophilic character, which might hamper dimer formation.
Another noteworthy observation was the effect on the
crystallinity of the product. When no or a low amount of
water was present in the reaction mixture, the isolated product
was in the form of an amorphous powder. When the reaction
was performed in the medium richer in water, the product
started to appear as a shiny, crystalline solid. This phenomenon
simplified isolation of the product because filtration was much
quicker. Considering the above-mentioned aspects, the
reaction at 150 °C for 10 min in a 1:3 water/2-methoxyethanol
mixture was confirmed to be the optimal conditions for the
microwave-accelerated preparation of dimers. We do not
recommend increasing the reagents/solvent ratio significantly
above the reported one because it resulted in the coformation
of insoluble byproducts in our tests.

Synthesis of the Iridium(lll) Dimers. The successful
optimization of the cyclometalation process encouraged us to
apply the developed methodology in the synthesis of the
already-known as well as novel chloro-bridged iridium(III)
dimers. The scope of the tested ligand precursors consisted of
various heterocyclic compounds, including 2-(2,4-
difluorophenyl)pyridine (2,4-diFppyH), the most intensively
studied ligand in the field of iridium-based blue emitters.
Fortunately, the F atoms remained intact under the reaction
conditions, and the corresponding dimer [Ir(u-Cl)(2,4-
diFppy),], was obtained with a very high yield of 94%. Of
particular interest was bzqH, a ppyH analogue, which seemed
to be a potentially attractive C,N-donating ligand for the
iridium dopant system because of its geometric similarity, more
rigid structure, and extended electron conjugation system.
Indeed, iridium(III) complexes bearing nonfunctionalized bzq

Scheme 2. Scope and Yields of the Synthesized ppy- and bzq-Based Chloro-Bridged Iridium(III) Dimers
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Scheme 3. Alternative Synthetic Pathway for [Ir(u-Cl)(5-Me,Nbzq),],
NMez
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Scheme 4. Formation of Chloro-Bridged Iridium(III) Dimers from 2-Phenoxypyridine Derivatives
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in the coordination sphere have shown interesting electro-
luminescent properties, which made them potentially useful in
OLED technology, as evidenced by us and other
groups.”**”*?** The preparation of [Ir(u-Cl)(bzq),], accord-
ing to the methodology developed here proved to be very
efficient; therefore, we focused on the synthesis of new
iridium(I1I) dimers using bzqH derivatives previously synthe-
sized and characterized in our group.” As a result, we obtained
a series of new bzq-based chloro-bridged iridium(III) dimers
equipped with various functional groups (Scheme 2). The
scope of the substituents included electron-donating groups
(—OMe and —OPh), electron-withdrawing groups (—Br and
—CgF;), and p-type semiconducting moieties such as —NPh,
and —C4H,NPh,. The reactions proceeded very selectively,
with no C—Br and C—F bond activation or undesired
cyclometalation processes in the case of 5-Ph,NbzqH. This
is the first report on the synthesis of cyclometalated
iridium(III) complexes stabilized with functionalized bzq
ligands, which might be of great interest considering the
applicability and huge popularity of similar iridium(III)
dopants with modified ppy ligands. Because the highest
occupied molecular orbital (HOMO) of the cyclometalated
complex is most often localized on the C,N-cyclometalating
ligand, chemical functionalization of the latter is expected to
modify the electronic properties of the complex or improve
energy transfer due to the antenna effect. In addition, [Ir(u-
CI)(5-Brbzq),], constitutes a convenient starting material for
further structure modification in the manner of C—Br bond
activation. All of the known and new dimers were obtained in
high to very high yields, which is advantageous because iridium
compounds are expensive and every percentage of yield is of
great importance.
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In the testing of various S-substituted benzo[h]quinolines
toward cyclometalation, we encountered a problem with the
reactivity of 5-Me,NbzqH, in whose case the expected product
was obtained with unsatisfactory yield (about 50%) and it was
not pure enough. Microwave irradiation was not the cause
because the outcome of the reaction carried out in an oil bath
was the same. It became evident that the issue was related to
the presence of the ligand’s functional group, which was
definitely characterized by the most basic properties among the
tested ones. Considering the chemical nature of the —NMe,
moiety, we suppose that it might be involved in HCI capture,
causing both further cyclometalation and transition of the
ligand into the salt form. Therefore, the obvious solution was
to eliminate the HCI source from the reagent system,
iridium(III) chloride in this particular case. Fortunately,
Baranoff et al. have reported a procedure for the obtainment
of cyclometalated dimers involving the reaction of [Ir(u-
C)(COD)], (COD = 1,5-cyclooctadiene) with a stoichio-
metric amount of the C,N-donating ligand precursor. As a
result, COD ligands are eliminated from the metal
coordination sphere without the pH change effect.” It is
noteworthy that it is a redox process in which iridium(I) in the
starting material is oxidized to iridium(III) and the released
COD acts as a scavenger of the H evolved in the C,N-
cyclometalation process. Implementation of this protocol
finally enabled the successful synthesis of [Ir(u-Cl)(S-
Me,Nbzq),], (Scheme 3). In this way, we expanded the
group of new dimers bearing the bzq ligand equipped with
electron-donating substituents (—OMe, —OPh, and —NMe,).

All of the examined ligands, based on the ppy and bzq cores,
had one feature in common; namely, they formed 5-membered
cyclometalated rings in the dimers’ structures. An interesting
report describing studies of the photophysical properties of

https://dx.doi.org/10.1021/acs.inorgchem.0c01071
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Figure 1. Anisotropic-ellipsoid representations of the dimeric complexes [Ir(u-Cl)(bzq),], (left) and [Ir(u-Cl)(5-(Ph,N)bzq),], (right). Ellipsoids

are drawn at the 30% (left) and 20% (right) probability levels.

Figure 2. Anisotropic-ellipsoid representations of the monomeric complexes [Ir(ppy),CI(ACN)] (left) and [Ir(ppy),CI(DMSO)] (right).

Ellipsoids are drawn at the 50% probability level.

iridium(III) compounds containing 6-membered metallacyclic
systems has recently been published.** In this paper, 2-
benzylpyridine was used as the C,N-cyclometalating ligand
precursor. The unique optoelectronic properties of the
complexes stabilized with this type of ligand result from the
lack of conjugation between two C- and N-donating aromatic
systems, caused by the presence of a methylene spacer. These
types of C,N-donating ligands are very promising for the
development of new iridium-based dopants because their
structure allows independent modification of their individual
HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels by attaching substituents with different electronic
properties to the aromatic rings. The introduction of moieties
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preventing conjugation between the ligand’s aromatic moieties
might be helpful in more precise and efficient tuning of the
emission of the complexes toward blue light.*’~* This
prompted us to synthesize analogous ligand precursors,
equipped with an electron-donating substituent on the
pyridine moiety or an electron-withdrawing substituent on
the phenyl ring, and to examine whether this class of
compounds can be used in the microwave-assisted synthesis
of chloro-bridged iridium(III) dimers. In order to check it, we
synthesized two O-bridged potential ligands, namely, 4-methyl-
2-phenoxypyridine (PhOPyMeH) and 2-[4-
(trifluoromethyl) Jphenoxypyridine (CF;PhOPyH),”>*' and
examined them in the respective iridium(III) dimer formation

https://dx.doi.org/10.1021/acs.inorgchem.0c01071
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Figure 3. Fragment of the '"H NMR spectrum of [Ir(u-Cl)(ppy),], in DMSO-dg.

(Scheme 4). Fortunately, the cyclometalation reaction
proceeded well under even milder conditions, enabling the
successful obtainment of the target iridium(III) dimers.

In summary, it has been demonstrated that the previously
optimized reaction conditions allowed the quick and efficient
preparation of not only the already-known iridium(III) dimers
[Ir(u-C1)(ppy)2)s, [Tr(u-C1)(2,4-diFppy),], and [Ir(u-Cl)-
(bzq),], but also a series of new dimers stabilized with $-
substituted benzo[h]quinolinato ligands. Additionally, we
obtained new chloro-bridged iridium(III) dimers with the
use of ligands based on the 2-phenoxypyridine motif. The
functional groups of all of the new compounds make them
attractive precursors for application in the field of OLEDs and
bioimaging. All of the mentioned dimers were obtained in very
short reaction times (10 min) and high to very high yields,
which is advantageous for their further applications. After
successful preparation of the target compounds, we subjected
them to thorough characterization, which is discussed below.

XRD Crystallography. We managed to grow single crystals
of a few compounds suitable for XRD structural analysis, which
confirmed the proposed structures of the chloro-bridged
dimers (Figure 1). Moreover, the crystal structures of the
monomeric complexes derived from [Ir(u-Cl)(ppy),], by
cleavage with ACN or dimethyl sulfoxide (DMSO) molecules
are presented in Figure 2. XRD-suitable crystals of the dimeric
complexes were obtained by the slow evaporation of
dichloromethane ([Ir(u-Cl)(bzq),],) and dichloromethane/
2-methoxyethanol/water ([Ir(u-Cl)(5-Ph,Nbzq),],) solutions.
The crystals of the cleaved complexes were obtained by the
slow cooling of a hot saturated solution of [Ir(x-Cl)(ppy),], in
ACN ([Ir(ppy),CI(ACN)]) and diffusion of a saturated [Ir(u-
Cl)(ppy),], solution in DMSO into toluene ([Ir(ppy),Cl-
(DMSO)]). Crystals of the monomeric forms were obtained
for a specific purpose, which is discussed in detail in the next
section. Crystallographic details of all of the resolved structures
are provided in Table SI. A very similar structure with an
identical formula, [Ir(p;y)zCI(ACN)], was previously pub-
lished by Blasberg et al.”* Even though both dimeric complexes
are nonsymmetric, their structures are close to C; symmetry,
with almost planar central Ir,Cl, rings. All Ir'"" ions are six-
coordinated, in quite a regular octahedral fashion (cf. Table
S2a). In the Cambridge Structural Database (CSD),” there
are almost 300 fragments with similar composition (u-chloro-
bridged dimers with aromatic ligands, containing both Ir—N
and Ir—C bonds), and in almost all (with five exceptions), the
arrangement of N atoms around the Ir center is trans.”* Taking
this into account, together with the Ir—N and Ir—C bond
lengths and C—C—C and C—N-C angles, we assigned the
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inner-coordination-sphere Ir atoms. It should be mentioned
that swapping of the C/N atom assignments always gave worse
refinement results.

In the monomeric complexes [Ir(ppy),CI(ACN)] and
[Ir(ppy),Cl(DMSO)], Ir atoms also have the regular
octahedral environment, with N atoms from two ppy ligands
in trans positions (Table S2b). The fifth and sixth coordination
positions are occupied by the solvent molecules and Cl anion.
It might be noted that even though for all metals DMSO is
coordinated with only a slight preference for a S atom over an
O atom (1865 vs 1135 hits in CSD), for iridium complexes,
the S atom is almost exclusively used as the coordination
center (65 vs 2 in CSD). ppy ligands are slightly twisted along
the central C—C bonds (cf. Table S2b). Crystal architectures
in all of the structures are determined by close-packing
requirements and by weak but numerous C—H-7 and -7
interactions. Many voids filled with diffused electron density
were found in the structure of [Ir(u-Cl)(S-(Ph,N)bzq),],,
probably originating from the totally disordered solvent
molecules because of the complicated shape of the dimer
molecule. Similarly, in the crystal structures of monomeric
complexes, the ordered ACN molecule in [Ir(ppy),CI(ACN)]
or highly disordered water molecule in [Ir(ppy),CI(DMSO)]
filling the voids between the complex molecules were found.

Spectroscopic Analysis and Cleavage of [Ir(u-Cl)-
(CAN),L,. After the successful optimization and synthesis of
chloro-bridged iridium(III) dimers, we focused on their
spectroscopic characteristics. From the very beginning, our
attention was drawn by the appearance of a doubled set of
resonances originating from cyclometalated ligands in the 'H
NMR spectra of all of the obtained compounds dissolved in
DMSO-dg (Figures 3 and S1—S10). The recorded spectro-
scopic images for these types of binuclear compounds seemed
unusual at first glance because such compounds bearing N-
donating atoms in the trans position, C-donating atoms in the
cis position, and two bridging Cl atoms in the cis position
should be characterized by chemically equivalent C,N-
cyclometalating ligands. In fact, for many reported dimers,
only one set of signals originating from the cyclometalating
ligands was observed in the 'H NMR spectra.””>>*° However,
the mentioned spectra were recorded in nonpolar solvents
such as CD,Cl, or CDCl;, which prompted us to conclude that
the differences in the spectroscopic images might be caused by
the polar and coordinative nature of DMSO. In our search for
the answer, we referred to the literature, where we found
misleading data. In 2011, Li et al. reported the synthesis of
[Ir(ppy),(DMSO),]PF,, for which the given 'H NMR
spectroscopic data set accurately reflected those obtained by
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Figure 4. 'H NMR titration of 3 mg of [Ir(u-Cl)(ppy),], dissolved in 0.7 mL of CD,Cl, (top). Each subsequent spectrum was measured after the
addition of about 2 equiv of DMSO, followed by S min of shaking at room temperature.

us for [Ir(u-Cl)(ppy),], in DMSO-ds.>” The authors claimed mentioned split of signals.”* In the face of the encountered

that a DMSO molecule was a sufficiently strong nucleophile to inconsistency, we decided to study in detail the behavior of
push out the chloride anion from the internal to the external chloro-bridged iridium(III) dimers to explain what lies behind
coordination sphere, forming a [Ir(ppy),(DMSO),]* cation. the split of the NMR signals. We chose [Ir(u-Cl)(ppy),], as a
However, in our opinion, such a cation with the retained model compound and decided to examine its interaction with
configuration of ppy ligands from the parent dimer should not DMSO as well as ACN. Unlike DMSO, the latter solvent is
demonstrate the chemical inequivalence of ligands in the 'H more convenient for ESI, which enabled us to monitor its
NMR spectrum. On the other hand, Soman et al. reported 1 interaction with the model dimer also by MS.

year later exactly the same 'H NMR data set for [Ir(u- Our study started from analysis of the literature on chloro-

CD(ppy),J, in DMSO-dg but without the explanation of the bridged rhodium(I1I) and iridium(III) dimers, where we found
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some hints indicating that these compounds might undergo
solvation in coordinating solvents [ACN, N,N-dimethylforma-
mide (DMF), DMSO, and water], to create a monomeric
derivatives of the general formula [Ir(CAN ligand),Cl-
(solvent)].">** However, it was not fully confirmed at the
time of these studies because of re-formation of the original
chloro-bridged dimers during the attempts of isolation.’®
Considering the results described in the cited papers, it should
be assumed that conversion of the dimer to the solvated
monomer is an equilibrium reaction that shifts toward the
starting material when the coordinating solvent concentration
is lowered, e.g., during isolation. Therefore, it is obvious that
isolation of the solvated iridium species should be performed
in the presence of a large excess of the coordinating solvent at
every step of purification. Considering this condition,
crystallization seemed to be the best choice, although it has
been suggested that it is unlikely to do that.>® Therefore, the
crystal structures of mononuclear C,N-cyclometalated iridium-
(III) complexes, obtained as a result of chloro-bridged dimer
cleavage by a coordinating solvent, are really scarce.” Either
way, we also successfully managed to obtain XRD-suitable
crystals of [Ir(ppy),CI(ACN)] and [Ir(ppy),CI(DMSO)].
Both ACN and DMSO cleaved the chloro-bridged iridium (I1I)
dimer and coordinated to the central atom with the formation
of Ir—=N and Ir—S bonds. The measured Ir—N bond length was
2.108 A, while the average Ir—S bond length was 2.346 A. The
solved crystal structures clearly confirmed that the formed
species do not have any symmetry elements; thus, their
cyclometalated ppy ligands are inequivalent. We suppose that
this is the origin of the doubled set of signals from
cyclometalated ligands in the NMR spectra measured in
DMSO-dg but that it is not the only one. The inequivalence of
the ppy ligands is enhanced by the difference in the trans
effects of the chloride ligand and coordinated solvent, which
asymmetrically affects C-donating atoms in the positions trans
to them. It is known that nitriles and sulfoxides are the ligands
characterized by a stronger trans effect than halides.””®" Thus,
the coordinated solvent should make the opposing Ir—C bonds
weaker than the Ir—C bond in the trans position to the
chloride ligand. In the case of [Ir(ppy),ClI(DMSO)], it is true,
and the Ir—C bond that is opposite to the Ir—S bond is longer
by 0.021 A, on average, than the Ir—C bond that is opposite to
the Ir—Cl bond. On the contrary, in [Ir(ppy),CI(ACN)] both
Ir—C bond lengths are exactly the same (2.001 A). This
indicates a stronger coordinative nature of DMSO to ACN, a
very helpful observation for the explanation of their behavior
during NMR analysis, described in the next paragraph. At this
point, we can assume that the high-field-shifted set of
resonances corresponding to one of the two ppy ligands
originates from the ligand in the trans position to the
coordinated DMSO molecule. It is clear that the differences
in the trans effect are very subtle because the Ir atoms are
chelated by ppy ligands, forming S-membered cyclometalated
rings, and, therefore, the distance between elements of the ring
cannot be so easily varied. With the aid of XRD analysis, we
were able to identify the chemical process occurring during the
chloro-bridged iridium(III) dimer dissolution in coordinating
solvents, but there was still the question of linking the outcome
with the results of NMR spectroscopy.

Following the above conclusions, our next step was 'H
NMR analysis of the crystals to check whether the obtained
spectra resemble those obtained after dissolution of iridium-
(II1) dimers in DMSO-ds. Because the crystallizations were
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performed in nondeuterated solvents, we expected to observe
what happens both with the signals originating from the ppy
ligands and with those corresponding to the coordinated
solvent molecules. To our surprise, we noticed a significant
difference between the NMR spectra of [Ir(ppy),CI(ACN)]
and [Ir(ppy),CI(DMSO)] in CD,Cl,. In the case of the
former, we observed only one set of signals originating from
ppy and a singlet in the high-field region (Figure S17). The
chemical shift of the singlet corresponded to a free ACN
molecule.”” Moreover, integration showed that the ppy/ACN
ratio was 1:1, the same as that in the crystal phase, because
there was an extra ACN molecule per [Ir(ppy),CI(ACN)]
molecule in the unit cell. Even the addition of a few extra
microliters of ACN to the NMR tube did not result in the
appearance of signals corresponding to [Ir(ppy),CI(ACN)].
Then we decided to measure the "H NMR spectrum of [Ir(u-
CD(ppy),], in ACN-d; because the crystals of [Ir(ppy),Cl-
(ACN)] were obtained after heating of the dimer in pure
ACN. However, the spectrum was not interpretable because of
the low solubility of the analyte and did not show clear
evidence for dimer cleavage (Figure S18). Surprisingly, the
product of the cleavage could be crystallized, which proves that
it is much more stable in the solid phase than in solution. In
this way, we proved that the ability of ACN to cleave [Ir(u-
CD(ppy),], is very weak in solution, while the equilibrium
between the dimeric and monomeric forms is evidently
established, and the stability of [Ir(ppy),CI(ACN)] is
enhanced in the crystalline phase. In contrast, many more
signals were observed in the 'H NMR spectrum of
[Ir(ppy),CI(DMSO)] crystals dissolved in CD,Cl, (Figure
S19). Even more than two sets of resonances originating from
ppy were observed along with some minor resonance lines.
This indicated that DMSO is a stronger ligand than ACN,
resulting in observation of both the chloro-bridged dimer and
its cleaved form. The presence of the minor signals could be
attributed to the coformed impurities because the crystal-
lization process took about 2 weeks on the bench.®® Therefore,
we decided to perform an NMR titration of [Ir(u-Cl)(ppy),],
in CD,Cl, using DMSO as a titrant to monitor the cleavage
process in a more transparent way. Fragments of the spectra
recorded at the starting point and after the addition of each
DMSO portion are presented in Figure 4. At the beginning,
only one set of signals originating from the coordinated ppy
was observed, which proved that all of the ligands in the
chloro-bridged dimer are chemically equivalent. After the
addition of 2 equiv of DMSO per dimer molecule (Ir/DMSO
ratio of 1:1), new signals appeared and the intensity of the
starting material’s signals decreased. All of the resonances were
earlier observed in the NMR spectrum of [Ir(ppy),Cl-
(DMSO)] obtained from the crystallization process, which
proved that an equilibrium between the same two compounds
takes place during the crystallization and titration (Figure
S19). The integration of well-separated signals from the low-
field region of the spectra allowed one to get rough
information about the equilibrium between the cleaved and
noncleaved forms. After the addition of a stoichiometric
amount of DMSO, the molar ratio of [Ir(u-Cl)(ppy),l,/
[Ir(ppy),CI(DMSO)] reached 1:3.25. Considering the low
concentration of the reactants and the facts that DMSO is a
monodentate ligand and that the equilibrium was reached after
an arbitrarily assumed 5 min of shaking, we came to the
conclusion that the formation of a mononuclear complex is
much preferable in this system. What is important is that this
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reaction occurs very smoothly and quickly even in a low
concentration of reagents; therefore, there is no need to use
such harsh conditions as refluxing in neat DMSO to obtain the
desired mononuclear complexes.”” Further the addition of
DMSO equivalents resulted in a shift of the equilibrium toward
[Ir(ppy),Cl(DMSO)], and total consumption of the starting
material was observed after the addition of 10 equiv of DMSO.
The equilibrium might be monitored also by observation of the
high-field region in the "H NMR spectra, where the signals of
the cleaving ligand are present. The addition of the first
portion of the titrant to the [Ir(-Cl)(ppy),], solution resulted
in the appearance of a singlet at 2.55 ppm, corresponding to
the presence of free DMSO, accompanied by two additional
singlets, the first upfield-shifted and second downfield-shifted
(Figure S20). The chemical shifts of these resonances in
relation to free DMSO were ca. 0.5 ppm, and the number of
protons determined on the basis of their integration was the
same and exactly corresponded to the number of protons
assigned to resonance lines derived from ppy ligands in
[Ir(ppy),CI(DMSO)]. The break of the chemical equivalence
of both protons in the ppy ligands and methyl groups of the
coordinated DMSO caused by the lack of symmetry is the
evidence of [Ir(ppy),Cl(DMSO)] formation. Of course, the
coordinated DMSO-d; molecules could not be observed in the
"H NMR spectra measured in DMSO-d, but duplication of
the resonances assigned to ppy ligands confirms the formation
of [Ir(ppy),Cl(DMSO-d,)] in such an environment. The same
behavior was observed for all of the complexes reported herein.
The described phenomena might provide an explanation of
why, in the given set of spectroscopic data of the substance
supposed to be [Ir(ppy),(DMSO),]|PF,, the resonances
originating from coordinated DMSO molecules were not
observed.”” It also confirms that the best way to pull out
chloride from the inner coordination sphere of iridium(III) is
the use of silver(I) salts,”*** and the employment of sodium
salts might be insufficient. In this way, we confirmed with no
doubt that iridium(III) dimers undergo equilibrium cleavage in
the presence of coordinating solvents (Scheme ). Moreover,
we have shown that the coordinative nature of DMSO is much
stronger than that of ACN, in spite of the difference in the
steric hindrance of these solvent molecules. The dimers based
on 2-phenoxypyridine also underwent cleavage in the same
conditions, but the process was hampered by the low solubility
of the species in DMSO, especially in the case of [Ir(u-
Cl)(F;CPhOPy),],. Heating of the sample in DMSO-d; led to
formation of the cleaved form of the dimer, as confirmed by 'H
NMR analysis, but the desired signals were accompanied by
some others originating from coformed species. We suppose
that DMSO molecules can substitute the coordinated pyridyls,
leading to the formation of a complex mixture of species.
Therefore, NMR analysis of [Ir(u-Cl)(F;CPhOPy),], in
CDClI; instead of DMSO-dg was made.

Scheme $. Cleavage of [Ir(u-Cl)(CAN),], with a
Coordinating Solvent

/\ N N coordinating /\ N
C\ |ir/Cl/”"»|lr-““\\C solvent , C\_|lr.~*“\\C|
o T\CI/T\ o T solvent

LD

N
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Dimer cleavage might be observed during ESI-MS measure-
ment as well. This is a so-called “soft ionization” technique,
which means that a fragmentation is not preferred. Addition-
ally, in this type of analysis, the solution-phase composition is
retained in the gas phase. Both features of this technique are
very helpful in achieving our goal because they should permit
observation of molecular ions of the cleaved form of the
studied complexes. In this technique, it is necessary to use
polar solvents because the ionization process requires
formation of the charged analyte’s solution droplets. However,
not all polar solvents can be used because volatility is another
desired feature. High-boiling solvents such as DMF and
DMSO are not compatible with the ESI technique because
they contaminate the source and decrease the detector’s
sensitivity. Because of limitation of the use of high-boiling
solvents (such as DMSO) in the ESI-MS technique, measure-
ments were made using ACN, which also proved its ability to
cleave the chloro-bridged iridium(III) dimers. In line with our
expectations, we observed signals corresponding to both the
chloro-bridged dimer and its cleaved form, while the mass
peaks corresponding to the cleaved form were dominant in the
spectra. The ionization mechanism in positive mode involved
abstraction of a chloride anion, not a typical addition of
hydrogen, sodium, or potassium cations. During analysis of our
compounds, we noticed an important relationship that might
have a crucial impact on the interpretation of the results
obtained. The appearance of the recorded spectra was strongly
affected by the potential applied to the orifice plate that was
implemented in the driving software as a declustering potential
option (DP, also called cone potential). This parameter has a
significant impact on the additional acceleration of the analyte
ions in the medium-pressure region of the source, which causes
collision-induced dissociation with the background gas.66 As a
result, the MS spectra obtained may not fully reflect the actual
molecular structure of the examined substances. For example,
adjustment of DP allowed one to control the clusterization/
declusterization of polypeptides and the dissociation of ligands
from the complex molecules, as in the case of
[H;Ru,(CO),,]7.07% At the default value of DP, the m/z
values corresponding to [Ir(CAN),(ACN)]* and [Ir(CAN),]*
in various ratios were observed. This confirmed that the
cleaved forms were present in the solution because the cations
produced by abstraction of the chloride anion and a weakly
bonded ACN molecule were observed. With increasing DP,
the abundance of [Ir(CAN),(ACN)]* decreased and almost
only [Ir(CAN),]* could be observed. Interestingly, with
decreasing DP, the abundance of the ions corresponding to
the above-mentioned cations decreased, and the m/z value
corresponding to [Ir(CAN),(ACN),]* became dominant.
When we analyzed the same sample using a mass spectrometer
of a different manufacturer without the possibility of adjusting
the DP value, the signals corresponding to [Ir(CAN),]* were
dominant. This shows that the MS spectra obtained by the
ESI-MS technique might be misinterpreted depending on the
parameters of the spectrometer used (Figure S). For example,
it is possible to assume that, in the coordinating solvent, the
chloro-bridged dimers undergo double coordination of the
solvent molecule together with a shift of the chloride anion to
an outer coordination sphere, by the observation of [Ir-
(CAN),(solvent),]* as a dominant ion in the spectra. This
process might be even more flawed by the involvement of
much stronger ligands. Therefore, our recommendation is to
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Figure S. Simplified scheme of the electrospray ion source and relationship between the potential applied to the orifice during the measurement

and the observable ions in positive mode.

combine different types of analytical methods in the studies of
such processes to avoid misinterpretation of the results.

B CONCLUSIONS

In summary, in this work we proved the positive effect of
microwave irradiation on the formation of chloro-bridged
iridium(III) dimers and the importance of the presence of
water in this process. A series of known and novel dimers were
obtained in the optimized conditions, and the products were
characterized by NMR spectroscopy and MS, which provided
strong experimental evidence of the dimers’ cleavage with the
coordinating solvents. In the first stage of our work, we
compared the efficiency of model dimer formation in a
microwave reactor and an oil bath, which showed the beneficial
effect of the unconventional source of energy at all of the
tested temperatures. Moreover, the great impact of the
presence of water in the reaction medium was confirmed
and assumed to improve both the iridium(III) chloride
solubility and absorption of stimulating radiation. All of the
tests allowed the establishment of optimal conditions for the
obtainment of high-purity dimers with minimization of the
occurrence of side reactions, which enabled a very simple
isolation process, just filtration and rinsing. According to the
developed protocol, a series of known and novel iridium(IIT)
dimers were synthesized very quickly and in high to very high
yields. The scope of the tested ligands included compounds
based on 2-phenylpiridinato, benzo[h]quinolinato, and 2-
phenoxypiridinato cores, equipped with electron-donating
(—Me, —OMe, and —OPh), electron-withdrawing (—F, —Br,
—CF;, and —C4F¢), and p-type semiconducting (—NPh, and
—C¢H,NPh,) groups. In the case of the ligand bearing a
—NMe, substituent, an alternative synthetic pathway, avoiding
HCI involvement, was proposed. All of the new iridium(III)
dimers constitute attractive starting materials for the
preparation of new OLED emitters or active species for
bioimaging. The obtained dimers were characterized by means
of '"H NMR spectroscopy and ESI-MS in DMSO and ACN,
which revealed the occurrence of a chemical reaction between
these solvents and the binuclear iridium complexes. A detailed
investigation resulted in a multithreaded explanation of the
process, identified as cleavage of the p-chloride bridges in
which DMSO coordination appeared to be much more
favorable than ACN coordination. The cleavage was clearly
evidenced in solution during NMR titration as well as in the
solid phase using XRD structure determination of the model
dimer’s cleaved forms. Moreover, the crystal structures of the
two dimers stabilized with bzq and 5-(Ph,N)bzq ligands were
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determined. Finally, ESI-HRMS characterization of the chloro-
bridged iridium(III) dimers in ACN not only confirmed
formation of the target molecules but also showed how DP
adjustment of the spectrometer used varies the spectroscopic
image of the analyzed complexes. Our work clearly
demonstrated that, depending on the applied potential, a
chloride-abstracted cation derived from [Ir(C~N),CI(ACN)]
containing zero-, one-, or two-coordinated solvent molecules
becomes dominant in the spectrum. We believe that all of the
phenomena explained in this work strongly enrich the
knowledge in the field of iridium chemistry, will help in the
reconsideration of the results previously reported in the
literature, and support interpretation of the experimental data
in the upcoming works.
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Experimental details

Dimethyl sulfoxide (DMSO), pentane, 2-methoxyethanol, 2-phenylpyridine, 2-fluoro-4-methylpyridine, 2-fluoropyridine,
phenol, 4-trifluoromethylphenol, caesium carbonate, copper(l) chloride, and di-p-chlorobis(1,5-cyclooctadiene)diiridium(l) were
obtained from Sigma-Aldrich; acetonitrile (ACN), N,N-dimethylformamide (DMF), and benzo[h]quinoline from ABCR GmbH;
dichloromethane (DCM), diethyl ether, hexane, 2-propanol, methanol, and sodium hydroxide from Avantor Performance Materials
Poland; iridium(lll) chloride hydrate from Pressure Chemical Co.; while deuterated solvents were purchased from Deutero GmbH
and Sigma-Aldrich. 4-methyl-2-phenoxypyridine,* 2-(4-(trifluoromethyl))phenoxypyridine,? 2-(2,4-difluorophenyl)pyridine,® and 5-
functionalized benzo[h]quinolines* were prepared according to the published procedures.

Reactions accelerated with microwave irradiation were conducted under air atmosphere (unless otherwise indicated) in
CEM microwave 10 mL vials with CEM Discover, a pressurized microwave reactor.The reaction progress was monitored by means
of a gas chromatograph (Bruker 450-GC) coupled to a mass detector (Bruker MS-320) and thin layer chromatography (TLC).
Chemical structures of the obtained compounds were confirmed by nuclear magnetic resonance (NMR) spectroscopy using Bruker
Ultrashield 300 MHz and Bruker Ascend 400 MHz Nanobay spectrometers. CDCls, CD,Cl, and DMSO-ds were used for NMR analysis
with residual solvent peak as the internal standard (chloroform H & = 7.26 ppm, 13C § = 77.16 ppm; dichloromethane H & = 5.32
ppm, 3C 6 = 54.00 ppm; DMSO H & = 2.50 ppm, 3C § = 39.52 ppm). High-resolution mass spectroscopy (HRMS) analysis were
conducted in electrospray ionization mode (ESI) with time of flight (TOF) mass detector (ABSciex QTOF 5600 and Bruker Impact
HD). ESI-HRMS spectra were recorded in positive ionization mode and the analytes were dissolved in HPLC grade ACN.
Chromatographic purifications were carried out with preparative flash chromatogram Isolera One from Biotage using self-packed
columns with silica gel 60 A 230-400 mesh (Merck). Celite 545 0.02 — 0.1 mm (Merck) was used as a samplet filler.

Diffraction data were collected by the w-scan technique, for [Ir(p-Cl)(bzq).]. at 130(1) K, on Rigaku SuperNova four-circle
diffractometer with Atlas CCD detector and mirror-monochromated CuK, radiation (A\=1.54178 A), for [Ir(u-Cl)(5-Ph2Nbzq),], at
room temperature and for [Ir(ppy)2CI(ACN)] and [Ir(ppy).CI(DMSO)] at 100(1) K on Rigaku Xcalibur four-circle diffractometer with
Eos CCD detector and graphite-monochromated MoK, radiation (A=0.71069 A). The data were corrected for Lorentz-polarization
as well as for absorption effects.> Precise unit-cell parameters were determined by a least-squares fit of reflections of the highest
intensity, chosen from the whole experiment. The structures were solved with SHELXT® and refined with the full-matrix least-
squares procedure on F? by SHELXL-2013.7 All non-hydrogen atoms were refined anisotropically, all hydrogen atoms were placed
in idealized positions and refined as ‘riding model’ with isotropic displacement parameters set at 1.2 (1.5 for methyl groups) times
Ueq of appropriate carrier atoms. The crystals of dimeric complexes [Ir(u-Cl)(bzq).]> and [Ir(p-Cl)(5-Ph,Nbzq).]. were generally of
poor quality and numerous attempts to obtain better data were unsuccessful. Therefore, the overall quality indices are rather high,
however the structures are appropriate for our goal — to confirm the structures of the products. Some doubts may be related to
the positions of nitrogen atoms and possible disorder. In our model we assume that the nitrogen atoms are in trans positions with
respect to central Ir ion (as is shown by vast majority of the similar structures found in the CSD®). Nevertheless, in the structure of
[Ir(n-Cl)(5-Ph2Nbzq).], some constraints had to be applied in order to keep the correct geometry of rings; additionally the relatively
large voids with diffused electron density have been found; as the attempts to model this density as solvent molecules gave no
satisfactory results we decided to use the SQUEEZE procedure.’

Crystallographic data for the structural analysis has been deposited with the Cambridge Crystallographic Data Centre, Nos.
CCDC 1895621 ([Ir(u-Cl)(bzq).].), 1895622  ([Ir(n-Cl)(5-Ph:Nbzq).].), 1897304 ([Ir(ppy).CI(ACN)]) and 1897305
([Ir(ppy)2CI(DMSO)]). Copies of this information may be obtained free of charge from: The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail:deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk.
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Synthetic procedures and analytical data

General procedure for the optimization tests

A CEM microwave vial equipped with a magnetic stirrer was charged with 4 mL of water/2-methoxyethanol mixture, 65 mg (0.41
mmol) of 2-phenylpyridine, and 68 mg (0.187 mmol) of iridium(lIl) chloride hydrate (53 % iridium content). The reaction vessel was
closed and placed in a microwave reactor or an oil bath and then heated for indicated time and temperature (max power 200 W in
the case of microwave reactor). After that, the reaction mixture was cooled down to the room temperature, 1 mL of water was
added and mixed. The supernatant was sucked off with a Hamilton syringe (flat-ended needle, the end of the tip placed close to
the bottom of the vessel). Next, 1 mL of methanol was added, the suspension was mixed and the solution was sucked off in the
same manner. This procedure was repeated two times more with 1 mL of methanol. If the precipitate was too fine to be filtered in
this way, then the solid was centrifuged and washed four times with 1 mL of methanol. The solid residue was dried in an oven at
100 °C for 1 hour. After cooling back to room temperature, 5 mL of dichloromethane was added, and the mixture was stirred for 2
minutes. Then the mixture was filtered through syringe filter and washed twice with 1 mL of fresh solvent. The obtained solution
was slowly evaporated in pre-weighted vial, giving a yellow solid.

General procedure for the preparation of 2-phenylpyridine- and benzo[h]quinoline-based iridium(lll) chloro-bridged dimers

A CEM microwave vial equipped with a magnetic stirrer was charged with 1.0 mL of water, 3.0 mL of 2-methoxyethanol, 0.41 mmol
of a ligand, and 68 mg (0.187 mmol) of iridium(lll) chloride hydrate (53 % iridium content). The reaction vessel was closed and
placed in a microwave reactor and then heated for 10 minutes at 150 °C (max power 200 W). After indicated time, the reaction
mixture was cooled down to the room temperature, 1 mL of water was added and mixed. The supernatant was sucked off with a
Hamilton syringe (flat-ended needle, the end of the tip placed close to the bottom of the vessel). Next, 1 mL of methanol was
added, the suspension was mixed and the solution was sucked off in the same manner. This procedure was repeated two times
more with 1 mL of methanol. If the precipitate was too fine to be filtered in this way, then the solid was centrifuged and washed
four times with 1 mL of methanol. The solid residue was dried in an oven at 100 °C overnight.

[Ir(u-Cl)(ppy):l:

[ir( -Ch)(ppPY)2l>

Yellow solid (87.0 mg, 0.081 mmol). Yield: 87 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 9.80 (d, J = 5.8 Hz, 2H), 9.53 (d, J = 5.8 Hz, 2H), 8.29 — 8.21 (m, 2H), 8.21 — 8.14 (m, 2H), 8.09
(t,J = 8.0 Hz, 2H), 8.01 (t, J = 7.4 Hz, 2H), 7.78 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.7 Hz, 2H), 7.57 (t, J = 6.5 Hz, 2H), 7.45 (t, J = 6.2 Hz,
2H), 6.95 — 6.80 (M, 4H), 6.76 (t, J = 7.4 Hz, 2H), 6.69 (t, J = 7.4 Hz, 2H), 6.25 (d, J = 7.7 Hz, 2H), 5.66 (d, J = 7.6 Hz, 2H).

ESI-HRMS: calculated for [Cy2H16IrN,]* 501.0938, measured 501.0954.
Elemental analysis calculated (%) for CasH32ClaIrzNa: C 49.29, H 3.01, N 5.23. Found: C 49.32, H 3.00, N 5.24.

[Ir(u-Cl)(2,4-DiFppy):].

[ir( -Cl)(2,4-diFppy).],

Yellow solid (106.9 mg, 0.088 mmol). Yield: 94 %.
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Synthetic procedures and analytical data

14 NMR (400 MHz, DMSO-ds) & [ppm]: 9.77 (dd, J = 5.9, 0.9 Hz, 2H), 9.55 (dd, J = 5.8, 0.9 Hz, 2H), 8.33 — 8.28 (m, 2H), 8.28 — 8.23
(m, 2H), 8.23 — 8.17 (m, 2H), 8.16 — 8.08 (m, 2H), 7.69 — 7.64 (m, 2H), 7.60 — 7.54 (m, 2H), 6.89 — 6.74 (m, 4H), 5.73 (dd, J = 8.6, 2.4
Hz, 2H), 5.07 (dd, J = 8.8, 2.4 Hz, 2H).

ESI-HRMS: calculated for [Cy2H12F4IrN,]* 573.0561, measured 573.0575.
Elemental analysis calculated (%) for CasH24CloFslraNa: C 43.46, H 1.99, N 4.61. Found: C 43.48, H 2.00, N 4.59.
[Ir(p-Cl)(bzq):].

[Ir( -Cl)(bzq)],

Yellow solid (100.5 mg, 0.086 mmol). Yield: 92 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.20 (dd, J = 5.3, 1.2 Hz, 2H), 9.80 (dd, J = 5.2, 1.2 Hz, 2H), 8.73 (dd, J = 8.0, 0.9 Hz, 2H), 8.66
(dd, J = 8.0, 0.9 Hz, 2H), 8.01 (dd, J = 8.1, 5.4 Hz, 2H), 7.94 — 7.85 (m, 10H), 7.42 (d, J = 7.7 Hz, 2H), 7.36 (d, J = 7.7 Hz, 2H), 7.03 (t, J
=7.7 Hz, 2H), 6.94 (t, J = 7.6 Hz, 2H), 6.27 (d, J = 7.1 Hz, 2H), 5.62 (d, J = 7.2 Hz, 2H).

ESI-HRMS: calculated for [Ca6H16IrN2]* 549.0938, measured 549.0935 (error 7.4 ppm).
Elemental analysis calculated (%) for Cs2H32ClalrzNa: C 53.46, H 2.76, N 4.80. Found: C 53.44, H 2.75, N 4.79.

[Ir(u-Cl)(5-FsCsbzq).]»

[ir( -CI)(5-F5Cebzq).],

Orange solid (143.9 mg, 0.078 mmol). Yield: 84 %.

14 NMR (300 MHz, DMSO-ds) 8 [ppm]: 10.31 (d, J = 5.3 Hz, 2H), 9.90 (d, J = 5.2 Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.40 (d, J = 8.0 Hz,
2H), 8.13 (s, 2H), 8.09 (s, 2H), 8.04 (dd, J = 8.3, 5.5 Hz, 2H), 7.96 (dd, J = 8.3, 5.6 Hz, 2H), 7.54 (d, J = 7.9 Hz, 2H), 7.49 (d, J = 7.8 Hz,
2H), 7.17 (t, J = 7.6 Hz, 2H), 7.07 (t, J = 7.6 Hz, 2H), 6.47 (d, J = 7.3 Hz, 2H), 5.75 (d, J = 7.3 Hz, 2H).

ESI-HRMS: calculated for [CsgH14F10lrN;]* 881.0623, measured 881.0611.
Elemental analysis calculated (%) for C76H2sClaF20lraNg: C 49.82, H 1.54, N 3.06. Found: C 49.84, H 1.55, N 3.08.
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Synthetic procedures and analytical data
[Ir(p-Cl)(5-MeObzq).]

[Ir(m-Cl)(5-MeObzq),],
Orange solid (96.4 mg, 0.075 mmol). Yield: 80 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.19 (dd, J = 5.5, 1.2 Hz, 2H), 9.79 (dd, J = 5.5, 1.2 Hz, 2H), 8.76 (dd, J = 8.2, 1.2 Hz, 2H), 8.71
(dd, J = 8.2, 1.2 Hz, 2H), 7.98 (dd, J = 8.2, 5.5 Hz, 2H), 7.87 (dd, J = 8.2, 5.6 Hz, 2H), 7.31 — 7.19 (m, 8H), 6.93 (t, J = 7.6 Hz, 2H), 6.84
(t,J = 7.6 Hz, 2H), 6.08 (d, J = 6.8 Hz, 2H), 5.45 (d, J = 6.7 Hz, 2H), 4.10 (s, 6H), 4.08 (s, 6H).

ESI-HRMS: calculated for [CasH20lrN,05]* 609.1150, measured 609.1300.
Elemental analysis calculated (%) for CsgHaoClaIrN4O4: € 52.21, H 3.13, N 4.35. Found: C 52.25, H 3.15, N 4.33.

[Ir(u-Cl)(5-Brbzq):].

Br Br
[ir( -CI)(5-Brbzq),l,

Orange solid (133.2 mg, 0.090 mmol). Yield: 96 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.29 (d, J = 5.4 Hz, 2H), 9.87 (d, J = 5.3 Hz, 2H), 8.82 — 8.74 (m, 4H), 8.40 (s, 2H), 8.36 (s,
2H), 8.13 (dd, J = 8.3, 5.4 Hz, 2H), 8.05 (dd, J = 8.2, 5.6 Hz, 2H), 7.47 — 7.42 (m, 2H), 7.42 — 7.36 (m, 2H), 7.06 (t, J = 7.5 Hz, 2H), 6.98
(t,J=7.5 Hz, 2H), 6.34 (d, J = 7.2 Hz, 2H), 5.64 (d, J = 7.1 Hz, 2H).

ESI-HRMS: calculated for [Ca6H14Br2IrN,]* 706.9120, measured 706.9117.
Elemental analysis calculated (%) for CsaH2sBraClalraNa: C 42.09, H 1.90, N 3.78. Found: C 42.07, H 1.90, N 3.81.
[Ir(u-Cl)(5-Ph;Nbzq).].

[Ir( -C1)(5-Ph,Nbza),l,

Orange solid (141.0 mg, 0.077 mmol). Yield: 82 %.
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Synthetic procedures and analytical data

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.19 (d, J = 5.1 Hz, 2H), 9.79 (d, J = 5.1 Hz, 2H), 8.45 — 8.34 (m, 4H), 7.88 (dd, J = 8.3, 5.5 Hz,
2H), 7.80 (dd, J = 8.2, 5.6 Hz, 2H), 7.73 (d, J = 4.3 Hz, 4H), 7.40 — 7.23 (m, 20H), 7.12 — 6.91 (m, 28H), 6.32 (d, J = 7.1 Hz, 2H), 5.64 (d,
J=7.2 Hz, 2H).

ESI-HRMS: calculated for [CsoH34lrN4]* 883.2411, measured 883.2421.
Elemental analysis calculated (%) for Cig0HesClalr2Ns: C 65.38, H 3.73, N 6.10. Found: C 65.43, H 3.71, N 6.08.

[II’(M-CI)(.‘.;-(thNC5H4)qu)z]2

NPh, NPh,
[Ir( -CI)(5-(Ph;NCgH,)bza)l,

This product was additionally washed two times with 1 mL of diethyl ether and two times with 1 mL of hexane. Yellow solid (180.2
mg, 0.084 mmol). Yield: 90 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.27 (dd, J = 5.4, 0.8 Hz, 2H), 9.87 (dd, J = 5.5, 0.9 Hz, 2H), 8.62 (d, J = 8.3 Hz, 2H), 8.54 (d,
J=8.2 Hz, 2H), 8.01 (dd, J = 8.4, 5.5 Hz, 2H), 7.94 — 7.86 (m, 4H), 7.84 (s, 2H), 7.60 (dd, J = 10.8, 8.6 Hz, 8H), 7.46 (d, J = 7.8 Hz, 2H),
7.42 = 7.34 (m, 18H), 7.20 — 7.04 (m, 34H), 6.97 (t, J = 7.6 Hz, 2H), 6.35 (d, J = 7.4 Hz, 2H), 5.69 (d, J = 7.2 Hz, 2H).

ESI-HRMS: calculated for [CezHa421rN4]* 1035.3038, measured 1035.3043.
Elemental analysis calculated (%) for C124HsaClalraNg: C 69.55, H 3.95, N 5.23. Found: C 69.58, H 3.97, N 5.20.
[Ir(p-Cl)(5-PhObzq):].

OPh OPh
[ir( -Cl)(5-PhObzq),],

Orange solid (125.0 mg, 0.081 mmol). Yield: 87 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.27 (dd, J = 5.5, 1.2 Hz, 2H), 9.87 (dd, J = 5.5, 1.3 Hz, 2H), 8.84 (dd, J = 8.2, 1.3 Hz, 2H), 8.76
(dd, J = 8.2, 1.2 Hz, 2H), 8.05 (dd, J = 8.2, 5.5 Hz, 2H), 7.94 (dd, J = 8.2, 5.6 Hz, 2H), 7.55 — 7.45 (m, 8H), 7.32 = 7.21 (m, 16H), 7.18 (s,
2H), 7.17 (s, 2H), 6.97 (t, J = 7.6 Hz, 2H), 6.90 (t, J = 7.6 Hz, 2H), 6.24 (dd, J = 7.3, 0.6 Hz, 2H), 5.60 (dd, J = 7.3, 0.7 Hz, 2H).

ESI-HRMS: calculated for [CsgH24IrN,O5]* 733.1464, measured 733.1469.

Elemental analysis calculated (%) for C76HasClaIr;N4O4: C 59.41, H 3.15, N 3.65. Found: C 59.43, H 3.13, N 3.67.
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Synthetic procedures and analytical data
[Ir(u-Cl)(5-Me:Nbzq)].

[ir( -Cl)(5-Me;Nbzq),],

A 25 mL Schlenk flask was loaded with 69 mg (0.104 mmol) of [Ir(u-Cl)(COD)]2, 92 mg (0.414 mmol) 5-Me.NbzqH, and 3 mL of 2-
methoxyethanol. Subsequently, the flask was evacuated and backfilled with argon three times. The reaction mixture was stirred at
120 °Cin on oil bath for 6 h. After indicated time, the solvent was evaporated under reduced pressure. The residue was taken up
in 3 mL of methanol and centrifuged. The precipitate was washed three times with 1 mL of methanol, three times with 1 mL of
diethyl ether and two times with 1 ml of hexane. The product was dried under reduced pressure.

Orange solid (119.9 mg, 0.089 mmol). Yield: 86 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 10.18 (dd, J = 5.5, 0.8 Hz, 2H), 9.78 (dd, J = 5.4, 0.8 Hz, 2H), 8.75 (d, J = 8.2 Hz, 2H), 8.70 (d,
J=8.2 Hz, 2H), 7.97 (dd, J = 8.3, 5.5 Hz, 2H), 7.87 (dd, J = 8.3, 5.5 Hz, 2H), 7.34 (s, 4H), 7.27 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.7 Hz,
2H), 6.93 (t, J = 7.6 Hz, 2H), 6.85 (t, J = 7.6 Hz, 2H), 6.12 (d, J = 7.2 Hz, 2H), 5.49 (d, J = 7.1 Hz, 2H), 2.96 (s, 12H), 2.94 (s, 12H).

ESI-HRMS: calculated for [C3oH26lrN4]* 635.1782, measured 635.1782.
Elemental analysis calculated (%) for CeoHs2ClaIrzNg: C 53.76, H 3.91, N 8.36. Found: C 53.78, H 3.92, N 8.38.

General procedure for the preparation of 2-phenoxypyridine derivatives

A two-neck round-bottom flask equipped with a reflux condenser, magnetic stirrer and inert gas adapter was flushed with argon
and filled with 30 mL of anhydrous N, N-dimethylformamide. Next, 10 mmol of 2-fluoro-4-methylpyridine (synthesis of PhOPyMeH)
or 2-fluoropyridine (synthesis of F3CPhOPyH), 25 mmol of phenol (synthesis of PhOPyMeH) or 4-trifluoromethylphenol (synthesis
of F3CPhOPyH), caesium carbonate (8.15 g, 25 mmol) and copper(l) chloride (99 mg, 1.0 mmol) were placed into the reaction
vessel. Then, it was closed, placed in an oil bath and heated at 140 °C under vigorous stirring. After 20 h, all volatiles were removed
under reduced pressure and the residue was extracted twice with 50 mL of hexane / dichloromethane (1:1 v/v). Combined extracts
were washed thoroughly with 50 mL of 1 M aqueous NaOH, water, and brine. The resulting solution was dried over anhydrous
sodium sulphate, concentrated on a rotary evaporator and dried in vacuo, giving pure product.

4-methyl-2-phenoxypyridine (PhOPyMeH)
O
| N
PhOPyMeH

Off-white oil (1.46g, 7.9 mmol). Yield: 79%.

14 NMR (300 MHz, CD,Cl,) & [ppm]: 8.09 (d, 1H, J=5.1 Hz), 7.41 (t, 2H, J=7.8 Hz), 7.18 (m, 3H), 6.84 (d, 1H, J=5.1 Hz), 6.73 (s, 1H),
2.35 (s, 3H).

13C NMR (75 MHz, CD,Cl,) & [ppm]: 164.08, 154.40, 150.99, 147.38, 129.69, 124.54, 121.15, 119.94, 111.80, 21.04.

GCMS (El, 70 eV), m/z (rel. abundance, %): 184 (100), 185 (85), 156 (60), 65 (24), 157 (17), 51 (11), 186 (10).
Elemental analysis calculated (%) for C12H11NO: C 77.81, H 5.99, N 7.56. Found: C 77.85, H 6.00, N 7.58.
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Synthetic procedures and analytical data

\\ o\©\
N
Z CF

F3CPhOPyYH

2-(4-(trifluoromethyl))phenoxypyridine (F;CPhOPyH)

3

White crystalline solid (1.05 g, 4.4 mmol). Yield: 44%.

14 NMR (300 MHz, CDCls) & [ppm]: 8.21 (ddd, 1H, J=4.9, 1.9, 0.6 Hz), 7.74 (ddd, 1H, J=8.3, 7.3, 2.0 Hz), 7.66 (d, 2H, J=8.4 Hz), 7.24
(d, 2H, J=8.4 Hz), 7.06 (ddd, 1H, J=7.2, 5.0, 0.9 Hz), 6.99 (dt, 1H, J=8.3, 0.8 Hz).

13C NMR (75 MHz, CDCls) 6 [ppm]: 162.95, 157.09, 147.86, 139.94, 127.15 (q, J=3.8 Hz), 126.44, 121.22, 119.45, 112.39.

GCMS (El, 70 eV), m/z (rel. abundance, %): 238 (100), 239 (97), 211 (50), 78 (37), 51 (23), 115 (20), 240 (12), 220 (10).
Elemental analysis calculated (%) for C12HsFsNO: C 60.26, H 3.37, N 5.86. Found: C 60.30, H 3.39, N 5.89.

General procedure for the preparation of 2-phenoxypyridine-based C,N-cyclometalated iridium(lll) chloro-bridged dimers

A CEM microwave vial equipped with a magnetic stirrer was charged with 1.1 mL of water, 3.3 mL of 2-methoxyethanol, 0.44 mmol
of a ligand, and 75 mg (0.21 mmol) of iridium(IIl) chloride hydrate (53 % iridium content). The mixture was degassed under vacuum
and the reactor was filled with argon and quickly closed. The reaction vessel was placed in a microwave reactor and then heated
for 10 minutes at 100 °C (max power 200 W). After indicated time, the reaction mixture was cooled down to the room temperature
and the product was precipitated by addition of water. Fine suspension was centrifuged, a supernatant was discarded, and the
precipitate was rinsed with 2 mL of 2-propanol and subsequently 2 mL of pentane. The product was dried in an oven at 70 °C

overnight.
FNANES
PN

[Ir(u-Cl)(PhOPyMe),]»

\

0
) Q

[Ir( -Cl)(PhOPyMe),],
Pale yellow dusty solid (108.0 mg, 0.091 mmol). Yield: 88 %.

14 NMR (300 MHz, DMSO-ds) & [ppm]: 8.68 (d, J = 6.3 Hz, 2H), 8.23 (d, J = 6.2 Hz, 2H), 7.33 (s, 2H), 7.28 (s, 2H), 7.10 (d, J = 6.1 Hz,
4H), 6.98 —6.76 (m, 8H), 6.59 — 6.45 (m, 4H), 5.99 (d, J = 7.5 Hz, 2H), 5.65 (d, J = 7.5 Hz, 2H), 2.44 (s, 12H).

ESI-HRMS: calculated for [Ca4H20lrN,05]* 561.1149, measured 561.1160.
Elemental analysis calculated (%) for CagHaoClaIr2N4O4: C 48.36, H 3.38, N 4.70. Found: C 48.40, H 3.39, N 4.69.
[Ir(p-Cl)(FsCPhOPy);],

[ir( -CI1)(F3CPhOPYy),]l,
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Synthetic procedures and analytical data
Pale yellow dusty solid (92.8 mg, 0.066 mmol). Yield: 64 %.

14 NMR (300 MHz, CDCl3) & [ppm]: 8.26 — 8.11 (m, 4H), 7.68 — 7.53 (m, 4H), 7.14 (d, J = 8.2 Hz, 4H), 7.04 (d, J = 8.3 Hz, 4H), 6.97
(d, J = 8.3 Hz, 4H), 6.55 — 6.44 (m, 4H), 5.62 (s, 4H).

ESI-HRMS: calculated for [Ca4H14F6IrN,05]* 669.0584, measured 669.0595.
Elemental analysis calculated (%) for CagH25Cl2F121raN4O4: C 40.94, H 2.00, N 3.98. Found: C 40.96, H 2.01, N 4.00.
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'H and °C NMR spectra
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Figure S1. 'H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(u-Cl)(ppy)-]>
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Figure S2. 'H NMR (400 MHz, DMSO, 298 K) spectrum of [Ir(u-Cl)(2,4-diFppy).].
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'H and °C NMR spectra
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Figure S3. 'H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(u-Cl)(bzq).]»
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'H and 3C NMR spectra
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Figure S5. 'H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(u-Cl)(5-MeObzq).]»
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'H and °C NMR spectra
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Figure S7. 'H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(u-Cl)(5-Me:Nbzq).]»
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'H and °C NMR spectra
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'H and °C NMR spectra
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Figure S12. 13C NMR (75 MHz, CDCls, 298 K) spectrum of PhOPyMeH
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'H and 3C NMR spectra
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Figure S13. 1H NMR (300 MHz, CDCls, 298 K) spectrum of F;CPhOPyH
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Figure S14. 13C NMR (75 MHz, CDCls, 298 K) spectrum of F;CPhOPyH
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'H and °C NMR spectra
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Figure S16. 'H NMR (300 MHz, CDCl3, 298 K) spectrum of [Ir(u-Cl)(FsCPhOPy);],
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'H and 3C NMR spectra
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Figure $18. 'H NMR (300 MHz, CDsCN, 298 K) spectrum of [Ir(u-Cl)(ppy)-]-
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'H and 3C NMR spectra
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Figure $19. 'H NMR (300 MHz, CD,Cl,, 298 K) spectra of [Ir(ppy).CI(DMSO)] crystals dissolved in CD,Cl; (top), [Ir(1-Cl)(ppy)2]2 dissolved in CD>Cl,
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'H and °C NMR spectra
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ESI-HRMS spectra

Chemical Formula: CoyH1gIrN,*
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Figure S21. ESI-HRMS spectrum of [Ir(1-Cl)(ppy):]2 in acetonitrile, predicted (left) and measured (right)
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Figure S22. ESI-HRMS spectrum of [Ir(1-Cl)(2,4-diFppy)]. in acetonitrile, predicted (left) and measured (right)
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ESI-HRMS spectra

Chemical Formula: CogH1gIrN,*
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Figure $23. ESI-HRMS spectrum of [Ir(u-Cl)(bzq)]> in acetonitrile, predicted (left) and measured (right)
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Figure S24. ESI-HRMS spectrum of [Ir(1-Cl)(5-FsCsbzq).]2 in acetonitrile, predicted (left) and measured (right)
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ESI-HRMS spectra

Chemical Formula: CygH50IrN,O5*
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Figure S25. ESI-HRMS spectrum of [Ir(u-Cl)(5-MeObzq).]. in acetonitrile, predicted (left) and measured (right, normalized)
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Figure S26. ESI-HRMS spectrum of [Ir(u-Cl)(5-Brbzq).]2 in acetonitrile, predicted (left) and measured (right)
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ESI-HRMS spectra

Chemical Formula: C3gHogIrN,*
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Figure S27. ESI-HRMS spectrum of [Ir(u-Cl)(5-MezNbzq)]> in acetonitrile, predicted (left) and measured (right)
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Figure S28. ESI-HRMS spectrum of [Ir(1-Cl)(5-Ph,Nbzq);]; in acetonitrile, predicted (left) and measured (right)
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ESI-HRMS spectra

Chemical Formula: CgyHoIrN4*
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Figure S29. ESI-HRMS spectrum of [Ir(y-Cl)(5-(Ph2NCsH4)bzq)]> in acetonitrile, predicted (left) and measured (right)
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Figure $30. ESI-HRMS spectrum of [Ir(1-Cl)(5-PhObzq).]. in acetonitrile, predicted (left) and measured (right)
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Figure S31. ESI-HRMS spectrum of [Ir(1-Cl)(PhOPyMe).]. in acetonitrile, predicted (left) and measured (right, normalized)
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Figure $32. ESI-HRMS spectrum of [Ir(y-Cl)(FsCPhOPy);], in acetonitrile, predicted (left) and measured (right, normalized)
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Figure $33. ESI-HRMS spectrum of [Ir(1-Cl)(ppy):]2 in acetonitrile at different declustering potential applied (more positive, top,; default, middle;
more negative, bottom), predicted (left) and measured (right)



X-ray crystallography

Table S1. Crystal data, data collection and structure refinement

Compound [Ir(u-Cl)(bzq)z2]2 [Ir(u-Cl)(5-Ph2Nbzq)z].  [Ir(ppy)2CI(ACN)]  [Ir(ppy).CI(DMSO)]
Formula Cs2H32ClaIrNg Ci100HesClalr2Ng Ca24H15ClIrN3-CH3CN  Ca4H2,ClIrN>0S-1/8H,0
Formula weight 1168.11 1836.92 618.12 616.40
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P2./c P-1 12/a P2:/n
a(R) 12.57827(16) 13.6111(13) 17.5287(3) 17.1858(3)
b(A) 9.54317(14) 17.2172(13) 9.4354(2) 15.2142(3)
c(A) 33.1530(5) 18.6765(14) 28.8315(4) 17.6902(3)
al®) 90 76.563(6) 90 90
B(2) 96.3729(14) 83.522(7) 102.475(2) 111.551(2)
v(°) 90 86.691(7) 90 90
V(A3) 3954.98(10) 4227.5(6) 4655.87(15) 4302.06(15)
z 4 2 8 8
Dy(g cm™3) 1.962 1.443 1.764 1.903
F(000) 2240 1824 2400 2394
pu(mm?) 14.429 3.260 5.871 6.448
Reflections:
collected 17193 31326 24128 35822
unique (Rie) 7131 (0.034) 14860 (0.211) 5273 (0.024) 9719 (0.026)
with 1>20(l) 6700 5742 5016 8266
R(F) [1>20(1)] 0.0608 0.1384 0.0169 0.0265
WR(F2) [1>20(1)] 0.1525 0.2502 0.0604 0.0746
R(F) [all data] 0.0639 0.2459 0.0187 0.0360
WR(F?) [all data] 0.1538 0.3072 0.0618 0.0799
Goodness of fit 1.195 1.003 0.979 1.048
max/min Ap (e-A?) 2.25/-2.02 4.25/-2.97 1.13/-0.77 1.57/-1.22

Table S2a. Relevant geometrical features for [Ir(u-Cl)(bzq)2]2 and [Ir(u-Cl)(5-Ph:Nbzq)]» (A,2)

[Ir(u-Cl)(bzq).]> [Ir(u-Cl)(5-Ph,Nbzq).].
Irl-N1A 2.124(10) Ir2-N1C 2.094(10) Irl-N1A 2.020(18) Ir2-N1C 1.953(18)
Ir1-N1B 2.145(10) Ir2-N1D 2.119(10) Ir1-N1B 2.050(16) Ir2-N1D 2.030(18)
Irl-C12A 2.003(12) Ir2-C12C 2.000(12) Irl-C12A 1.767(18) Ir2-C12C 2.08(2)
Ir1-C12B 2.007(10) Ir2-C12D 2.018(19) Ir1-C12B 2.07(2) Ir2-C12D 2.02(2)
Ir1-Cl1 2.509(3) Ir2-Cl1 2.525(3) Ir1-Cl1 2.472(6) Ir2-Cl1 2.486(6)
Ir1-CI2 2.518(3) Ir1-Cl2 2.496(3) Ir1-CI2 2.493(6) Ir1-Cl2 2.505(6)
N1A-Irl-N1B | 170.2(4) | N1C-Ir2-N1D | 171.0(4) | N1A-Ir1-N1B | 173.8(8) | N1C-Ir2-N1D | 175.5(8)
C12A-Ir1-Cl2 | 175.7(4) | C12D-Ir2-CI2 | 171.7(3) | C12A-Ir1-CI2 | 169.7(5) | C12D-Ir2-Cl1 | 174.3(6)
C12B-Ir1-Cl1 | 171.8(3) | C12C-Ir2-Cl1 | 173.7(3) | C12B-Ir1-Cl1 | 176.1(5) | C12C-Ir2-CI2 | 172.3(5)
Max(A) 0.0782(11) | -0.1224(7) 0.0308(19)

A/B 82.72(14) C/D 75.53(18) A/B 82.7(3) C/D 81.2(4)
A/Al 72.1(8) c/C1 60.6(8)

A/A2 86.4(7) c/C2 87.4(7)

A1/A2 74.7(9) c1/c2 67.7(10)

B/B1 80.4(8) D/D1 87.3(8)
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B/B2 77.8(8) D/D2 77.8(8)
B1/B2 74.0(9) D1/D2 69.9(11)

Max(A) is the maximum deviation from the least-squares plane through Ir and Cl atoms, A, B and C, D are the mean least-squares planes of aromatic ring systems
coordinated to the same Ir atoms; A1, A2 etc. in [Ir(u-Cl)(5-Ph2Nbzq):]2 denote the mean planes of phenyl rings from appropriate NPhz groups.

Table S2b. Relevant geometrical features for [Ir(ppy)2CI(ACN)] and [Ir(ppy).CI(DMSO)] (4,2)

[Ir(ppy)2CI(ACN)] | [Ir(ppy).CI(DMSO)] A | [Ir(ppy).CI(DMSO)] B
Ir1-N1A 2.045(2) 2.058(3) 2.061(3)
Ir1-N1B 2.049(2) 2.080(3) 2.083(3)
Ir1-C8A 2.001(3) 2.050(4) 2.042(4)
Ir1-C8B 2.001(1) 2.023(4) 2.025(4)
Ir1-Cl1 2.4950(6) 2.4770(10) 2.4784(9)
Ir1-N1(S1) 2.108(2) 2.3593(10) 2.3335(10)
N1A-Ir1-N1B 173.37(8) 170.19(13) 171.53(12)
C8B-Ir1-Cl1 176.35(8) 177.20(11) 174.13(11)
C8B-Ir1-N1(S1) 176.49(9) 176.07(10) 173.71(10)
A/B 10.33(17) 8.5(2) 7.5(2)
c/D 3.48(12) 2.6(2) 3.0(2)

A, B and C, D are the mean least-squares planes of aromatic ring systems coordinated to the same Ir atoms.
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