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WZKAZ SKROTOW

Cp — pierscien cyklopentadienylowy [CsHs]

Cpc — centroid pierscienia cyklopentadienylowego

Cp — podstawiony pierscien cyklopentadienylowy

M — centralny kation metalu

MCp, — metalocen

FeCp, — ferrocen

NiCp, — niklocen

RuCp, — rutenocen

OsCp, — 0osmocen

THF — tetrahydrofuran

DAC — komora diamentowa (ang. Diamond Anvil Cell)

SCXRD — rentgenowska dyfraktometria monokrystaliczna (ang. Single Crystal X-
ray Diffraction)

PXRD — rentgenowska dyfraktometria proszkowa (ang. Powder X-ray
Diffraction)

MEW — mieszanina metanol: etanol: woda w stosunku 16:3:1 (obj.)

AE, — energia potencjalna bariery rotacji pierScienia cyklopentadienylowego

SOF — czastkowe obsadzenie atomu (ang. Site Occupancy Factor)

CSD — krystalograficzna baza danych (ang. Cambridge Structural Database)

IR — spektroskopia w podczerwieni (ang. Infrared spectroscopy)



STRESZCZENIE W JEZYKU POLSKIM

Metaloceny to prototypowa grupa zwigzkéw metaloorganicznych, ktorych odkrycie
zapoczatkowalo intensywny rozwdj tej dziedziny chemii. Niedawne publikacje
nowych faz krystalicznych ferrocenu, modulowanej 1”7 i wysokoci$nieniowej I,
sktonity mnie do bardziej wnikliwej analizy rowniez pozostatych prototypowych
metalocenow. Przeprowadzone badania struktur niklocenu i ferrocenu, przy zatozeniu
modelu niezaleznych potozen pierscieni wskazaly, ze w izostrukturalnych fazach I
tych zwigzkow, wspoétistnieja konformacja naprzemianlegta z konformacjami
skreconymi. Ten, ‘mig¢kki model’ wyjasnia na podstawie danych strukturalnych
obserwowane wczesniej eksperymentalnie dielektryczne wilasciwosci ferrocenu,

niezgodne z symetrig Cs czasteczek.

W wysokim ci$nieniu krysztaly a-rutenocenu (a-RuCp,, Pnma) i a-osmocenu (o-
OsCp,, grupa przestrzenna Pnma) ulegaja przemianom fazowym ze zmiang Symetrii
do grupy przestrzennej Pcmb (B-RuCp,) 1 Pcab (B-OsCp,). Pomiary spektroskopii
Ramana, dyfraktometryczne pomiary proszkowe i obserwacje wizualne krysztatow
$wiadczg o szerokich histerezach przemian fazowych, rozciggajacych si¢ w zakresach
0.7-3.9 GPa (RuCp,) i 0.3-3.6 GPa (OsCp,). W wysokocisnieniowych polimorfach 3
preferencja do tworzenia krotkich oddziatywan CH--M (gdzie M = Ru, Os) jest
wyzsza niz do tworzenia oddziatywan CH--m, przewazajacych w fazie a. Dzigki
dyfraktometrycznym pomiarom monokrysztatbw RuCp, 1 OsCp, w ci$nieniu
atmosferycznym i wysokich temperaturach, odpowiednio 395 K i 427 K,
zaobserwowatam przemiany fazowe do izostrukturalnych faz y o symetrii Fmmm.
W wyniku tych przemian zerwane zostajag wszystkie kontakty CH---M, a czasteczki
metalocenow staja si¢ nieuporzadkowane w konformacjach na przemian-

I naprzeciwlegte;.



STRESZCZENIE W JEZYKU ANGIELSKIM

(Summary in Englisch)

Metallocenes constitute a prototypic group of metalloorganic compounds. The
discovery of ferrocene indicated the intensive development of metaloorganic
chemistry. The recently revealed new high-pressure crystal phase I' and modulated
phase 1" of ferrocene convinced me to investigate also other prototypic metallocenes.
The structural analysis of nickelocene and ferrocene, by applying the model of
independent rotation of cyclopentadienyl rings to their isostructural phases I, shows
that the staggered molecular conformation coexists with rotated conformations. Based
on structural data, this ‘soft model’ explains the previously reported dielectric
properties of ferrocene. These properties were inconsistent with the Cs symmetry of

ferrocene molecules.

The compression of a-ruthenocene (a-RuCp,, space group Pnma) and a-osmocene (a-
OsCp,, Pnma) crystals lead to phase transitions, which change of crystal symmetry
into space group Pcmb (B-RuCp,) and Pcab (B-OsCp,). The Raman spectra,
diffractometric measurements on powder samples, and visual observations of single
crystals revealed a wide hysteresis of the a — B phase transitions between 0.7-3.9 GPa
(RuCp,) and 0.3-3.6 GPa (OsCp,). The high-pressure B polymorphs are stabilized by
short contact CH--*-M (M = Ru, Os), whereas phase a is dominated by bonds CH-x.
Diffractometric measurements on single crystals of RuCp, and OsCp, at ambient
pressure and 395 K and 427 K respectively reveal the o to y phase transitions. The
high-temperature y phases are isostructural, space group Fmmm. These phase
transitions break all CH--M bonds, and the molecules become disordered in staggered

and eclipsed conformations.



KOMENTARZ DO ARTYKULOW

1. Wstep 0 metalocenach

Odkrycie ferrocenu w 1951 roku' bylo przelomowym wydarzeniem, ktore
zapoczatkowato dynamiczny rozwdj chemii metaloorganicznej. W kolejnych latach
otrzymano kolejne wazne metaloceny o prostej budowie, ktorg mozna opisa¢ ogdlnym
wzorem MCp,, gdzie symbol Cp oznacza pier$cien cyklopentadienylowy, natomiast M
dwudodatni kation metalu znajdujacy si¢ pomiedzy dwoma pierScieniami
aromatycznymi (rysunek 1a). Do takich prototypowych metalocenéw kanapkowych
(ang. sandwich compounds) mozna zaliczy¢é wspomniany juz wczesniej ferrocen
(FeCp,),? niklocen (NiCp,),® rutenocen (RuCp,),* osmocen (OsCp,),> wanadocen
(VCp,),® chromocen (CrCp,),” kobaltocen (CoCp,),® oraz magnezocen (MgCp,).°
Z powyzszych metalocenéw jedynie FeCp,, RuCp, oraz OsCp, spetniajg regute 18-

10,11
nastu elektronow™”

natomiast pozostale nie spetniajg tej reguly (rysunek 1b).
Wszystkie metaloceny spetniajace regute 18-tu elektronéw sa stabilne w atmosferze
powietrza. Osmocen i rutenocen znane byly wytacznie w postaci krysztatow o symetrii
rombowej grupy przestrzennej Pnma, izostrukturalnych z niskotemperaturowsg fazg I11
ferrocenu. W strukturach tych atomy wegla tworzace pierscienie cyklopentadienylowe
w czasteczkach MCp, ulozone sg wzglgdem siebie naprzeciwlegle (konformacja
naprzeciwlegta, ang. eclipsed conformation). Druga grupa metalocenow krystalizuje
w jednoskosnej grupie przestrzennej P2:/n. Struktury te sg izostrukturalne z fazg 1
ferrocenu, a pierscienie Cp czasteczek MCp, sg nieuporzadkowane. Ze wzgledu na
potozenie czasteczek W Krysztale w pozycji specjalnej na centrum inwersji przez lata
przyjmowano, ze pierScienie Cp ulozone sg wzglgdem siebie naprzemianlegle

(konformacja naprzemianlegta, ang. staggered conformation).

Ferrocen niewatpliwie byl najdoktadniej przebadanym metalocenem, oprocz struktur
rombowej i jednoskos$nej odkryto rowniez niskotemperaturowg trojskosnig fazg II
0 czasteczkach w konformac;ji skreconej o okoto +9°. Do niedawna uwazano, ze jest to
jedyny metalocen, ktéry w strukturach krystalicznych moze przyjmowac rdzne

konformacje: naprzemianlegla, naprzeciwlegly i skrecone.

9



(b) _""I""I""I""I'"'I""I""I""_
1 ® P2,/n, M. , V, Cr, Fe, Co, Nij

& Pnma, M: Fe, Ru, Os T

* P1, M:

+mem, M: Ru, Os

Odlegtos¢ M—Cp, (A)

Liczba atomowa

Rysunek 1. (a) Czasteczka metalocenu =z zaznaczonymi symbolami pierscieni
cyklopentadienylowych i ich centroidow. (b) Odlegtos¢ M-Cp. w funcji liczby atomowej dla
metalocenow M 2*Cp; o kacie 0, Cple-M-Cp2. rownym lub bliskim 180° w cisnieniu 0.1 MPa.
W legendzie zawarto informacje o grupie przestrzennej i Kkationie. Niebieskie i zotte tto
obejmuje odpowiednio metaloceny spetniajace i niespetniajace reguty 18-elektronow.

1.1  Przelomowe odkrycie ferrocenu

W latach 1951-1982 odkryto trzy fazy ferrocenu. Jednoskosna faza I ferrocenu (I-
FeCp,) 0 symetrii grupy przestrzennej P2,/n, ktora w 163.5 K przechodzi w faze Il (11-
FeCp,) o symetrii trojskosnej grupy przestrzennej P1.2 Wkrotce po odkryciu tej
przemiany, opublikowana zostata nowa faza Il ferrocenu (Il11-FeCp,) o symetrii
Pnma. Moze ona zosta¢ otrzymana w wyniku powolnej rekrystalizacji w temperaturze
98 K™ i pozostaje stabilna do 250 K. Przez nastepne lata, gdy dynamicznie rozwijata

1415 stwierdzano

si¢ chemia metalocendéw i1 $wigtowano rocznice odkrycia ferrocenu
izostrukturalno$¢ kolejnych zwigzkéw 1 interpretowano ich wlasciwosci odnoszac sie
do tych trzech faz I, Il i Il ferrocenu, a konformacje czasteczek prototypowych
metalocenow przedstawiano w wyidealizowanych symetriach Dsyq 1 Dsgp (810)16_18
wykluczajacych moment dipolowy. Dopiero w 2013 roku odkryto przemiane

wysokoci$nieniowa ferrocenu w 3.24 GPa do jednosko$nej uporzadkowanej fazy I',
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gdzie wszystkie czasteczki rzeczywiScie sg centrosymetryczne (C;), czyli posiadaja
symetri¢ przypisywang fazie |. Izostrukturalna przemiana pomigdzy fazami I i I’
zwiazana jest z porzadkowaniem si¢ pierscieni cyklopentadienylowych.’® Badania
krysztatow ferrocenu w szerokim zakresie cisnien do 40 GPa wskazaty na stabilnos$¢
fazy r®w wyniku tych badan powyzej 3.24 GPa odkryto nowa faze¢ 1" ferrocenu,
W 2023 roku w cisnieniu atmosferycznym w niskiej temperaturze, pomig¢dzy 172.8 K

i 163.5 K odkryto nowa modulowana faze I".*

1.2 Nieporzgdek w strukturach krysztatow

Nieporzadek pozycyjny zachodzi, gdy jeden atom lub grupa atomoéw zajmuje dwie lub
wiece] pozycji w usrednionej strukturze krysztalu. Wyrdznia si¢ nieporzadek
statyczny, gdy atomy zajmuja stale, czg¢$ciowo obsadzone pozycje w roznych
komorkach elementarnych, i nieporzadek dynamiczny, gdy atomy przeskakujg mi¢dzy

réznymi pozycjami.

Nieuporzadkowanie pierscieni cyklopentadienylowych w czasteczkach metalocenow
najlepiej opisano dla modelowego zwiazku, ferrocenu. Wyznaczono modele struktury
fazy | (I-FeCp,), w ktérych pierécienie Cp znajduja si¢ w dwoch? a nawet w trzech?
potozeniach. Nieporzadek ten w ferrocenie ulega modulacji ponizej 172.8 K w fazie 1”
i catkiem zanika ponizej 163.5 K po przemianie do tréjskosnej fazy I1;*> mozna takze
wyeliminowaé¢ nieporzadek przez kompresje powyzej 3.24 GPa.® Badania
dyfraktometryczne niklocenu pokazuja, ze nieporzadek zanika w wyniku obnizenia
temperatury ponizej 170 K,** zatem ma on charakter dynamiczny. Dotychczas
nieuporzadkowane potozenia pierscieni cyklopentadienylowych stwierdzone byty
wylacznie W  jednosko$nych  strukturach  metalocenéw. Jednak  moje
wysokotemperaturowe badania strukturalne rutenocenu i osmocenu (podrozdziat 4.5)
potwierdzity istnienie dla tych zwigzkow nieporzadku w rombowej grupie

przestrzennej Fmmm.
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1.3 Konformacje metalocenow

Konformacje metalocendw mozna zmierzy¢ katem torsyjnym t zawartym mig¢dzy
najblizszymi atomami wegla przeciwnych pier$cieni w czasteczce, ktory wynosi 0° dla
konformacji naprzeciwleglej i 36° dla konformacji naprzemianlegltej (rysunek 2). Kat t
dla konformacji skreconej (ang. rotated) przyjmuje wartosci przejsciowe pomiedzy
konformacja naprzeciw- i naprzemianlegta: w strukturze Il ferrocenu kat t wynosi +£8°
oraz £9° dla dwoch niezaleznych czasteczek w asymetrycznej czeSci komorki
elementarnej oraz ich odbi¢ w centrum inwersji. Do niedawna uwazano réwniez, ze
konformacja naprzemianlegla pierScieni cyklopentadienylowych wystepuje jedynie
w izostrukturalnych fazach metalocenéow o symetrii jednoskosnej grupy przestrzennej
P2,/n. Moje badania w wysokiej temperaturze (podrozdziat 4.5) ujawnily jednak
istnienie  konformacji naprzemianleglych rowniez w wysokotemperaturowych,

rombowych strukturach rutenocenu i osmocenu.

L

Rysunek 2. Kat t okreslajacy konformacj¢ pierscieni cyklopendtadienyclowych w czasteczce
metalocenu (1 = 0° konformacja naprzeciwlegta, T = 36° konformacja naprzemianlegta).
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1.4  Reguta 18-tu elektronow

Reguta 18-tu elektronéw zostala pierwszy raz zaproponowana w 1921 roku przez
Langumira,® w celu przewidywania stabilnosci komplekséow w  chemii
metaloorganicznej. Dotyczy ona jednak wytacznie kompleksow metali przejSciowych,
ktore posiadajg 9 orbitali walencyjnych (pig¢ orbitali d na powtoce n-1); trzy orbitale p
na powloce n i jeden orbital s na powtoce n), mogacych pomiesci¢ 18 elektronow. Te
orbitale moga potaczy¢ si¢ z orbitalami ligandow, w skutek czego powstaja orbitale
molekularne. Reguta 18-stu elektronéw nie jest jednak sztywna i znane sg przypadki,
dla ktorych atom centralny kompleksu nie posiada konfiguracji gazu szlachetnego.
Wiele takich przyktadow zostalo juz opisanych, np. nisko- spinowe kwadratowe
kompleksy d® — 16e, V(CO)s — 17e, CrCly(THF); — 15¢*.*% Ich cecha
charakterystyczng jest wyzsza reaktywnos¢ niz kompleksow 18 elektronowych. Wsrod
wyjatkow dos¢ liczng grupe stanowig metaloceny, dla ktorych znane sa kompleksy
0 nizszej liczbie elektronow: VCp, — 15¢e", CrCp, — 16 . Wsrdd metalocendéw spotkad
mozna rowniez przyktady komplekséw o wyzszej liczbie elektronéow niz 18: CoCp, —
19e” i NiCp, — 20e. Zwiazki kompleksowe o liczbie elektronow wyzszej niz 18 sa
jednak rzadko spotykane. Nadmiarowe elektrony w tego typu czasteczkach znajduja
si¢ na molekularnym orbitalu antywiazacym. Kompleksy z wigksza niz 18 liczba
elektrondow walencyjnych s3, podobnie jak kompleksy z mniejszg niz 18 liczbg

elektronéw chetnie wehodza w reakcje chemiczne %%

1.5 Oddziatywania M---HC

Wiazania wegiel-wodor od lat sa przedstawiane w literaturze jako silne i1 stabo

aktywne w reakcjach chemicznych %

Odkrycie struktur metaloorganicznych,
w ktérych sktad wchodzily metale przejsciowe, pokazato, ze nawet stabo aktywne
chemicznie grupy alkilowe moga by¢ zaangazowane w tworzenie oddziatywan
z centralnym atomem metalu.®> Wkrétce po rozwinicciu sie metod analizy
strukturalnej wytoniono grupe zwiazkéw, dla ktorych odleglos¢ M--H byta bardzo
krotka (1.8-2.3 A), a kat C-H-*M nie przekraczal 140°.°* % Takie oddzialywania
czgsto wystepuja w strukturach kompleksow, dla ktorych liczba elektronow jest

mniejsza niz 18. Krotkie kontakty atomu metalu z wigzaniem C-H uznano za
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oddziatywanie 3-centrowe, 2-elektronowe i nazwano je agostycznym.* Odkryto takze
grupe struktur w ktorych odlegltos¢ miedzy atomem wodoru 1 metalu rowniez byla
krotsza niz suma promieni van der Waalsa, lecz przekraczata wartos¢ 2.3 A, ktora
uznano za graniczng przy opisie oddziatywan agostycznych. Wigzania takie nazwano
anagostycznymi  (czyli nie-agostycznymi). Gléwnym aspektem roznicujgcym
oddzialywania agostyczne i anagostyczne jest dlugos¢ kontaktow, zauwazono jednak,
ze W przypadku oddziatywan anagostycznych kat C-H--M zawierat si¢ miedzy 110-
170°.% Mniej rozwarty kat C-H--M charakterystyczny dla oddzialywan agostycznych,
jest zwigzany z powinowactwem metalu do pary elektronowej tworzacej wigzanie C-
H. Zkolei wigkszy kat C-H--M, jest charakterystyczny dla oddziatywan
anagostycznych ze wzgledu na powinowactwo metalu do atomu wodoru, na ktérym
wystepuje czgstkowy ladunek dodatni. Oddzialywania anagostyczne tworza
kompleksy metali, dla ktoérych speilniona jest reguta 18-elektrondéw. Zardéwno na
podstawie rozwazan teoretycznych Orlova i Scheinera® jak i wynikéw badan
spektroskopowych IR oraz dyfraktometrycznych SCXRD,® ktérym poddane zostaty
pochodne metalocenéw zawierajace ugrupowania MCp, (gdzie M= Fe, Ru, Os;
gwiazdka oznacza podstawienie pierscienia Cp), mozna wnioskowaé, ze metale
przejsciowe s3 akceptorami protonu, w rozumieniu podobnym do tworzenia wigzan
wodorowych w czasteczkach organicznych.*** Wolna para elektronowa na orbitalu d
metalu przejsciowego odpowiada wolnej parze elektronowej zlokalizowanej na
orbitalu sp. Oddziatywanie tego typu, poza parg elektronowg tworzacg wigzanie C-H,
zaangazuje rowniez wolng par¢ elektronowa zlokalizowang na orbitalu d metalu
przejsciowego. Wigzania te sg zatem wigzaniami 3-centrowymi, 4-elektronowymi.
Zostaly one nazwane wigzaniami anagostycznymi w celu ich wyraznego rozrdznienia
od wiazan agostycznych.** Oddzialywania M-~H-C wystepujace w strukturach -
FeCp,, a- i B-RuCp; oraz a- i B-OsCp, sa oddzialywaniami anagostycznymi.

1.6  Efekty wysokocisnieniowe

Ogolnie przyjmuje si¢, ze efektem dziatania wysokiego ci$nienia na strukture ciat

4244

stalych jest skrocenie odleglosci migdzy atomami. Kompresja odleglosci

4547

migdzyatomowych moze prowadzi¢ do powstania nowych oddzialywan, a nawet
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wiazan chemicznych.”® Zmniejszenie odleglosci migedzyczasteczkowych wymusza
czesto optymalizacje katow miedzy atomami.** > Zmiany katéw i odleglosci zaréwno
w czasteczce, jak i W jej najblizszym otoczeniu mogg doprowadzi¢ do przemiany
fazowej, dzieki ktorej czasteczki przyjmg mniej napr¢zone polozenia niz przed

: 53-55
przeémiang.

Blizsze polozenia czasteczek powoduja powstawanie zawad
sterycznych ograniczajagcych ruch czasteczek lub grup atomoéw, co w przypadku
nieuporzadkowanych struktur moze prowadzié¢ do ich uporzadkowania.”®>® Wysokie
cisSnienie moze réwniez zmieni¢ konformacje. czasteczek oraz prowadzi¢ do ich

reakcji chemicznych.*®

Najczesciej skracanie odlegtosci migdzyczasteczkowych
prowadzi do skracania wszystkich parametrow komorki elementarnej. W niektorych
przypadkach, w wysokim ci$nieniu nastepuje wydtuzanie jednego parametru — jest to
tzw. negatywna $cisliwosé liniowa,*® lub wydtuzenie dwoch parametréow okrelane
jako negatywna $cisliwo$é powierzchniowa.®*®* Efekty te sa jednak kompensowane
przez silne zmiany pozostaltych parametréw, tak ze podstawowy warunek
termodynamiki, efekt zmniejszania objetosci probki przy wzroscie cisnienia, jest

zachowany.

2. Cel pracy

Gléwnym celem mojej rozprawy doktorskiej byto zrozumienie czynnikdw
decydujacych o konformacji czgsteczek metalocendw 1 uzupeklienie wiedzy
0 strukturach krystalicznych tych zwigzkow. Poszukiwatam zwigzkéw pomiedzy faza
krystaliczng (odmiang polimorficzng metalocenu), rodzajem metalu centralnego
w kompleksie, konformacja pierscieni cyklopentadienylowych oraz warunkami
termodynamicznymi. Kolejnym celem byta analiza oddziatywan w nowo otrzymanych
fazach metalocendw o0raz wyjasnienie przyczyn obserwowanych przemian

w warunkach wysokiego ci$nienia lub wysokiej temperatury.

Wyniki badan wykonanych w ramach mojej rozprawy doktorskiej zostaty

opublikowane w serii 5 artykutlow naukowych (Zatgczniki 1-5):
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Artykut 1

Artykul 2

Artykutl 3

Artykul 4

Artykul 5

Lattice-strain Coupled to Molecular Conformation and Disorder in
Compressed Nickelocene

I. Moszczynska, A. Katrusiak

The Journal of Physical Chemistry C 125 (28), 15670-15675, 2021
DOI: 10.1021/acs.jpcc.1c04204

Pressure-Tuned Conformers and Their Populations in Ferrocene

I. Moszczynska, D. Paliwoda, A. Katrusiak

The Journal of Physical Chemistry C 128 (45), 19392-19397, 2024
DOI: 10.1021/acs.jpcc.4c05399

Competition between Hydrogen and Anagostic Bonds in
Ruthenocene Phases under High Pressure

I. Moszczynska, A. Katrusiak

The Journal of Physical Chemistry C 126 (10), 5028-5035, 2022
DOI: 10.1021/acs.jpcc.1¢10249

Giant Deformation between Osmocene Phases Induced by
Anagostic Bonds Promoted under High Pressure

I. Moszczynska, |. Gulaczyk, A. Katrusiak

The Journal of Physical Chemistry C 127 (38), 19250-19257, 2023
DOI: 10.1021/acs.jpcc.3c04579

New Osmocene and Ruthenocene Phases Reveal the Common
Conformational Bahavior Regulated by Anagostic Bonds in
Prototypical Matallocenes

I. Moszczynska, M. Szafranski, A. Katrusiak

The Journal of Physical Chemistry Letters, 2025
DOI: 10.1021/acs.jpclett.5c00686

Metody badawcze

mnie stosowane.

Wszystkie artykuly sktadajace si¢ na moja rozprawe doktorska zawieraja czgs$é
eksperymentalng, w ktorej przedstawitam szczegoty metodologiczne przeprowadzonych

badan. W tej cze$ci mojej rozprawy zwigzle przedstawie najwazniejsze techniki przeze
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3.1 Kompresja i rekrystalizacja w komorze diamentowej

Badania wysokoci$nieniowe prowadzitam z wykorzystaniem komory diamentowej
typu Merrilla-Bassetta.”> Komora ta zbudowana jest z dwoch przeciwleghych kowadet
diamentowych osadzonych w podtrzymujacych dyskach. Pomiedzy diamentami
umieszczona jest uszczelka wykonana z twardej blachy o grubosci ok 0.2 mm,
w ktorej znajduje si¢ otwor stanowigcy komore ci$nieniows. Uszczelka zabezpiecza
tez kolety diamentow przed kontaktem i zniszczeniem. W otworze o $rednicy 0.3-0.4
mm znajduje si¢ badana probka w otoczeniu cieczy hydrostatycznej. (rysunek 3a).
Wysokie ci$nienie powstaje przy Sciskaniu cieczy przez dokrecanie trzech $rub
(rysunek 3b) i przenoszone jest z duzych powierzchni koron diamentéw na mate
powierzchnie ich koletow. Zadaniem cieczy jest przeniesienie ci$nienia z koletow
diamentow do badanej probki i zapewnienie warunkow hydrostatycznych. Pomiary
ciénienia w komorze diamentowej wykonywatam metoda fluorescencji rubinu.®®
Rubin, ktoéry jest wskaznikiem cisnienia, umieszczany jest wraz z probka w komorze
pomiedzy diamentami. Pomiar przesunigcia linii R1 1 R2 fluorescencji rubinu
wykonywalam przy wykorzystaniu spektrofluorymetru Photon Control.®® Tak
przygotowang komor¢ umieszczatam na glowce goniometrycznej, umozliwiajacej
mocowanie na dyfraktometrze rentgenowskim, celem wykonania strukturalnego

pomiaru dyfrakcyjnego. (rysunek 3c).
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Rysunek 3. Komora diamentowa: (a) schematyczny rysunek przekroju wnetrza komory, (b)
komora otwarta bez uszczelki, (c) komora zamknigta i osadzona na gtowce goniometryczne;.
Przedstawiona skala dotyczy wytacznie rysunku (b).

Probki proszkowe $ciskalam izotermicznie W cieczy hydrostatycznej MEW
(mieszanina  metanol:etanol:woda ~w  stosunku  objetosciowym  16:3:1).%
Monokrysztaty niklocenu $ciskalam izotermicznie w oleju Daphne®® i mieszaninie
metanol:etanol (w stosunku objetosciowym 4:1)®" a krystaty osmocenu i rutenocenu
w mieszaninie MEW. Natomiast rekrystalizacje w warunkach wysokiego ci$nienia

prowadzitam w dobrym rozpuszczalniku metalocenow — tetrahydrofuranie (THF).

Otrzymanie wysokoci$nieniowych faz rutenocenu i osmocenu bylo mozliwe dzigki
zastosowaniu zarodkowanej rekrystalizacji w komorze. Metoda ta polegata na
przekroczeniu limitu hydrostatycznosci THF (2.24 GPa)® do okoto 4 GPa (tzn.
powyzej ciSnienia przemiany fazowej), nastepnie dekompresji probki do okoto 1 GPa
I ogrzewaniu jej w celu rozpuszczenia wszystkich fragmentow krysztatu probki poza

jednym, ktory stawat si¢ zarodkiem krystalizacji dla fazy wysokoci$nieniowe;j.
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3.2 Wysokocisnieniowa rentgenowska dyfraktometria monokrystaliczna

Badania strukturalne wykonane byly metodg monokrystalicznej dyfrakcji
rentgenowskiej. Stosowatam procedury centrowania komory diamentowej na
dyfraktometrze metodg cienia uszczelki i pomiaru dyfraktometrycznego przy
optymalnym pozycjonowaniu komory.”® Wszystkie wysokocisnieniowe pomiary
strukturalne wykonatam na czterokotowych dyfraktometrach KUMA KM-4 CCD
i Xcalibur CCD 1z wykorzystaniem promieniowania rentgenowskiego MoKy
(A=0.71073 A). Poprawki na absorpcje probki i komory bazujace na wyznaczeniu
Scian krysztalow oraz obrysowaniu uszczelki zostaly dodane przy pomocy funkcji
zaimplementowanych w programie CrysalisPro” podczas wstepnej obrobki danych
pomiarowych. Do wyznaczenia i udoktadnienia struktury wykorzystatam program

Olex2,” ktory wykorzystuje programy z pakietu Shelx.”

3.3  Spektroskopia Ramana

Pomiary Ramana przeprowadzitam na probkach polikrystalicznych w komorze
diamentowej zaopatrzonej w syntetyczne diamenty klasy IIA o niskiej fluorescencji.
Eksperymenty wykonatam przy uzyciu promieniowania laserowego o dtugosci fali

wzbudzenia 785 nm i wielokanatowego detektora Photonic.

3.4 Obliczenia potencjatu elektrostatycznego na powierzchni czgsteczek

Obliczenia potencjatu elektrostatycznego na powierzchni czasteczek rdznych
metalocenow dla konformacji naprzemianleglej 1 naprzeciwleglej wykonatam
w programie Gaussian 16W metoda DFT. Do obliczen zastosowano bazy: double-{
LANL2DZ dla osmu, rutenu i zelaza, SDD powigzang z pseudopotencjatem dla

atomow wegla i D95 dla atoméw wodoru.”* "

3.5 Wysokotemperaturowa dyfraktometria rentgenowska

Z uwagi na tatwos¢ sublimacji metalocenow, wysokotemperaturowe pomiary
rentgenowskie wykonywatam dla probki zamknigtej w kapilarze. Umieszczatam

w niej duzy monokrysztal oraz bagietke szklang, ktora z jednej strony dotykata
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krysztatu, na drugim koncu natomiast zatopiona byta wraz z kapilarg. Bagietka zostata
wykorzystana w celu wypelienia przestrzeni kapilary, co mialo doprowadzi¢ do
szybkiego osiagnigcia nasycenia par sublimujgcego krysztatu i spowolni¢ jego utrate
masy. Pomiary monokrystaliczne i proszkowe zostaty wykonane na dyfraktometrach
Xcalibur Atlas oraz Bruker D8 Quest z wykorzystaniem odpowiednio promieniowania
rentgenowskiego MoKa i CuK,. Kapilary ogrzewane byly przy pomocy przystawek

temperaturowych Oxford Cryostream Plus.

3.6  Skaningowa kalorymetria roznicowa

Pomiary kalorymetryczne zostaly wykonane przy uzyciu kalorymetru Q20000 dla
probki rutenocenu w zakresie temperatur od 100 K do 440 K i probki osmocenu
w zakresie temperatur od 100 K do 470 K. Zastosowana szybko$¢ chtodzenia
I ogrzewania probki to 10 K/min. Do Kkalibracji urzadzenia uzyto wzorca indu,
natomiast do skalibrowania ciepta wiasciwego uzyto szafiru syntetycznego. Zmiana
entropii wyliczona zostala z rownania 1,

AS = ffw dT Réwnanie 1

w ktorym Cp%(T) jest ewolucja temperatury bazowe;.

3.7 Krystalograficzna baza danych

Przy przeszukiwaniu bazy CSD (Cambridge Structural Database wersja 5.43/ 2021)
uzylam zapytania zawierajacego dwa dowolnie  podstawione pierScienie
cyklopentadienylowe potaczone =z atomem metalu przy pomocy wigzan
0 niezdefiniowanym typie. Ladunek na atomie centralnym zostat zdefiniowany dla
kazdego przeszukiwania bazy jako obojetny lub dodatni zaleznie od konfiguracji
elektronowej atomu centralnego. Kat zgigcia czasteczki 6 zdefiniowany jako kat
zawarty migdzy centroidem jednego pierscienia, jonem centralnym i centroidem
drugiego pierscienia, nie byl ograniczony (modgh si¢ zawiera¢ migdzy 0 a 180°).
Zdefiniowany zostatl takze kat torsyjny 1 okreslajacy konformacje (Podrozdziat 1.3,
rysunek 2), kat ten mial si¢ zawiera¢ miedzy -36 a 36°. W rozprawie przedstawitam

warto$¢ bezwzgledna kata t (|t|), poniewaz, dla analizy konformacji naprzemian-
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I naprzeciwleglej pierScieni znak kata byl nieznaczacy. Ze zbioru wynikow
wyszukiwania usunigto struktury w ktorych liczba koordynacyjna atomu centralnego
byla inna niz 10 oraz powtarzajace si¢ struktury metalocenow MCp,. Pozostawienie
wszystkich struktur metalocenow MCp, mogloby zaburzy¢ statystyke otrzymanych
wynikoéw — na przyktad liczba zdeponowanych struktur tylko dla ferrocenu wynosi 87.
Do struktur o konformacji naprzeciwleglej pierScieni cyklopentadienylowych
zaklasyfikowatam te, dla ktorych kat torsyjny zawieral si¢ w przedziale 0 <|t| <1,
natomiast do struktur o konformacji naprzemianleglej pierScieni te, dla ktorych

warto$¢ kata spetniata warunek 35 < |t| < 36.
4. Wyniki i dyskusja

4.1 Sprzeienie napreienia sieci 7 konformacjq i nieporzqdkiem w niklocenie

W artykule 1 przedstawitam moje badania krysztalow niklocenu. W ci$nieniu
atmosferycznym (0.1 MPa) 1 temperaturze otoczenia 296 K, NiCp, Kkrystalizuje
w jednoskosnej grupie przestrzennej P2,/n (faza I). Faza I jest izostrukturalna z fazg |
ferrocenu i czasteczki sg rowniez nieuporzadkowane konformacyjnie. Przy obnizaniu
temperatury ponizej 170 K konformacja czgsteczek niklocenu ulega stopniowemu
porzadkowaniu i1 pozostaje stabilna co najmniej do 90 K. Stwierdzitam, ze
w temperaturze 296 K wzrost ci$nienia powyzej 1.3 GPa réwniez prowadzi do
catkowitego uporzadkowania struktury, w wyniku czego otrzymatam faze T,
izostrukturalng z wysokoci$nieniowa faza I’ ferrocenu. Podobnie jak obserwowano to
w ferrocenie, zmianom nieuporzadkowania konformacyjnego niklocenu towarzysza
anomalna  $ci$liwo$¢ 1 rozszerzalno$¢ termiczna  krysztaldéw. Nastgpnie
przeanalizowatam tez zmiany rozktadu konformacji nieuporzadkowanych czgsteczek

fazy | prowadzace do uporzadkowanej fazy I'.

Zalezno$¢ pomiedzy katami opisujacymi nieporzadek czasteczki niklocenu i jej
konformacje w fazie | przedstawia rysunek 4. Kat ¢, zawarty pomiedzy (atomem
Cicpia) — (centroidem Cpcl) — (atomem Cicpg) jest zwigzany z katem torsyjnym t

zaleznos$cig: 1=36°- ¢ (podrozdziat 1.3, strona 4). Na podstawie moich badan
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stwierdzitam znaczne zmiany kata ¢ w strukturze niklocenu w zaleznosci od ci$nienia

i temperatury (rysunek 5).

(a) (b)
terscien Cpl = T=-36°
p P _ 36° ¢
i T¥-13°
IT f 13°
T =369
T =-36°
pier§cien Cp2

Rysunek 4. (a) Czasteczka niklocenu fazy I (atomy wodoru zostaly pominigte dla
zwigkszenia przejrzystosci rysunku). CzeSciowo obsadzone pozycje A i B oznaczytam
kolorami niebieskim (bez wigzan) i czerwonym (z wigzaniami). (b) Czasteczka niklocenu
(0.1 MPa, 296 K) przedstawiona w rzucie wzdluz pseudo 5-krotnej osi symetrii czgsteczki
z zaznaczonym katem torsyjnym 1t pomig¢dzy pier§cieniami (grubsze linie oznaczaja blizszy,
a cienkie dalszy pierécien).

Dotychczas nieporzadek w strukturach metalocenow krystalizujacych w  grupie
przestrzennej P2;/n opisywany byt modelem, w ktorym czasteczki wystepuja
wylaczenie w konformacji naprzemianlegtej. Wynikalo to z potozenia czasteczek na
centrum inwersji, ale byto rdwnowazne z powigzaniem nieporzadku ze sztywnymi

2 W artukule 1 wprowadzitam nowe podejscie do

rotacjami catej czasteczki.
nieporzadku, dopuszczajac niezalezne rotacje pierscieni Cpl i1 Cp2, co prowadzi do
wspotistnienia réoznych konformacji czasteczek. Korelacja kata ¢ (rysunek 5) oraz
czastkowych obsadzen atomoéw (rysunek 6) dostarcza informacji o konformacjach
wystepujacych w strukturze w zalezno$ci od ci$nienia i temperatury. Kgt ¢ moze
zmienia¢ si¢ od 0 do 72° Dla warto$ci granicznych jest on powigzany
Z wystgpowaniem struktury uporzadkowanej w konformacji naprzemianlegtej (100%
konformacji staggered). Gdy kat ¢ wynosi 36°, struktura jest nieuporzadkowana
I sktadaja si¢ na nig konformery naprzemian- i naprzeciwleglte, ktérych udziat
procentowy wyliczy¢ mozna z rownan 2 1 3. Dla pozostalych warto$ci kata ¢ struktura
jest nieuporzadkowana i sktada si¢ z konformerow naprzemianlegtego i skrgconych
(réwnanie 3).
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% udziat konformeru staggered = (SOF, X SOF, + SOFz X SOFg) X 100%

Rownanie 2

% udzial konformeru eclipsed /rotated = SOF,; X SOFg X 2 X 100%

Rownanie 3

Rysunek 5. Zmierzona zaleznos$¢ kata ¢ od ci$nienia i temperatury. Czerwona pozioma linia
odpowiada wartosci kata ¢ réwnej 36°, gdy czasteczka sktada si¢ z konformerow naprzemian-
1 naprzeciwleglych.

Ci$nienie 1 temperatura, w ktorych wspotistniejag konformacje naprzemian-
I naprzeciwlegla sa rowniez punktami maksymalizacji ro6znicy obsadzen potozen A i B

(rysunek 6).
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Rysunek 6. Wspotczynniki obsadzenia potozen A (SOFa) i B (SOFg) pierscieni
cyklopentadienylowych niklocenu wykreslone w funkcji ci$nienia i temperatury.

W podsumowaniu, Artykulu 1 przedstawitam populacyjny model nieporzadku
konformacyjnego w fazie | niklocenu, gdzie populacje konformacji mozna wyznaczy¢

rozplatajac (dekonwolujac) funkcje opisujace nieporzadek.

4.2  Cisnieniowe zmiany konformacji w ferocenie

W Artykule 2 omoéowitam wyzwolone cisnieniem zmiany konformacyjne czasteczek
ferrocenu w krysztatach fazy I. Przedstawilam model nieporzadku fazy | zaktadajac
niezalezne rotacje pierscieni Cpl 1 Cp2, co prowadzi do wspotistnienia konformerow

skreconych oraz konformeru naprzemianlegtego.

Podobnie jak w przypadku niklocenu, w Artykule 2 szczegétowo opisatam wywotane
ci$nieniem zmiany parametrow takich jak: obsadzenie (wspotczynnik SOF), kat
nieporzadku ¢ i skorelowany z nim kat torsyjny t. Okazalo si¢, podobnie jak dla
niklocenu, ze rowniez w fazie I ferrocenu najwicksza roznica obsadzen pozycji A i B

pierscieni (SOF4 | SOFg) wystepuje dla wartosci kata 9=36° (2.2 GPa, rysunek 7).
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Rysunek 7. Zalezno$¢ cisnieniowa (a) wspotczynnikow SOF obsadzenia pozycji A i B
pierscieni Cp i (b) kata ¢ od ci$nienia dla fazy I ferrocenu.

Zaproponowany przeze mnie model nieporzadku jest zastosowaniem wynikéw badan
ferrocenu metodami nieelastycznego rozpraszania neutronow i spektroskopii Ramana
do analizy konformacyjnej nieuporzadkowanych czasteczek. Model ten wyjasnia
dotychczas niesp6jng strukturalnie dielektryczng odpowiedz ferrocenu.””"® Uzyskane
wyniki wskazuja na wystgpowanie momentéw dipolowych czasteczek ferrocenu, co
nie bylo zgodne z, zaktadang w modelu sztywnych czasteczek symetrig Ds;. Natomiast
model gi¢tki niezaleznych pierScieni Cpl i Cp2 dopuszcza przesunigcie pierscieni
(zgigcie czasteczki mierzone katem 60, Cp-Fe-Cpg,), CO generuje moment

77,78

dipolowy.
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4.3  Wspotzawodnictwo wigzan CH--x 1 CH---M w rutenocenie

Faza a Konkurencja .~ Faza B
_Ht;’*. CHz vs CH-Ru U,
: ¥

Y

oS

0.7 Cisnienie (GPa) 3 9
Rysunek 8. Graficzne przedstawienie najwazniejszych aspektow Artykulu 3.

Dotychczas rutenocen 1 osmocen traktowano jako modelowe metaloceny przyjmujace
w ciele statym jedynie energetycznie uprzywilejowane konformacje naprzeciwlegte.
Zalozenie to opierano na wynikach badan w warunkach normalnych i niskich
temperaturach. Rutenocen. a-RuCp, krystalizuje w rombowej grupie przestrzennej
Pnma, a czasteczki przyjmuja konformacje naprzeciwlegla. Na podstawie pomiarow
rentgenowskich na prébkach proszkowych, powyzej 3.9 GPa zaobserwowalam nowe
refleksy (rysunek 9), ktére wskazaly na przemiang do nowej fazy . Podczas
dekompresji ponizej 0.7 GPa refleksy pochodzace od fazy B zanikajg. Z uwagi na
destrukcyjny dla krysztalu charakter przemiany musialam przeprowadzi¢ zarodkowa
rekrystalizacje in situ fazy B w komorze DAC. Dla otrzymanych tak monokrysztatow
przeprowadzitam pomiary dyfraktometryczne i wyznaczylam ich symetri¢ grupy

przestrzennej Pcmb oraz strukturg.

Przemiana pomigdzy fazami a 1 B wykazuje bardzo szeroka histereze pomiedzy 0.7
1 3.9 GPa. Dzigki temu moglam poréwna¢ obie fazy w tych samych warunkach
ci$nienia i temperatury, dzigki kokrystalizacja dwoch faz w komorze diamentowe;.
Krysztaly faz a 1 B mozna tatwo rozpozna¢, gdyz znaczaco r6znig si¢ one morfologia

(rysunek 10).
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Rysunek 9. Dyfraktogramy proszkowe zarejestrowane dla probek rutenocenu $ci$nigtych
w komorze DAC w 1.58 GPa, 4.23 GPa, 4.60 GPa a nastgpnie poddanych dekompresji do
1.60 GPa i 0.58 GPa. Wygenerowane w programie Mercury’® na postawie pomiarow
monokrystalicznych dyfraktogramy proszkowe fazy o (pomaranczowy) 1 fazy J
(ciemnozielony) przedstawitam dla poréwnania na dole zestawienia.

8 K/1.00 GPa

Rysunek 10. Krysztaly RuCp, faz a (czerwony opis) i B (zielony) powstale w trakcie
zarodkowej krystalizacji w komorze diamentowej w cisnieniu 1.00 GPa.

Fazy a 1 B wykazuja szereg podobienstw: pierScienie cyklopentadienylowe utozone sa

naprzeciwlegle, symetri¢ czasteczek w krysztale opisuje grupa punktowa o symbolu
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Schoenfliesa Cs, ale przyblizajg one symetri¢ grupy Dsp (S10), atomy rutenu znajduja
si¢ w pozycji szczegblnej, na plaszczyznie zwierciadlanej m, a pier§cienie Cp sg do tej

ptaszczyzny prostopadte (rysunek 11).

Rysunek 11. Autostereogramy80 rutenocenu: (a) faza o w 0.13 GPa i (b) faza § w 1.00 GPa.
Oba rzuty wzdhuz kierunku [100] przedstawitam w tej samej skali. Kolor pomaranczowy
oznacza kontakty CH--'x, a zielony i czerwony kontakty CH---Ru.

Podobienstwa strukturalne faz a i B skutkujg podobienstwami w §cisliwosci liniowe;.
Najmniejsza $ciSliwo$¢ liniowa obserwowana jest wzdluz kierunku [z], co jest
zwigzane z polozeniem czgsteczek rutenocenu, ktorych pseudo 5-krotna o$ symetrii
odchylona jest od osi [z] o kat vy, rowny okoto 30°. Kat vy, sprzyja tworzeniu
oddziatywan CH---w. Podczas kompresji fazy a kat y, zmniejsza si¢ monotonicznie,
a podczas przemiany fazowej skokowo zmniejsza si¢ o okoto 10° umozliwiajac

utworzenie nowych, krotkich oddziatywan anagostycznych CH--Ru (rysunek 12).
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Cisnienie (GPa)

Rysunek 12. Katy vy, (czerwony w fazie a) i yg (zielony w fazie ) zawarte miedzy pseudo 5-
krotng osig symetrii czasteczki rutenocenu, a osig [z] w fazie o i B. Rysunek strukturalny
przedstawia natozone czasteczki w fazach o (czerwone) i B (zielone), wskazuje ich katy v,
I yg nachylenia do osi [z] oraz kontakty CH-m (czerwone) i CH--Ru (zielone). Wszystkie
odchylenia standardowe sg mniejsze niz symbole wykresu.

Rysunek 12 pokazuje jak niewielka zmiana kata pochylenia czasteczki w strukturze
zmienia typ oddziatywan mig¢dzyczasteczkowych. Kat y~30° kieruje atom wodoru do
chmury elektronowej pierscienia Cp sasiedniej czasteczki. Zmiana kata y, podczas
przemiany fazowej ustawia inny atom wodoru tej czasteczki w pozycji sprzyjajacej
utworzeniu oddzialtywania anagostycznego z atomem rutenu. Szczegotowa analiza
kontaktow (rysunek 13) wskazuje, ze oddzialywania CH-t w glowne] mierze
stabilizuja o-RuCp,. Natomiast w stabilizacji fazy B rutenocenu gltéwna role

odgrywajg oddzialywania CH---Ru, a kontakty CH---xt stajg si¢ dluzsze i stabsze.
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Rysunek 13. Krotkie kontakty w strukturach faz o i f rutenocenu: CH--Ru (kolor czarny),
CH--'x (niebieski) i CH--HC (czerwony). Kontakty CH--Ru w fazach a i  biegng w réznych
kierunkach, stad dwa wstawione rysunki faz o i 3. Przerywane linie poziome wskazujg sumy
promieni van der Waalsa stosujac wartosci dla atoméw: H (1.2 A),* C (1.7 A)® i Ru
(2.05 A).%

W fazie a istniejg wprawdzie kontakty CH---Ru zblizone do sumy promieni van der
Waalsa (rysunki 13 i 14), sa one jednak inaczej zorientowane w przestrzeni niz duzo
krotsze kontakty CH:--Ru wystepujace w fazie . W wyniku zmniejszenia odlegtosci
CH--Ru w fazie f wydtuzeniu ulegajg odlegtosci miedzy atomem rutenu i pozostatymi

atomami wodoru znajdujgcymi si¢ w jego sasiedztwie.
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Rysunek 14. Najkrotsze oddziatywania CH:--Ru (a) w fazie a biegngce wzdluz kierunku
[010] i (b) w fazie B, wzdtuz kierunku [100] Niebieskim kolorem na rysunku (b) oznaczono
takze odlegto$ci CH-Ru 0 0.45 A dhuzsze niz suma promieni van der Waalsa.

4.4  Wigzania CH--M gigantycznie naprezajq krysztat osSmocenu

Wedlug dostepnych wynikéw badan rutenocenu i osmocenu krysztaty te w cisnieniu
atmosferycznym i temperaturach niskich i pokojowej sa izostrukturalne. Zblizona
struktura sugerowata podobne zachowanie RuCp, i OsCp, pod wysokim ci$nieniem.
Przeprowadzone przeze mnie badania ujawnity jednak rozne przemiany strukturalne

obu zwigzkow.

Osmocen w ci$nieniu 3.6 GPa przechodzi przemian¢ do fazy . Podobnie jak
w przypadku rutenocenu, przemiana ta jest destrukcyjna dla monokrysztatow (rysunek
15a-c). Monokrysztaly wysokoci$nieniowej fazy p osmocenu otrzymatam metoda
wysokoci$nieniowego zarodkowania. Zarodkowanie to bylo mozliwe dzigki znacznej
histerezie przemiany rozciggajacej si¢ przy dekompresji do 0.3 GPa (rysunek 15d-f).
Dlatego z ziaren fazy § otrzymanej powyzej 3.6 GPa mogltam w ci$nieniu nizszym niz
2.24 GPa  (temperatura krzepnigcia tetrahydrofuranu) metoda izochoryczng

wyhodowaé¢ monokrysztat fazy B (podrozdziat 3.1, strona 10).
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36 GPa|(c)

0.1 mm

Rysunek 15. Uszkodzenia monokrysztatow osmocenu w wyniku przemiany fazowej
zachodzace przy: (a-c) kompresji fazy a, oraz (d-f) dekompresji fazy p.

Wysokoci$nieniowa przemiana fazowa osmocenu, ma szereg cech wspdlnych
z opisang W Artykule 3 przemiang rutenocenu: (i) izostrukturalno$¢ atmosferycznych
faz o (grupa przestrzenna Pnma); (ii) duza histereza przemiany; i (iii) skrocenie
kontaktow CH---M w wyniku przemiany fazowej. Natomiast faza B-OsCp, krystalizuje
w grupie przestrzennej Pcab, innej niz wysokoci$nieniowa grupa przestrzenna Pcmb
fazy B-RuCp,. Utrata ptaszczyzny zwierciadlanej przechodzacej przez czasteczke
w fazie B-OsCp, byta zaskakujaca, gdyz konformacja czasteczki ulega zmianie jedynie
o kat T = 0.33°. Natomiast istotnie zmienia si¢ utozenie czgsteczek sgsiadujgcych, co
prowadzi do powstania silnych oddzialywan anagostycznych. W fazie B-RuCp, atom
metalu jest donorem elektronow dla jednego atomu wodoru (jeden z symetrycznie
niezaleznych kontaktow CH--Ru ulega znacznemu skréceniu kosztem wydtuzenia
pozostatych odlegtosci CH--Ru). Natomiast w fazie B-OsCp, atom metalu staje si¢
donorem elektronéw dla czterech atomow wodoru (cztery symetrycznie niezalezne
kontakty CH--Os sg krotsze niz suma promieni van der Waalsa, rysunek 16).
Oddzialywania CH--M w metalocenach tworza si¢ w kierunku zapewniajacym
najlepszy dostep do atomu centralnego — kat y zawarty pomigdzy kontaktem H---M

I rzutem najblizszych wigzan C—H pier§cieni Cp wynosi okoto 36° (rysunek 17).
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Dostosowanie sposobu utozenia czgsteczek w strukturze krystalicznej w taki sposob
by mozliwe bylo utworzenie czterech kontaktow speiniajacych powyzszy warunek
geometryczny wymaga obrotu czasteczek, €O ‘tamie symetri¢ plaszczyzny
zwierciadlanej (rysunek 17). Preferencja oddziatywan CH---M wzgledem oddziatywan
CH--m w warunkach wysokiego cisnienia oraz warunek optymalnego dostgpu grup CH

do atomu osmu stanowi podstawe mechanizmu przemiany z fazy o do fazy [

osmocenu.
(a) 43 : . . : e ~ (b) 43 . . . : . :
42 Rutenocen { 421 Osmocen
4.1 - .
/_\4<0" Q-Ru...H 7 7
<39 L A_0Qq.
L33 - A
=37 w. PRy - .
2] n, 9B
élﬁ- ‘Q.[“u_.. T - B
2354 - .
M4l +
344 3 VAW, -vdWe,] : .4B.Y.CI.WH..YQWQ??
B SOHTVENR . - 1
] -4 ]
321 w., =‘1-R|J1-~]-]5B ] T
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Ru-- ..
3.0 . — "'-. B T . 3.0 . T . ‘ T .
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Ciénienie (GPa) Ciénienie (GPa)

Rysunek 16. Zalezno$¢ dtugosci kontaktow CH:M od cisnienia dla (a) rutenocenu i (b)
osmocenu. Wartosci dla faz a oznaczytam trojkatami, a dla faz B kwadratami. Kropkowane
poziome linie na wykresach oznaczaja sume promieni van der Waalsa (vdWgp=1.20A
wyznaczong przez Bondiego® i vdWoe=2.16A, vdWg,=2.13A wyznaczong przez Hu®).
Rysunek (c) przedstawia fragment struktury B-OsCp, w 1.05GPa z zaznaczonymi
oddziatywaniami anagtostycznymi CH:--Os.

Najkrotsze kontakty w rutenocenie 1 osmocenie oraz S$ci§liwos¢ tych kontaktow

wykazuja duze podobienstwo (rysunki 16 i 17), a ich najwyrazniejsze rdznice
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wynikajg z powstania czterech krotkich wigzan CH:--Os 1 jednego wigzania CH---Ru

w krysztatach faz B tych metalocenéw.

* ' %E( @f
“ y aOst2

3 294

*@“@

Rysunek 17. Kontakty anagostyczne CH:--M w strukturach (a) a-RuCp,, (b) a-OsCp>, (¢) B-
RuCp; i (d) B-OsCp», w rzucie wzdtuz pseudo 5-krotnej osi symetrii czasteczek. Plaszczyzny
zwierciadlane m oznaczone sg liniami cigglymi, a plaszczyzna §lizgowa a linig przerywang.
Na rysunkach zostat oznaczony kat y =36°, zwigzany z warunkiem geometrycznym tworzenia
oddzialywan anagostycznych w czgsteczkach metalocenow.

W celu znalezienia przyczyny réznych przemian strukturalnych pod wysokim
ci$nieniem dla rutenocenu 1 osmocenu przeprowadzitam obliczenia potencjatu
elektrostatycznego na powierzchni izolowanych czasteczek FeCp,, RuCp, i OsCps.
Obliczenia wykonane zostalty zarowno dla konformacji naprzemian- jaki
I naprzeciwleglej. Okazato si¢, ze w metalocenach zawierajacych atom centralny
z grupy 8 uktadu okresowego pierwiastkow potencjal elektrostatyczny na powierzchni
przy kationie centralnym jest ujemny (rysunek 18). Dla konformacji naprzemianlegtej
ujemny potencjal jest rozproszony wokot jonu centralnego w formie sinusoidy,

natomiast dla konformacji naprzeciwleglej potencjat jest bardziej ujemny i koncentruje
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si¢ w pieciu miejscach, z ktorych kazde znajduje si¢ pomig¢dzy czterema atomami
wegla (dwoma z jednego i dwoma z drugiego pierscienia Cp). Taka konformacja
naprzeciwlegla eliminuje zawady steryczne i zwigksza powinowactwo do protonu przy
tworzeniu kontaktow CH:-M. Silniejsze i liczniejsze oddziatywania CH--M
w strukturze osmocenu, w poréwnaniu z tymi z rutenocenu, sa tez konsekwencja

wartosci potencjatu elektrostatycznego na powierzchni czasteczek tych zwigzkow.

Ferocen Rutenocen Osmocen
konformacja konformacja konformacja
naprzemlanlegla naprzemlanlegla naprzemianlegla
| — | ~——— | —
konformacja konformacja konformacja
naprzeclwlegla na rzeclwle la naprzeclwlegla
- | —
o 02 -0.01 0.02 [statV]

Rysunek 18. Potencjat elektrostatyczny na powierzchni czasteczek ferrocenu, rutenocenu
i osmocenu dla konformacji naprzemianleglej i naprzeciwleglej, obliczony dla izolowanych
czasteczek metoda DFT.%

Zarejestrowane w cisnieniu atmosferycznym 0.1 MPa i temperaturze 296 K widmo
Ramana (400-1600 cm™) dla osmocenu jest analogiczne do tego rutenocenu.®
Najintensywniejsze pasma sa widoczne przy 356, 413, 1059 i 1097 cm™ dla osmocenu
i 332, 398, 1059 and 1097 cm™ dla rutenocenu. Pasmo o najnizszej liczbie falowej
odpowiada rozciaganiu wiazan metal-pierécien Cp, drugie pasmo (ok. 400 cm™) jest
zwiazana z nachyleniem pierécienia, pasmo o $redniej intensywnosci (ok. 1060 cm™)
z wychylaniem wigzan C-H poza plaszczyzne pierscienia, podczas gdy pasmo
0 najwyzszej liczbie falowej z rozcigganiem wigzan C-C.® Po przekroczeniu ci§nienia
przemiany fazowej wzrasta intensywno$é pasma ¥ = 439 cm™, podczas gdy pasmo
#~1060 cm™ traci na intensywnosci (rysunek 19). Efekt ten moze byé zwiazany
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Z ograniczeniem ruchomos$ci wigzan C-H poprzez zaangazowanie ich w tworzenie
oddziatywan CH---M. Teori¢ t¢ wydaje si¢ potwierdza¢ fakt, ze zmiany te sg bardzo
wyrazne dla osmocenu, natomiast subtelne dla rutenocenu, co jest zwigzane
zZ czterokrotnie wigksza liczbg tworzonych kontaktow anagostycznych w f-OsCp, niz

w B-RUCp,.

(@) A A 4.51 GPa Osm"W
A
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| A _295GPa Y W
| A l95GPa Jy
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Rysunek 19. Widma Ramana dla (a) osmocenu i (b) rutenocenu. Kolorem czerwonym
oznaczytam faz¢ o, a kolorem zielonym faze B. (c) Wzglgdne przesunigcia( U/7,) pasm

widma Ramana osmocenu w funkcji ci$nienia.
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Wszystkie pasma przesuwaja si¢ podczas kompresji w kierunku wyzszych energii
(rysunek 19c¢). Znaczgca zmiana trendu w ci$nieniu przemiany widoczna jest jednak
tylko dla pasma zwigzanego z rozcigganiem wigzan metal-pierScien

cyklopentadienylowy. Pozostate sygnaty sa mniej wrazliwe na zmiany cisnienia.

4.5 Nowe fazy osmocenu i rutenocenu ujawniajg wspolne zachowanie
konformacyjne regulowane wigzaniami anagostycznymi w prototypowych
metalocenach

W serii analogicznych metalocenéw o wspolnym wzorze MCp,, rutenocen i osmocen
wyrozniaja si¢ wystepowaniem jedynie w konformacji naprzeciwleglej. Do niedawna
sadzono tez, ze zwigzki te wystepuja jedynie w izostrukturalnych fazach a, ktoére
poddawano dotychczas badaniom jedynie w temperaturach od niskich do pokojowej.
Wykonane przeze mnie badania DSC wykazaty istnienie przemiany fazowej dla
rutenocenu w 394.0 K i osmocenu w 421.5K (rysunek 20). Ksztalt anomalii
temperaturowej oraz brak histerezy dla przemian podczas chlodzenia i grzania

(rysunek 21) wskazaty, ze sa to przemiany drugiego rodzaju.

a b
( ) 1 T T T T T T T 7 12 ( )0-1 T T v T * T T v T 1
Rutenocen I ] Osmocen - 10
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Lo N ~ N
°0 2 =}
£ g E g
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& i) 2
5 -0.2- s 5 g
B B oz 2.
= s =
9 g & 3
= 2 B =5
A~ - L
-0.4 ~ ~
T v T T T Y T v T T T T 0 -0.4 A B S S S S S B e S S 0
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Rysunek 20. Sygnaty DSC (niebieski) oraz zmiany entropii (czerwony) dla (a) rutenocenu
i (b) osmocenu. Czerwone linie przerywane oznaczaja przyje¢te linie bazowe.
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Przeptyw ciepta (Wg™')

Rysunek 21. Sygnaty DSC dla (a) rutenocenu i (b) osmocenu. Chtodzenie i grzanie probki
oznaczytam kolorami niebieskim i czerwonym oraz strzatkami.

Rentgenowskie pomiary dyfraktometryczne krysztatéw RuCp, i OsCp, w wysokiej
temperaturze pokazaty, ze ich nowe fazy y (rysunek 22) sa izostrukturalne. Posiadaja
symetri¢ grupy przestrzennej Fmmm, oraz ze parametry komorki elementarnej faz o1y
sg podobne (rysunek 23). Przemiana fazowa jest niemal niezauwazalna dla parametru
a komorki elementarnej osmocenu, podczas gdy rozszerzalno$¢ termiczna pozostatych
parametrow dla rutenocenu i osmocenu jest wyraznie anomalna i staje si¢ ujemna.

W wyniku przemian do faz vy, kationy metali Ru** i Os** przyjmuja potozenia na
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przecieciu trzech wzajemnie prostopadtych plaszczyzn zwierciadlanych.
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Rysunek 22. Struktury krystaliczne rutenocenu (a) w fazie o w 293 K i (b) w fazie y w 395 K.
Rzut fazy y pokazuje nieporzadek typu wahadlowego , ale pomija nieporzadek obrotowy
pierscieni w celu zwiekszenia przejrzystosci rysunku.

Fazy y-RuCp; i y-OsCp, sa w podobny sposéb nieuporzadkowane ze wspodtistnieniem
dwoch sktadowych. Pierwsza sktadowe nieporzadku polega na wychyleniu czasteczek
na obie strony plaszczyzny m prostopadte; do osi X, w sposdb przypominajacy
dziatanie hustawki wagowej. Druga sktadowa to przeskoki pier§cienia Cp o 36° wokot

pseudo 5-krotnej osi symetrii czasteczki.
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Rysunek 23. Zalezno$¢ temperaturowa (a) parametréw komorek elementarnych RuCp, (petne
symbole, ciagglte linie) i OsCp, (puste symbole, kropkowane linie) oraz (b) objetosci. Linie
pionowe ciagle i kropkowane oznaczaja temperatury krytyczne przemian fazowych.
Kwadraty 1 kota oznaczaja odpowiednio dane uzyskane z pomiaréw proszkowych
i monokrystalicznych.

Kazdy pierscien Cp w wyniku nieuporzadkowania wystgpuje w czterech pozycjach
0 jednakowym czgstkowym obsadzeniu rownym 0.25 (rysunek 24). Dynamiczny
nieporzadek pierScieni Cp faz y rutenocenu i osmocenu prowadzi do réwnych
populacji konformeréw naprzeciw- 1 naprzemianlegtych. Dostep do kationu metalu
przy tak nieuporzadkowanej czasteczce jest utrudniony, dlatego oddziatywania CH---M
obecne w fazach o i B nie wystepuja w fazach vy. Przemiana fazowa z fazy a do y
wydtuza odleglosci CH--M 0 ponad 0.2 A (rysunek 24) znaczaco powyzej sumy
promieni van der Waalsa H i Ru (3.33 A) oraz H i Os (3.36 A).*"® Oddziatywania
CH:-M sa rozmieszczone w przyblizeniu wzdtuz kierunku [010], ktéry jest osig
wychylenia czasteczek w pierwszej sktadowej nieporzadku (ruch hustawki wagowej).
Dlatego zwigkszona odleglos¢ CH--M odpowiada najwigkszemu wydtuzeniu
parametru b komorki elementarnej w momencie zblizania si¢ do fazy y (rysunek 23).
Energia zerwania oddziatywan CH--M, zwigzana z tym rozszerzalno$¢ termiczna
krysztatlow oraz entropia zwigzana z nieporzadkiem, wszystko to przyczynia si¢ do
znacznej energii potrzebnej do przeksztalcenia rutenocenu i osmocenu w fazy vy.

Wykres na rysunku 25 ilustruje zalezno$¢ przejscia do faz nieuporzadkowanych
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Z odlegtosciami CH-*M pokazujac ich znaczaca role w kontrolowaniu konformacji

molekularnej.

Rysunek 24. Autoseterogramy® rutenocenu w fazach o (a) i y (b) oraz uporzadkowana
i nieuporzadkowana czasteczka pochylona wzgledem osi [z]. Krotkie odlegtosci CH:--Ru
przedstawitam niebieskimi i czerwonymi liniami kropkowanymi, aby rozr6zni¢ niezalezne

symetrycznie kontakty w fazie a.
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Rysunek 25. Temperatura wyzwalajgca zaburzenie konformacyjne w prototypowych
metalocenach w funkcji najkrotszej odlegltosci CH-+-M mierzonej w warunkach
atmosferycznych (293 K/0.1 MPa).

4.6  Metaloceny MCp, w krystalograficznej bazie danych

Jednym z celow moich badan byta analiza konformacyjnych przemian fazowych
metalocenow. W tabeli 1 zestawitam czesto$¢ wystepowania konformacji naprzemian-
i naprzeciwleglej w strukturach zawierajacych ugrupowanie MCp, zdeponowanych
w krystalograficznej bazie CSD. Zwiagzki kompleksowe o najwyzszej trwaloSci
spetniajg regute 18 elektronow walencyjnych. Dla czasteczek metalocenow MCp,,
w ktorych kazdy z dwoch pierscieni cylopentadienylowych wnosi do kompleksu po 6
elektrondw, reguta jest spelniona gdy atom centralny wnosi takze 6 elektronow
walencyjnych. Z uwagi na trwatos¢, liczba modeli struktur zdeponowanych w bazie
CSD, zawierajacych ugrupowanie MCp’,, gdzie M to kation o 6 elektronach
walencyjnych (Fe**, Ru** i Os*) jest znaczaco wyzsza niz liczba struktur
zdeponowanych zawierajacych ugrupowanie MCp',, gdzie M to kation o liczbie
elektronow walencyjnych réznej od 6. Struktury zawierajace czasteczki metalocenow
obojetnych elektrycznie 0 konfiguracji elektronowej atomu centralnego [Y] nd ° (gdzie

Y to atom helowca, a n to okres, w ktérym dany helowiec si¢ znajduje) znacznie
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czesciej wystepuja w konformacji naprzeciwleglej niz naprzemianleglej. Zaréwno dla
konfiguracji elektronowych atoméw centralnych innych niz [Ar/Kr/Xe]d® jak
i dodatniego ‘tadunku czasteczki metalocenu wzrastajag populacje konformerow

naprzemianlegtych (tabela 1, rysunek 26a).

Tabela 1. Konformery w strukturach zawierajacych czgsteczki metalocendéw o wzorze
ogélnym MCp*, w bazie CSD (wersja 5.43). Jako konformery naprzemian- i naprzeciwlegle
przyjetam czasteczki metalocenéow o kacie torsyjnym 1 odpowiednio 35 <[t <36°

10< 7] < 1°.

M Konfiguracja Konformer Konformer Ilo$¢ rekordow z

. elei'kat\r?l)ndogva naprzemizr(l)legiy [%0] naprzeci\;vleg%y [%0] t:)|-6152y
V r
cr¥* [Ar] d® 34 2 53
cr* [Ar] d* 26 9 54
Mn** [Ar] d° 31 2 36
Fe* [Ar] d° 18 9 897
Fe?* [Ar] d°® 3 9 23263
Ru** [Kr]d® 3 11 586
0s** [Xe] d® 0 22 37
Rh** [Kr]d® 10 8 48
Co** [Ar] d° 13 8 844
Co** [Ar]d’ 11 7 200
Ni®* [Ar] d’ 30 5 20
Ni** [Ar] d® 20 10 49

Cp - pierscien cyklopentadienylowy z dowolnymi podstawnikami

Wraz ze wzrostem liczby atomowej atomu centralnego ugrupowania MCp”, w grupie
8 uktadu okresowego wzrasta dysproporcja pomigdzy konformacja naprzeciw-
I naprzemianlegta w strukturach zdeponowanych, na korzys¢ konformacji
naprzeciwleglej (tabela 1, rysunek 26). Do zaklasyfikowania konformacji MCp’, jako
naprzeciw- lub naprzemianlegta, na rysunku 26 i w tabeli 1 zastosowatam hisogramy
0 krokach zliczen 1°. Dwukrotne poszerzenie klasy histogramu spowodowatoby
wzrost odsetek konformerdw, np. dla konformeru naprzemianlegtego Fe*'Cp”, z 3%

do 5%, a naprzeciwlegtego z 9% do 18%.
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Rysunek 26. Statystyczny rozklad konformacji (1) wykres§lonych w funkcji kata zgigcia
czasteczki (Cple-M-Cp2.) struktur MCp’, zawierajacych (a) Fe #* (zielony) i Fe** (r6zowy)
oraz (b) Ru®* (niebieski) i Os** (czerwony). Szczegodly dotyczace zdefiniowania katow
i restrykcji uzytych w zapytaniu do bazy zostaly opisane w czg¢éci poswigconej metodom
badawczym (Podrozdziat 3.7, strona 12). Do zilustrowania czgstoSci wystepowania danej
konformacji zastosowatam hisogramy, o szerokosci klasy 1°.

Przeszukatam baz¢ CSD rowniez pod katem nieporzadku metalocendow. Wsrod 17610
zdeponowanych struktur zawierajacych FeCp » 25% zostato zaklasyfikowanych jako
struktury nieuporzagdkowane. Wynik ten wydaje si¢ jednak nie odzwierciedlaé
rzeczywistosci z uwagi na fakt, ze pierwsze struktury ferrocenu I zostaty zdeponowane
w bazie jako uporzadkowane, a klasyfikator nieporzadku moze dotyczy¢ rdéwniez

innych niz ugrupowanie MCp, czesci zdeponowanych struktur.
5. Whnioski o konformacyjnych fazach metalocenow

W mojej rozprawie doktorskiej pokazatam, ze wlasciwosci konformacyjne prostych
metalocenow MCp, mozna usystematyzowaé i wyjasni¢ na podstawie powinowactwa
jonéw metalu do protonu. Dla rutenocenu i osmocenu wigzania anagostyczne CH--M
wyraznie stabilizujg konformacj¢ naprzeciwlegta. W wysokim ci$nieniu oba te zwigzki
ulegaja przejSciu do fazy B, w ktorej pomiedzy konformerami naprzeciwleglymi
powstaja jeszcze silniejsze (krotsze) wigzania CH--M. Natomiast w wysokiej

temperaturze oddziatywania te ulegajg zerwaniu, co prowadzi do powstania nowych
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faz y rutenocenu i1 osmocenu o nieuporzagdkowanych konformacjach pierscieni
cyklopentadienylowych. Nowo otrzymane fazy vy sg pierwszymi polimorfami
rutenocenu i osmocenu, w ktorych nie wystepuja wylgcznie konformery
naprzeciwlegte, ale 50% populacji stanowig konformery naprzemianlegte. Tym
samym oprocz ferrocenu, dotychczas uznawanego za jedyny metalocen ulegajacy
przemianom konformacyjnym, rowniez rutenocen i osmocen dolaczyly do
metalocenow o réznych konformacjach. Przedstawilam takze nowy sposob
wyznaczania konformacji czasteczek nieuporzadkowanych metalocenéw oparty na
stabej korelacji potozen pierscieni Cp w czasteczkach. Koncepcja ta dopuszcza
wystepowanie roznych konformacji w jednej strukturze oraz wystgpowanie
konformerow niecentrosymetrycznych, pomimo polozenia nieuporzadkowanej
czasteczki na centrum inwersji. Przedstawitam zaleznosci temperaturowe
I ciSnieniowe tak ,,rozplecionych”, w matematycznej terminologii, funkcji konformacji
1 obsadzenia nieuporzagdkowanych potozen. Ta analiza konformacyjna pokazala, ze
wplyw ci$nienia i temperatury na struktury metalocenéw jest znacznie bardziej
ztozony niz zaktadano, a powielane w podrecznikach obrazki czgsteczek 0 symetrii
Dsq 1 Dsp (Sy0) sa znacznym uproszczeniem, wykluczajacym powigzanie struktury
czasteczek metalocenéw z wilasciwosciami krysztatlow. Nowe podejécie do rozwazan
nad nieuporzadkowaniem pierScieni cyklopentadienylowych stanowi takze
strukturalne wyjasnienie obserwowanej wczesniej dielektrycznej odpowiedzi

ferrocenu w fazie I.

Od odkrycia ferrocenu i1 pokrewnych metalocendw oraz nastgpnie burzliwych badan
strukturalnych, kalorymetrycznych, spektroskopowych i innych mingto ponad 70 Iat.
W tym czasie chemia metalocenow i metaloorganiczna przezyla i nadal przezywa
dynamiczny rozkwit (rysunek 27a). W tym kontekscie brak pelnych informacji
0 podstawowych zwigzkach modelowych jest zadziwiajacy. Sam fakt, ze przeoczono
dwie fazy ferrocenu: wysokocisnieniowg fazg I' i modulowang fazg 1” ilustruje ,,skalg
zaniedban”. Do 2013 roku poznano trzy odmiany polimorficzne ferrocenu, oraz po
jednej rutenocenu i osmocenu, poézniej w naszym Zakladzie odkryto sze$¢ kolejnych

faz ferrocenu, rutenocenu i osmocenu (rysunek 27b). Uzyskane informacje
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strukturalne 1 konformacyjne sg kluczowe dla zrozumienia wlasciwosci 1 interpretacji

wynikéw otrzymanych dla podobnych zwiazkow.
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Rysunek 27. (a) Kumulanty liczb prac opublikowanych od 1951 do 2024 ze stowem ferrocen
(pomaranczowy), rutenocen (czerwony) i osmocen (niebieski) zawartym w tytule,
streszczeniu lub stowach kluczowych, na podstawie bazy SCOPUS. (b) Liczba odkrytych
odmian polimorficznych ferrocenu (pomaranczowy), rutenocenu (czerwony) i osmocenu
(niebieski) w funkcji czasu.

Podsumowujac, moj wkiad w poszerzenie zakresu wiedzy dotyczacej podstawowych
metalocenow obejmuje: (i) odkrycie w cisnieniu 1.3 GPa izostrukturalnej przemiany
NiCp, eliminujacej nieporzadek czasteczki; (ii) analiz¢ konformacyjna
nieuporzadkowanej fazy I-NiCp, w warunkach wysokiego ci$nienia i niskiej

temperatury; (iii) analiz¢ konformacyjna nieuporzadkowanej fazy |-FeCp,
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w warunkach wysokiego ci$nienia; (iv) otrzymanie i wyznaczenie struktury nowe;j,
wysokoci$nieniowej fazy B-RuCp,; (v) otrzymanie i wyznaczenie struktury nowej,
wysokoci$nieniowej fazy [-OsCp,; (vi) otrzymanie 1 wyznaczenie nowej
wysokotemperaturowej fazy y-RuCp,; (vii) otrzymanie i wyznaczenie nowej
wysokotemperaturowej fazy vy-OsCp,. (viii) wyznaczenie wspdlnego mechanizmu
przemian konformacyjnych, opartego na powinowactwie atomu centralnego metalocenu do

tworzenia oddziatywan CH---M ( osiggnigcia te podsumowatam na rysunku 28).

fr@

OsCp, 42
RuCp, 39

Rysunek 28. Podsumowanie osiggni¢¢ uzyskanych w trakcie realizacji pracy doktorskie;j.
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ABSTRACT: Isothermal compression of nickelocene (NiCp,, where Cp E, § : Crystal field
denotes cyclopentadienyl ring C;H;™) to 1.3 GPa leads to the ordered
phase I, highly isostructural with that obtained at 0.1 MPa by isobaric
cooling to 170 K and with phase I' of ferrocene (FeCp,) above 3.24 GPa.
However, the gradual ordering of Cp rings in NiCp, and its anomalous
crystal strain considerably differs from that in FeCp,. The disorder in
NiCp, molecules can be represented as various combinations of achiral
staggered and eclipsed conformers, as well as R-/S-rotamers, which are “
differently stabilized by the crystal environment. The anomalous lattice
strain has been correlated with the molecular conformation, represented
as the convolution of disordered Cp rings. The coincidence of the phase 0° 36° Ring rotation” 72°
transition at 1.3 GPa/296 K with the monoclinic angle assuming 90°

value does not occur on lowering temperature at 170 K/0.1 MPa, which is due to a weaker coupling between the lattice strain and
the molecular disorder. Compared to FeCp,, the energetic preference in NiCp, for the eclipsed conformation is lower and the
stronger crystal field, favoring the staggered conformation. Therefore, phase I' of NiCp, is stable below 170 K, while at 300 K NiCp,
transforms to phase I’ at much lower pressure than FeCp,.

Bl INTRODUCTION conformational dynamics in NiCp, and FeCp, were studied by
quasielastic neutron scahtering.12 Presently, we have inves-

Nickelocene (NiCp,) and ferrocene (FeCp,) are analogous
tigated the crystal strain and molecular conformations in

sister sandwich compounds of similar properties and

isostructural crystals at ambient conditions."”” These are NiCp, as a function of pressure and temperature and we have
prototypic compounds for a wide family of metallocenes. At compared them to those in FeCp,.

ambient conditions the crystals of NiCp, and FeCp, are Thli high-pressure ordered structure of ferrocene above 3.24
monoclinic’ of space group symmetry le/n_ Their crystal GP& was la.beled as phase II. It was established that the
lattices are nearly identical, cations Ni** and Fe’" lie on special transition between ferrocene phases I and I’ coincides with the
positions, and the Cp rings are orientationally disordered. 90° opening of monoclinic angle f (of the lattice symmetry
However, there are some differences in the disorder of Cp described by space group P2,/n). The coincidence of the f
rings: in nickelocene two partly occupied sites are clearly value of 90° with the discontinuous strain in ferrocene at the
distinguished (Figure 1), whereas for ferrocene two or three critical pressure of the isostructural transition to phase I’,
closer sites were postulated.” On lowering temperature, the although the system remains monoclinic, is remarkable.
conformation ordering in FECP2 occurs at the transition to Another aim of this smdy was to check if the coincidence of
triclinic phase II, and the next reconstructive transition to the orthogonal lattice with the transition point is specific for
orthorhombic phase TII leads to the Dg,-symmetric eclipsed ferrocene, or if it is a more general requirement and it occurs in
conformers,”* while in N_i/CPz the Cp rings order gradually, nickelocene, too. For the equivalent descriptions of the crystal
between 240 and 170 K, into the Ds-symmetric staggered structures in space group P2,/a, often used in the literature,”"*

conformers, within the same crystal lattice.® Braga and
Grepioni suggested that this low-temperature behavior of
nickelocene arises from a short intermolecular distance H---H
and their repulsion, which results in the negative thermal
expansion of the crystal along its [y] axis.” In another study on
nickelocene and ferrocene, the hindering of rotations of the Cp
rings was associated with short H--H intermolecular contacts,
too.'” Electron-diffraction studies on gaseous nickelocene
revealed that Cp rings vibrate with larger amplitudes than in
ferrocene.'' More recently, the energetic characteristics of the

the monoclinic # angles are 121.42(6)° in nickelocene and
121.02° in ferrocene (at ambient conditions); for this choice of
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— 0.1 MPa/ 320K
----0.62 GPa/ 300 K
—0.77 GPa/ 300 K

0.88 GPa/ 300 K
=-=-1.60 GPa/ 300 K

Figure 1. Nickelocene molecule (H atoms skipped for clarity): (a) in disordered phase I, with the partly occupied sites of Cp rings (marked red and
blue) displaced in one plane by angle ¢ = 23° at 0.1 MPa/296 K; (b) staggered Dy-symmetric ordered conformer above 1.3 GPa/296 K in phase
I'; (c) the molecule viewed down its D; axis, with indicated torsion angle 7 between the Cp rings (closer, thick lines; further, thin lines), as well as
angle ¢ between two partly occupied sites of one disordered Cp ring. (d) Pressure-induced evolution of conformers, represented as the convolution
of electron-density distribution p (in ring Cp) and p’ (in ring Cp’), scaled to 1 for the fully ordered rings displaced by angle 7 = 36° (cf. Figures S1

and S2 in the Supporting Information).

the unit cell, the transition between ferrocene phases I and I’
occurs at angle f equal to 124.16(1)°. Therefore, we have
chosen space group P2,/n for describing the symmetry of
ferrocene and nickelocene phases I and I'.

B METHODS

For high-pressure experiments we used a Merrill-Bassett
diamond-anvil cell (DAC) modified by mounting the
diamonds directly on the steel disks with conical windows.

Two hydrostatic media, Daphne oil 7474 and the methanol/
ethanol (4:1) mixture, were used for isothermally compressing
the sample to 3.43 and 3.7 GPa, respectively. The NiCp, single
crystal was mounted in the DAC in the glovebox filled with
argon, in order to secure dry and oxygen-free atmosphere. The
pressure inside the DAC was calibrated by the ruby
fluorescence method,'® with a Photon Control spectrometer
with enhanced resolution affording the 0.02 GPa accuracy.
Each time after increasing pressure, the single-crystal X-ray
diffraction data were measured with diffractometer Excalibur
EOS or KUMA KM-4 CCD, both employing the MoKa
radiation. Data collections and their reductions were
performed with program CrysAlisPro from Oxford Diffraction.
The DAC absorption, sample shadowing by the gasket, and the
sample absorption were corrected,'”'® and the diamond
reflections were eliminated. The crystal structure at ambient
conditions was solved by direct methods of Shelxs and refined
by full-matrix least-squares on F* by Shelx],"” operated through
Olex 2.° Then this structure was used as a starting model for
higher-pressure experiments. The Cp rings (two partially
occupied in phase I and one ordered in phase 1) were
constrained to an ideal pentagon with H atoms at 0.93 A from
their C atoms. Analogous procedures were applied for low-
temperature measurements, but the single crystal was mounted
on a nylon loop and an Oxford Cryostreem attachment and the
Excalibur EOS diffractometer were used. The site occupation
factor (SOF) for the Cp ring disordered in two positions 1 and

15671
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2 was constrained by the condition SOF1 + SOF2 = 1. The
crystallographic data of NiCp, phases are summarized in Table
S$1 in the Supporting Information. Experimental and structural
details have been deposited in the Cambridge Crystallographic
Database Centre as supporting publications with numbers
CCDC 2080130—2080157. Their copies can be obtained free
of change from www.ccdc.cam.ac.uk.

Bl RESULTS AND DISCUSSION

Molecular Conformation. The phase transitions in FeCp,
clearly show that they are coupled to the conformational
transformations of molecules.>®'**" The conformational
disorder has been connected with the thermal expansion of
nickelocene cry‘stals,-l’a'22 too. However, there are inconsisten-
cies in the energetic description of conformational preferences
of the isolated NiCp, molecule and of the molecule in the
crystal. It was established, by electron diffraction in the gas
phase,” that the eclipsed conformation of an isolated molecule
of nickelocene is more favored, by AE, of about 4 kJ-mol~?,
than the staggered conformation.** On the other hand, the
energetic preference for the eclipsed conformation of NiCp,
molecules was described as twice smaller than that in
ferrocene,”” determined by theoretical calculations as 4 kJ-
mol™". This E, preference for the eclipsed conformation of
FeCp, molecules agrees well with the value 3.8 + 1.3 k_]‘morl
measured by electron diffraction in the gas phase.”* Incoherent
quasi-elastic neutron scattering experiments on solid samples
show that the activation energy of Cp ring reorientation in
nickelocene equals 6.3 kJ-mol™},*® while in ferrocene average
activation energy equals 9.6 kJ-mol™."* The lower activation
energy of the Cp rotations in NiCp, is consistent with its
pressure value of transition to phase I’, measured in our
present study, about twice lower than that in FeCp,."

At ambient conditions in nickelocene, the distribution of
disordered atoms in the Cp rings corresponds to the
superposition of three conformations: the staggered con-

https://doi.org/10.1021/acs.jpcc.1c04204
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Figure 2. (a) Unit-cell parameters of nickelocene (full symbols, this work and ref 7) and ferrocene (empty symbols, refs 2, 13, and 24) as a function
of relative volume. Squares and cycles refer to the pressure and temperature changes. (b) Volume compression of nickelocene; the inset compares
the pressure dependence of angle § for nickelocene (full symbols) and ferrocene (empty symbols). Where not indicated, the estimated standard

deviations are smaller than the plotted symbols.

formation (with angle 7 = 36°) as well as the R- and S-rotamers
with the Cp rings twisted by angle 7 = +13°, respectively, and
populated as shown in Figure 1. A similar model was described
for ferrocene but with the ¢ and 7 angles equal to 25° and
+11°, respectively.3’12 The dynamics of intramolecular
disorder in NiCp, and FeCp, crystals was extensively studied
by IR and Raman spectroscopy and quasi-elastic neutron
spectroscopy.”””® In those studies both the activation energies
of internal rotations and the reorientations of rigid molecules
in the crystal field were considered.

Lattice Strain. The pressure dependence of unit-cell
dimensions of NiCp, is anomalous around 1.3 GPa (Figure
2). These anomalies are less pronounced than those in FeCp,
(cf. Figures S3 and S$4 in the Supporting Information). As
shown below, the anomalous lattice strain in NiCp, correlates
with the ordering of Cp rings in the structure (Figure 1).
According to the literature”™** and to our structural high-
pressure determinations based on single-crystal X-ray dif-
fraction measurements, the NiCp, molecules are conforma-
tionally disordered at ambient conditions. The disorder
gradually disappears with increasing pressure, and it is fully
eliminated about 1.3 GPa (Figure S5 in the Supporting
Information). This magnitude of pressure coincides with a
small downward kink in compression of unit-cell parameter ¢, a
small upward kink in parameter b, and a subtle decrease in
compressibility of parameter a (B, = (1/a)-da/dp is 0.049
GPa™' below 1.3 GPa and above it decreases to 0.016 GPa™").
Although the kinks in the compression of b and ¢ are small,
they are analogous in shape and curvature to the more
apparent anomalies in ferrocene. For example, on approaching
the transition by increasing pressure, the anomalies in b are
concave and those in ¢ are convex.

The anomaly in the pressure dependence of monoclinic
angle f of nickelocene at 1.3 GPa coincides with the right
angle (90°). Below 1.3 GPa function f(p) is concave and
above 1.3 GPa this function is convex, so the transition
through 90° coincides with the concave-to-convex inflection
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point. The analogous transition between phases I and I’ in
ferrocene at 3.24 GPa is accompanied by an inflection point in
function f(p) coinciding with the right angle, too. However, in
ferrocene at 90° there is a clear discontinuity in f(p), not
detected in nickelocene, and the curvature of function f(p)
changes from convex to concave in the sequence opposite to
that in nickelocene.

The pressure dependence of angle f# in nickelocene can be
compared to its temperature dependence, plotted in Figure 3
(cf. Figure S6 in Supporting Information). The pressure and
temperature dependences of f# follow the inverse relationship

T T T T T
92.0
91.54
£ 9107 NiCp, NiCp,
@ phase I
disordered
90.5 4
90.0 4 —
89.5 — 7T v T LA T T 7T T T
100 150 200 250 300

Temperature (K)

Figure 3. Monoclinic angle f in nickelocene plotted as a function of
temperature. The vertical dashed line indicates the temperature of full
ordering of the Cp rings (cf. Figure $6 in Supporting Information).

https://doi.org/10.1021/acs jpcc.1c04204
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rule:”” the cooling and compression reduce the f values.
Indeed, between 320 and 90 K the § angle decreases from
91.98° to 89.57°% a similar change in f is induced by the
pressure of about 2 GPa. In both cooled and compressed
structures the f angle passes through the value of 90°, but in
the f(p) function it corresponds to the clearly marked
inflection point, which is hardly visible for #(T). Another
significant difference is that S(T) crosses the 90° value at 120
K, well below the temperature when the Cp rings order; in
other words the (120 K) = 90° does not correspond to the
transition between phases I and I’ (Figure 3). Thus, the 5(T)
function in nickelocene cannot be straightforwardly connected
with the order—disorder transition, which is apparent for the
B(p) functions for both nickelocene and ferrocene.
Molecular Disorder. At 320 K/0.1 MPa the disorder of
NiCp, molecules can be described as a coexistence of the
staggered conformation (torsion angle T = 36°; see Figure 1)
with two rotamers with 7 equal to either +11° or —11°. The
staggered conformation is populated in 50%, rotamer R in
25%, and rotamer S in 25%, when each of the Cp rings is
disordered in two equally occupied sites (cf. Figure 1). With
increasing pressure, the population of the staggered con-
formation gradually increases and at 1.3 GPa it riches the full
occupation, while the rotamers gradually disappear (Figure 4).

)

Figure 4. Site-occupation factors (SOF’s) of the Cp ring in
nickelocene plotted as a function of temperature and pressure. The
prevailing SOF1 (green, close to the average ring position in ferrocene

phases I and I') and SOF2 become equal to 0.5 at 320 K/0.1 MPa.

When the Cp rings gradually order, the angular displacement
of the disordered sites, measured by angle ¢, increases from
23.5° at 0.1 MPa to 45.5° at 1.1 GPa (Figure $). It means that
at about 0.77 GPa there is about 40% of the eclipsed
conformers and no R- or S-rotamers. At still higher pressure
the R- and S-rotamers are formed again (when angle ¢ exceeds
36°). Our analysis of intermolecular contacts (cf. the Figures
S7 and S8 in Supporting Information) shows that there is a
steric hindrance due to the interactions between atoms H3A of
neighboring molecules, culminating with the closest distance of
2.279 A at 0.77 GPa. Nickelocene displays analogous behavior
as a function of temperature, when on cooling to 270 K angle
@ assumes 36° for the SOF1 0.7 and SOF2 0.3,
corresponding to the mixture of staggered and eclipsed
conformers. At still lower temperature the ¢ angle becomes
larger than 36° (like above 0.77 GPa) and the conformations
of rotamers are assumed again (Figure 5).
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0.0

Figure S. Pressure and temperature dependence of angle ¢ (cf. Figure
1) measuring the displacement between the sites of the disordered Cp
ring in nickelocene. The red dashed line indicates the ¢ angle value of
36° when the molecule is composed of the staggered and eclipsed
conformers between Cp rings disordered in ratio SOF1/SOF2. (cf.
Figure S9 in Supporting Information).

Molecular Orientation. At 300 K and 0.1 MPa the two
sites of one disordered Cp ring are not exactly parallel to each
other, but they are inclined by about 1°. This inclination angle
significantly increases with pressure to 13° at 1.1 GPa, which
results from the increased interactions with the crystal
environment differentiating two disordered orientations. The
crystal packing forces and the orientation of ordered NiCp,
molecules are interdependent, in a very similar way to those in
the crystal of ferrocene phases I and I'.

In order to understand the strain differences between
nickelocene and ferrocene, we have investigated the molecular
orientations with respect to the crystal lattice as a function of
pressure (Figure S$10 in the Supporting Information). For this
purpose we have applied four angles, three of them for
measuring the orientation of the molecular C;-axis with respect
to crystal directions x, y, and z; these angles have been denoted
as ¥, W, and y, respectively. The fourth angle, denoted y,
measures the orientation of the Cp ring, here defined as the
torsion angle between atom Cl, the Cp ring centroid, atoms
Niand Ni’ atx, y + 1, z.

The y angle can be calculated in several ways. For
nickelocene we have chosen the average of two disordered
sites for each atom. This method of calculating y has been used
because we intended to compare the structure of nickelocene
with ferrocene, where disordered atomic sites are closely
located and in most experiments one average atomic position is
reported.'**! This method of calculation gives for nickelocene
the y values scattered by about +5° about 30° for the pressure
range below 1.3 GPa, but above 1.3 GPa they are consistent
and increase from 31° at 1.5 GPa to 33.5° at 3.7 GPa. The
strongest changes in the orientation of NiCp, molecules take
place in the pressure range of phase I. Then at about 1.3 GPa
the changes of angles v, y,, ., and y are stepwise, and under
still higher pressure within phase I' all these angles become
similar to those in FeCp, phase I'. In both NiCp, and FeCp,
the strongest changes occurred in angles ¥ and w, These
analogies can be interpreted as the indication of the similarly
significant role of close-packing and molecular-environment
effects in NiCp, and FeCp,. Furthermore, the different
orientations of the C; axes of the disordered sites affect the

https://doi.org/10.1021/acs.jpcc.1c04204
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convolution of conformers, for which ideally superimposed
axes were assumed.

Phase Diagram. The p—T phase diagram of nickelocene
outlined in Figure 6, within the investigated range of pressure
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Figure 6. Phase diagram of nickelocene based on the isobaric study at
0.1 MPa between 90 and 320 K, isothermal compression at 296 K up
to 3.5 GPa, and optical observations of the crystal melting in a heated
DAC. Selected measurements and observation points are marked with
crosses, and the pressure boundaries are estimated between these
points. Red lines and values indicate the changes of monoclinic angle
J as a function of temperature and pressure.

and temperature, contains two solid-state regions denoted as
disordered phase I and ordered phase I'. Both they are
analogous to phases I and 1" of ferrocene.'” Like in ferrocene,
the boundary between these phases has been associated with
the anomalies in the lattice strain, which coincide with the full
ordering of the Cp rings. In this p—T phase diagram also
selected values of the monoclinic angle # have been indicated
for the isothermal compression (296 K, p) and isobaric
cooling (T, 0.1 MPa), shown in Figures 2 and 3. It appears
that the line tracing the right angle #(T,p) = 90° coincides with
the boundary between phases I and I, but at 0.1 MPa angle §
becomes equal to 90° at 120 K, i.e., about 50 K below the
boundary. It suggests that below 296 K and 1.3 GPa the
isostructural transition between phases I and I’ can become
diffused and the characteristic features of the transition can be
separated.

The liquid—solid transition boundary for nickelocene has
been based on the microscopic observations of the crystal
melting in the DAC. The ambient-pressure melting points of
NiCp, and FeCp, are very similar, 444 and 445 K, respectively.

B CONCLUSIONS

At 296 K, above 1.3 GPa the crystal structure of nickelocene
gradually orders. The disordered and ordered regions of the
phase diagram of nickelocene are separated by a zone of
anomalous thermal expansion and compression. The ordered
and disordered regions have been assigned as phases I and I'.
Phase I’ of nickelocene is isostructural to the ordered ferrocene
phase I' above 3.24 GPa. Many structural features of phase I’
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of these two compounds are nearly identical. However, there
are several distinct features of nickelocene and ferrocene in
their disordered phase L (i) the unit-cell parameter b in
nickelocene is around 0.2 A longer than in ferrocene, and its
anomalous negative linear compressibility before the transition
to phase I' is manifested weaker in NiCp, than in FeCp,; (ii)
at 0.1 MPa the intramolecular Cp---Cp distance in nickelocene
(3.584 A) is longer than that in ferrocene (3.274 A); (iii) the
shortest intermolecular H---H contacts in nickelocene (2.29 A)
are shorter compared to ferrocene (2.40 A). All these structural
features are consistent with the lower energy difference
between the eclipsed and staggered conformers and with the
pressure needed to eliminate nonstaggered conformers in the
crystal of nickelocene over twice lower than in ferrocene. The
weaker intramolecular energetic preference for the eclipsed
conformation and the stronger crystal field favoring the
staggered conformation combine in nickelocene and strongly
promote the fully ordered phase I’ below 170 K. By the way of
contrast, the stronger preference for the eclipsed conformation
and weaker crystal field in ferrocene phase I are the reasons for
the transitions leading to phase III with eclipsed conformers in
low temperature. Increased pressure enhances the crystal field
favoring the staggered conformers, which at 296 K fully
prevails above 3.24 GPa in ferrocene, compared to 1.3 GPa in
nickelocene, consistent with its lower preference for the
eclipsed conformation. The pressure-induced isostructural
transition between nickelocene phases I and I' is associated
with the monoclinic angle # passing through 90°; however this
is not the case when phase I' is entered by lowering the
temperature below 170 K. This lack of coincidence between
the transition temperature and the right angle # may be due to
weak intermolecular interactions at 0.1 MPa, resulting in weak
coupling between the conformational disorder and the crystal
strain. Further studies are clearly needed for better under-
standing the coincidence of the disorder decay and monoclinic
angle f assuming 90° under high pressure and the departure
from this coincidence in the cooled sample at 0.1 MPa. Our
study clearly shows that the stronger effect of the crystal field
and weaker preference of the NiCp, molecules for the eclipsed
conformation result in the stabilized staggered conformers in
the crystal contacted at 170 K. In ferrocene, due to its stronger
preference for eclipsed conformers and weaker centrosym-
metric crystal field, a sequence of phase transitions lead to
phase III with the eclipsed molecules. Both nickelocene and
ferrocene crystals display unique features due to the coupling
between the lattice strain with the disorder and molecular
conformation. The effects of molecular conformation on the
phase transformations are quite common, and such phenom-
ena are important for the properties of various materials.”~!
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ABSTRACT: In ferrocene (FeCp,, Cp is C;Hs ), the dynamically disordered ' o "I-FeCp, /1'-FeCp,
cyclopentadienyl rings (Cp) result in a distribution of staggered, rotated (axially <, o P 1
chiral), and eclipsed conformations, strongly affected by pressure. Under normal Q St " i
conditions, about 54% of the molecules are staggered, 23% are rotated left, and 60 \_@\_ﬁf . 1
23% are rotated right, whereas at 2.2 GPa, the population of staggered conformers w o, Rotated v

is 69% and that of eclipsed ones is 31%, while the rotated conformers are absent. 9 ¢
The monotonic compression of phase I at 293 K gradually modifies the disorder
angle between the Cp-ring sites about the pseudo-Ds axis and site-occupation
factors (SOFs). In the population of rotated conformers, the twisting angle 3 . 3
gradually changes between +8° at 0.1 MPa, +13° at 1.5 GPa, 0° (the eclipsed Pressure (GPa)
conformer) at 2.2 GPa, and 36° (the staggered conformer) at 3.24 GPa when

phase I isostructurally transforms to the ordered phase I’, built exclusively of the staggered conformers. The structural models of
ferrocene phase I have been refined de novo on high-pressure synchrotron X-ray diffraction data, and the molecular conformation has
been described as a convolution of the sites of disordered Cp rings. The disordered Cp-ring sites are displaced, which generates a
molecular dipole moment for the rotated and eclipsed conformers, consistent with the dielectric response of the ferrocene crystals.

B INTRODUCTION CpRing 1| |das i‘lw Cp Ring 1
Ferrocene (FeCp,, where Cp denotes the cyclopentadienyl site B, — site B,

ring), since its discovery in 1951," is the prototypic compound site A, site A,
for a large family of sandwich complexes. Five different
crystalline phases of FeCp, have been reported so far. At

ambient pressure, monoclinic phase I, of space group P2,/n Fe G
and disordered Cp rings, is present at room temperature until Usa
AB

Conformers populations (%)
0

Eclipsed

v I
v |1
v
(1
1]

its melting point at 445 K. Below 178 K, the crystal transforms & H " H

to modulated phase 1”, and subsequently, below 164 K, it n "

trsgssforms to the ordered' phase II, of triclinic space group Cp Ring 2: \ site A, Cp Ring 2: |‘ site A,
F1.” In phase II, two independent FeCp, molecules are site B, - site B,

present in the rotated conformation, with the torsion angle (7)

between the atoms of Cp rings equal to —8.7 and 9.0°.% In the RM model SM model
structure of orthorhombic phase III determined at 98 K, the Figure 1. Schematic illustration of the rigid-molecule (RM) and soft-
molecules assume the eclipsed conformation 7 = 0°.* Later, it molecule (SM) models of ferrocene. Ring Cp; is disordered in sites A,
was established that phase III can be heated up to 275 K, well and B, which are symmetry Cirelated to ring-Cp, sites A, and B,,
above the transition temperature between phases I and i’ respectively. The RM model (left) allows the centrosymmetric
Thus, phases 1” and II are metastable with respect to phase staggered conformers Ai/A,; (red) and Bl_/Bz (blue) only, while for
IIL> Under high pressure, above 3.24 GPa, phase I the SM model (right), also, the noncentric polar conformers A,/B,

. - (red) and B, /A, (blue) are possible. The instantaneous conformers in
ISOStruCtél rally transforms to phase I' with the molecules fully the RM andLSI\E models arepmarked in red and blue, respectively. The
ordered.” All structural phase transitions of ferrocene crystals, inclination of rings and the displacement of their centroids are

revealed so far, involve molecular conformational changes as exaggerated for clarity (at 0.1 MPa, the inclination is about 2°).
well as order—disorder transformations. In phase I, the
disordered molecules are located on the inversion centers.
This combination of the disorder and the crystal symmetry can Received: August 10, 2024

be interpreted either as the result of intramolecular twisting of Revised:  September 24, 2024
the Cp rings, leading to the conformation disordering (soft- Accepted:  September 26, 2024
molecule model, hereafter denoted as SM), or as the Published: October 2, 2024
orientational disorder of rigid molecules (rigid-molecule

model, denoted as RM), illustrated in Figure 1. Both of
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Figure 2. (a) Distribution of atomic density p,(¢) as a function of angle ¢ in ring 1 and (b) p,(¢ + 36°) in ring 2 and (c) convolution p(7) of
these densities for selected experimentally investigated pressure values. Angle ¢ measures the displacements of disordered sites A and B in the Cp
rings, while 7 is the angular displacement of atomic densities between rings 1 and 2, and it corresponds to the torsion angle describing the
conformation of the molecule. The achiral conformers staggered and eclipsed, as well as axially chiral rotated conformers, are indicated in (c).

these models can be associated with the static and dynamic
disordering. The RM model implies the staggered conforma-
tion of all molecules located on the inversion centers.
However, when the SM model is applied to the structure of
phase 1, also, other conformers are possible due to the sites of
disordered Cp rings, which are not Ci-related. Appel et al.”
established by the inelastic neutron scattering that the dynamic
SM transformations prevail in phase I. Of all five known
ferrocene phases, the ordered staggered conformation is
exclusively present in the ordered phase I’, above 3.24 GPa.
The staggered conformation is about 3.8 £ 1.3 kJ/mol less
favored than the eclipsed conformation, as established by the
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electron diffraction.”” While the molecular conformation is
unequivocally determined in ordered phases I, II, and III,
there were doubts concerning the conformation of disordered
molecules of phase L. In the initial structural studies of phase I
in 1950,">"" the model implying the staggered conformers was
applied. The later studies of phase I showed that the Cp rings
are disordered, either in two or three sites.'”'® For the
disordered models, the location of FeCp, molecules on the C-
symmetric position was interpreted as the implication of a
molecular staggered conformation. In 2022, Kuzmin et al
repeated the measurements at low temperature and high
pressure'* and described the disorder of Cp rings, but they

https://dei.org/10.1021/acs jpcc.4c05399
J. Phys. Chem. C 2024, 128, 19392-19397



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

considered the staggered conformers only. However, in the
staggered Dsy-symmetric conformation, the ferrocene mole-
cules are centrosymmetric and have no electric dipoles, which
is inconsistent with clear dipole polarizability contributin§_ to
the electric permittivity of ferrocene phase I (Figure 1)."° It
was recently shown for nickelocene, isostructural to the
disordered ferrocene phase I, that the disorder of Cp rings
can lead to a combination of several conformers apart from the
dominant staggered conformation. This distribution of
conformations can be obtained by convoluting the position
of disordered cyclopentadienyl ring 1, denoted as Cp,
represented as the function of atomic density distribution
(@), with the analogue function p,(¢) representing the
atomic density distribution in cyclopentadienyl ring 2, Cp,.
The convolution function [p,(¢)p,(¢—7)dp showed that the
overall conformation of nickelocene phase I consists of the
staggered, rotated-right, rotated-left, and eclipsed contribu-
tions. Conformers rotated and eclipsed are not centrosym-
metric and can display molecular dipoles. The distribution of
these conformations clearly evolves within the pressure and
temperature range of nickelocene phase I These results
prompted us to perform the analogous conformational analysis
for the disordered structural models of ferrocene refined de
novo on the recently measured high-pressure X-ray diffraction
data.”'® These first high-pressure X-ray diffraction data
measured for any metallocene were used for refining a simple
structural model where the atomic displacement parameters
(ADPs) accounted for the molecular disorder. In our present
study, we refined the structural model with the Cp rings
disordered in two positions, which reveals the distribution of
molecular conformations (Figure 2) and their pressure
dependence within phase L

Ferrocene is so far the only known metallocene that
crystallizes in five conformational phases, with the molecules
disordered (phase I), staggered (phase I'), disordered and
modulated (phase I"), rotated (phase II), and eclipsed (phase
11I). The accurate description of the molecular conformation—
structure coupling is important not only for ferrocene itself but
also for better understanding the transformations of all
metallocenes'”'”'® and other conformationally flexible com-
pounds in general.

B EXPERIMENTAL SECTION

High-pressure experiments have been performed at the ID09
synchrotron beamline of the European Synchrotron Research
Facility (ESRF) in Grenoble, as described previously.”'® The
highly parallel monochromatic X-ray beam (E = 30 keV, 4 =
0.413 A) was focused to 15 X 10 um?. The ferrocene single
crystal was mounted in a membrane-driven high-pressure cell,
with conical windows of 64° opening angle, and then filled
with helium as the hydrostatic medium. The disordered
structures of ferrocene were refined de novo by using the
program Shelxl" implemented in software Olex2.”” In the
structural model, two partly occupied sites (labeled A and B)
of the Cp ring were assumed, and each site of the Cp ring was
freely refined with the only condition SOF, + SOFg = 1, where
SOF, and SOFy are the site-occupation factors of sites A and
B, respectively; the H atoms were located at idealized positions
(C—H distance: 0.95 A) and their isotropic displacement
parameter ft,, = 1.2 g of their carriers. This procedure of
refining the disordered FeCp, structure is analogous to that
applied in our previous analysis of nickelocene.”’ The
structural models have been deposited in the Cambridge
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Structural Database with the CCDC numbers 2357927—
2357943 and can be obtained free of charge on request from
www.ccde.cam.ac.uk.

Bl RESULTS AND DISCUSSION

At ambient conditions, the crystal structure of ferrocene phase
I is disordered, with the Cp ring assuming two sites A and B
populated by 64 and 36%, respectively. The disordered sites A
and B of Cp ring 1 are located in two planes inclined by a small
angle aap of 2(1)° at 296 K/0.1 MPa; the centroids of sites A
and B are displaced by a dug of about 0.1 A (Figure 1). In this
structure, half of the FeCp, molecule is symmetry-independ-
ent, so when assuming that the centroids and ring planes of
these ring sites superimpose (i.e., ayz = 0° and dyp = 0 A), the
disorder can be described by two parameters: SOF, (equal to
[1-SOFg]) and angle ¢ (measuring the rotation between the
Cp-ring sites A and B in ring 1 about the average molecular
pseudo-Dg symmetry axis, equal to ¢ +36° in ring 2). Owing to
the molecular symmetry in the crystal, the inversion center at
the Fe cation, the disorder angle ¢ (Figure 2), and the SOF
parameter of the disordered rings 1 and 2 are interdependent.
The density distribution in Cp ring 1 is described by the
function p,(¢) and that of ring 2 is described by the function
p2(@ + 36°), as illustrated in Figure 2.

The dynamic rotations of rings 1 and 2 between their sites A
and B in the SM model imply that several molecular
conformers can coexist in the crystal. The average molecular
conformation p(7) is the convolution of the atomic density
distributions in rings 1 and 2 (Figure 2). At 296 K, the three
most populated conformations are staggered at 54% and
rotated with angle 7 equal to either +8 or —8° each 23%
populated. The rotated conformers are axially chiral, while the
staggered conformer is achiral. The disorder angle ¢ in
ferrocene is smaller compared to that in nickelocene, 13° at
ambient conditions. The compression of ferrocene up to about
1.5 GPa weakly affects this disorder and conformation of the
mixed components (A;/B, and B,/A,), but on approaching 2.0
GPa, the ¢ angle starts to increase, and at about 2.2 GPa, it
crosses the value of 36° corresponding to the eclipsed
conformation. At the same time, the SOFy component
assumes the lowest value of 0.19 (Figure 3), which minimizes
the eclipsed conformation contribution to about 31% and
increases the population of staggered conformers to about
69%. For nickelocene, the ¢ angle assumes 36° at 0.77 GPa
and the population of eclipsed conformers is somewhat higher,
at about 40%.”"

The lowest SOF value corresponding to the reduced
contribution of the eclipsed conformation (Figure 4) is
consistent with the crystal environment favoring the staggered
conformation in phases I and I'.

The anomaly of SOF(p) at 2.2 GPa correlates with the
strongly anomalous changes of unit-cell parameter b and
monoclinic # angle. Above 2.2 GPa, the compressibility of
parameter b becomes negative, while the decrease of angle f
starts to become steeper (Figure 5). The unit-cell parameters a
and c¢ are less sensitive to the SOF changes (cf. Figures SI and
S2 in the Supporting Information).

As mentioned at the beginning of the discussion, the
centroids of the independently refined sites of the disordered
Cp ring do not superimpose. Therefore, it was pointed out that
the detailed description of the disorder in ferrocene phase I
requires additional parameters, such as the inclination angle
between the Cp-ring sites (a,p, ¢f Figure S3 in the Supporting

https://doi.org/10.1021/acs jpcc.4c05399
J. Phys. Chem. C 2024, 128, 19392-19397
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Figure 3. (a) Pressure dependence of angle ¢ measuring the angular
displacement between sites A and B around the average centroid of
the disordered Cp ring in ferrocene (cf. Figure 2). At 2.2 GPa (the
vertical dotted line), angle ¢ becomes equal to 36° (horizontal dotted
line), corresponding to the eclipsed conformation between sites A,/B,
and B,/A,, when the difference between parameters SOF, and SOF;
is the largest (Figure 4) and the crystal is composed of 69% staggered
and 31% eclipsed conformers. The vertical dashed line marks the
phase transition to ordered phase I'. (b) Evolution of the molecular
conformation measured by angle 7.

Information) and the distance d,; between the centroids of
sites A and B (Figure 1). In the SM model of the disorder, the
inclination angle @, and displacement d,; generate a
considerable dipole moment for the rotated and eclipsed
conformers (Figure 6), consistent with the dielectric response
of ferrocene crystals.”'*

The ferrocene crystals exhibit a remarkable interdependence
of the compressibility, thermal expansion, and molecular
conformation. The onset of negative linear compressibility
(NLC) of parameter b starts above 2.2 GPa when the
displacement angle ¢ approaches values of +36°, making the
highest population of eclipsed conformers. This conforma-
tion—NLC correlation is observed also as a function of
temperature below 230 K (Figure S4 in the Supporting
Information). On cooling the crystal to 270 K, parameter a
contracts stronger than parameter ¢, while at still lower
temperature, this trend is reversed. An analogous reversed
trend occurs for the compression of parameters a and ¢ around
0.5 GPa. The rule of reverse effects of temperature and
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symbols, respectively. The vertical dotted line indicates the ¢ angle of
36° assumed in ferrocene at 2.2 GPa, corresponding to the eclipsed
conformation between the Cp-ring sites A,/B, and B,/A,, when the
crystal is composed in 69% of the staggered and 31% of the eclipsed
conformers. The vertical dashed line indicates the phase transition to
ordered phase I'. The SOF(p) values reported by Kuzmin et al. are
indicated by black crosses.""

pressure”” is fulfilled within the range of phase L The
transitions to phase I” below 172.8 K and to phase I' above
3.2 GPa are clearly different in their characters and associated
lattice strains. The analogous relations between the lattice
strain and the molecular conformation as a function of pressure
and temperature were observed in nickelocene too (cf. Figure
S5 in the Supporting Information).

B CONCLUSIONS

Despite the relatively simple molecular structure of ferrocene,
its disordered phase I exhibits complex relations among the
molecular dynamics, conformation, and lattice strain. The
structural models of phase I reveal the rich conformational
landscape evolving under pressure and temperature, depending
on the disorder parameters SOF, ¢, dup, @up, and the atomic
positions. The dynamic nature of the disorder, recently
confirmed by quasielastic scattering,7 implies the presence of
several populations of conformers, including the rotated and
eclipsed ones, apart from the dominant centrosymmetric
staggered conformer. The disorder parameters are connected
to the molecular conformers and their crystal environment.
This correlation explains the anomalous b-parameter com-
pression when all conformers become staggered in fully
ordered phase I'. The distribution of conformer changes in the
SOF and ¢ parameters observed in ferrocene phases I and I’
are similar to those in nickelocene. The observed convolution
of disordered rings resulting in the pressure-dependent
populations of staggered, rotated, and eclipsed conformers in
ferrocene phase I is consistent with recent dielectric®'® and

https://doi.org/10.1021/acs jpcc.4c05399
J. Phys. Chem. C 2024, 128, 19392—-19397
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Raman studies,” as well as with the previously obtained
populations of conformers in nickelocene.”’ The obtained
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information contradicts the ideally nonpolar structure of

i - 24-26
ferrocene molecules, as it is presented in textbooks. Our
study reveals a class of crystals, where within one phase, the
conformational conversions impact macroscopic properties,
such as the dielectric response, anomalous expansion, and
compressibility.
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ABSTRACT: High pressure favors anagostic bonds CH:--Ru, which leads to
a new polymorph of ruthenocene RuCp,, where Cp denotes the
cyclopentadienyl ring [CsH;] ™. Ruthenocene can be isothermally compressed
in its ambient-pressure phase @ up to 3.9 GPa, when it transforms to the new
phase, B. The transition between phases @ and f proceeds with an
exceptionally wide hysteresis extending between 0.7 and 3.9 GPa. The
transition destroys single crystals of RuCp,, but a single crystal of polymorph
B can be obtained by high-pressure nucleation (above 3.9 GPa) and its
isochoric growth continued above 1.0 GPa. On decompression, phase f
transforms back to phase @ at 0.7 GPa. The structures of phases a (space
group Pnma) and f (space group Pcmb) have been determined by X-ray diffraction in the pressure range from 0.1 MPa up to 3.9
GPa. The eclipsed conformation of a-RuCp, is retained in phase f, which contrasts with the conformational phase transitions in
ferrocene and nickelocene. The lattice dimensions and molecular orientations in ruthenocene polymorphs are clearly related, which
leads to the characteristic twinning-like oriented growth of the crystals of concomitant phases.

Low-pressure
High- % Phase a
pressure

Phase f

H INTRODUCTION backdonation from Cp rings to e, orbitals (d,,, d,)." " 1t
Metallocenes are known to undergo solid-state transformations appears that the molecular conformation and its disorder under
involving the conformational changes in molecules. In analogy normal conditions correlate with the atomic number (as well as
to conformational polymorphs,” we term such transforma- the atomic weight) of the M atom and the M—Cp distance, as
tions conformational phase transitions. Well known are the shown in Figure 1. Our inspection of the recommended
phase transitions of metallocenes MCp,, where divalent metal storage conditions of metalocenes MCp, has shown that the
cation M*" is sandwiched between two cyclopentadiene rings orthorhombic metallocenes with the M2* cation in the d°
(Cp). Crystals of prototypic metallocenes FeCp, and NiCp, configuration are more stable and less sensitive to air and
are isostructural under ambient conditions (0.1 MPa, 293 K): humidity than those with M in other configurations. There

their symmetry is of monoclinic space group P2,/n (Z = 2),
and staggered conformation prevails in the disordered
molecules located in the inversion center. This type of

structure was reported for ferrocene phase L,>" nickelocene 16 7
phase 1,° vanadocene,® chromocene,” cobaltocene,® and table: SnCp, (space group Pbem)® and GeCp, (P22,2,).
magnesocene.g Another type of metallocene crystals, of These molecules are bent due to the lone electron pair of the

orthorhombic space group Pnma (Z = 4), and ordered M?" cation.'” Under high pressure, FeCp, and NiCp,

are also metallocenes with nonparallel Cp rings (Cp_+-M---Cp,
angle around 150°, where Cp. denotes the Cp centroid),
characteristic for metal cations from 14th group of the periodic

molecules in the eclipsed conformation is characteristic for transform into phase I’, built of ordered staggered conformers

metallocenes with the cations from eighth group of the favored by their centrosymmetric environment in the crystal.

periodic table: ruthenocene,'’ osmocene,'' and ferrocene Differential scanning calorimetry revealed no anomalies in

phase III, obtained at low temperature and transformed back ruthenocene between 100 and 330 K," and X-ray diffraction
. 12 13

to phase I upon heating at about 270 K. Doman et al. structural determination”® has shown that phase a can be

established that the energy of M—Cp stretching in OsCp, cooled down to 15 K.
(1090 kJ/mol A?), RuCp,, and FeCp, (859 kJ/mol A?) is
higher than those of other metallocenes containing the metal -
cation from the first row of transition metals, which do not Received: December 2, 2021
fulfill the 18-electron rule. The Ru?*, Os?*, and Fe?* REVifEd: February 22, 2022
configuration in MCp, is (ey)* (ai))* (ey,)” and the bond Published: March 7, 2022
between the M** cation and the Cp ring involves electron

donation from the cation to molecular orbitals of neighboring

Cp rings from e,; orbitals (dxy and dxl,yl) and the

© 2022 The Authors. Published b
Ameeric:n gﬁemtilcallssgcie& https://doi.org/10.1021/acs.jpcc.1c10249
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Figure 1. Distance M—Cp_ as a function of atomic number for
M**Cp, metallocenes (Cp. denotes the Cp-ring centroid) under
ambient pressure. The legend lists the space groups and metal centers
of metallocene crystal types distinguished by different symbols in this
plot. Highlights indicate the conformer type.

Presently, we have investigated the high-pressure structure
of RuCp,, in order to check if its conformation can be
destabilized under nonambient conditions. The temperature-
and pressure-dependent FeCp, phases I, II, III, and I’ have
been applied as the reference structural types for RuCp, and
other metallocenes throughout this article. For example,
RuCp, at ambient pressure belongs to the structural type III
(ie, it is isostructural with FeCp, phase III). All phase
transitions reveald so far for MCp, metalocenes involved the
conformational transformations of molecules. However,
presently, we have found a new RuCp, phase, which does
not match to that pattern. For labeling the phases of RuCp,,
Greek letters « (the ambient-pressure type III structure) and
(the new high-pressure phase) have been applied.

B EXPERIMENTAL SECTION

All experiments on RuCp, were performed in a Merrill-Bassett
diamond anvil cell (DAC)*' modified by mounting the anvils
directly on the edges of steel conical windows. In the first series
of experiments, X-ray diffraction data were measured on single
crystals obtained under normal conditions and compressed in
the methanol/ethanol/water (MEW, 16:3:1) mixture. The
second series of experiments was performed for ruthenocene
single-crystal samples, nucleated at 3.9 GPa, and grown by
isochoric in situ recrystallization at 1 GPa. In these
experiments, tetrahydrofuran (THF) was used both as the
solvent and as the hydrostatic medium. The pressure in the
DAC chamber was calibrated by the ruby-fluorescence shift,”>
measured with a photon control spectrometer with enhanced
resolution affording the 0.02 GPa accuracy. In the first series of
experiments, the single crystals of RuCp, were gradually
isothermally compressed to 3.9 GPa, above which the single
crystals broke. The MEW mixture was also used in powder X-
ray diffraction (PXRD) measurements on the gently grounded
sample. It was compressed in the DAC up to 5.29 GPa. These
PXRD patterns showed that above 3.9 GPa, the RuCp, sample
transforms to a new phase f.
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The in situ crystallizations in the pressure range up to 1.3
GPa from THF solution without prior high-pressure
nucleation yielded exclusively the crystals of the ambient-
pressure phase a (Figure 2). Single crystals of phase f§ were

Figure 2. High-pressure in situ isochoric crystallization of RuCp, in
phase @ (a) nucleation at 475 K; (b) single crystal at 462 K; and (c)
single crystal at 296 K/1.00 GPa. One big and several small irregular
ruby chips for pressure calibration (cf. Figure Sla in the Supporting
Information) are grouped in the right part of the chamber.

grown in the following steps: (i) the polycrystalline sample was
compressed in THF to about 3.9 GPa, above the hydrostatic
limit of this pressure transmitting medium (2.24 GPa™); (ii)
the pressure was reduced to 1.0 GPa; (iii) all but one crystal
grains were dissolved; and (iv) a single crystal was grown
under isochoric conditions (Figure 3). The hysteresis pressure
values for between 0.7 and 3.9 GPa were determined by
PXRD, single-crystal X-ray diffraction (SCXRD) measure-
ments, and recrystallizations.

One of the isochoric in situ recrystallizations at 1.0 GPa
resulted in two single crystals, the larger one of phase f# (space
group Pcmb) and the smaller one of phase a (space group
Prnma). Crystal axes of both phases are exactly parallel (Figure
3d), which indicates a strong preference of these structures for

Figure 3. Isochoric concomitant crystallization of RuCp, phases: (a)
phase § nucleated at 453 K; (b) single crystal of phase § with a
nucleus of phase a on its top face at 405 K; and (c) two single crystals
grown together at 298 K/1.00 GPa. (d) In situ-grown double-nucleus
oriented polymorphs @ (rhomboid, red labels) and polymorph
(elongated plate, green labels). Polymorphs a and f§ have grown along
parallel crystal directions (cf. Figure SIb in the Supporting
Information). Several ruby chips for pressure calibration are grouped

by the top-right edge of the gasket.

https://doi.org/10.1021/acs jpcc.1¢10249
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Table 1. Selected Crystallographic Data of RuCp, Phases & and f§ (cf. Table S1 in the Supporting Information)

pressure (GPa) 0.0001

Phase a

SPGCE groupd ana

unit cell (A) a 7.13(2)
b 8.99(2)
b 12.81(2)

zZ/Z 4/0.5

density (g/cm3) 1.871

2.05 1.30 2.10
a p B

Pnma Pemb Pcmb
6.7022(4) 5.5336(3) 5.4427(3)
8.5063(5) 9.6862(12) 9.5246(13)
12.4057(8) 13.564(4) 13.433(4)
4/0.5 4/0.5 4/0.5
2172 2,113 2208

“Nonstandard setting of space group no. 57, Pbcm, has been applied to phase f.

this particular mutual orientation. This feature resembles the
pseudo-symmetry relating the orientation of crystal twins. The
difference is that in typical twins, both grains are of the same
phase (and identical structure), while in the a-RuCp,/f-
RuCp,, the phases of the grains are different. Therefore, in this
study, we refer to the traditional twins as identical twins, as
distinguished from the double-nucleus (or nonidentical) twin
a-RuCp,/f-RuCp,. The phenomenon of oriented intergrowth
of two different crystal phases of the same compound was
reported in the literature, for exa ‘}i)IeJ for polytypes of
silicoferrites of calcium and aluminum®* and carbon silicate.>®

SCXRD data were measured on a KUMA KM-4 CCD 4-
cycle diffractometer, while PXRD experiments on an Excalibur
EOS diffractometer, both employing the MoKa radiation.
XRD experiments and preliminary data reduction were
performed with the CrysAlis software from Oxford Diffraction.
Corrections for the DAC absorption, sample shadowing by the
gasket, and sample absorption were added to eliminate the
diamond reflections and to correct the intensities of sample
reflections.***” The crystal structures of phase a under
ambient conditions and phase f at 1.0 GPa were solved by
direct methods of Shelxs and refined by full-matrix least
squares on F¥’s with Sheld,” operated through Olex 2.%° Then,
these structures were used as the starting models for the
higher-pressure experiments. The H atoms were ideally located
by AFIX 43 at 0.93 A from the C-atoms. The crystallographic
data of RuCp, phases are summarized in Table 1 and detailed
in Table SI in the Supporting Information. The crystallo-
graphic and structural information has been deposited in the
Cambridge Crystallographic Database Centre as supporting
publications with numbers CCDC 2111120—2111130. Their
copies can be obtained free of charge from www.ccdc.cam.ac.

uk.

B RESULTS AND DISCUSSION

The crystal structures of metallocenes MCp, are connected
with their molecular conformation, symmetry, dynamics,
cation size, and electron configuration (Figure 1). The
structure—conformation interdependence is apparent for the
FeCp, polymorphs. Under normal conditions in its phase I, the
molecules are conformationally disordered: above 3.24 GPa in
phase I, the molecules are present in D-symmetric staggered
conformation; below 164 K in phase II, both R- and S-rotamers
are present and their molecular symmetry is reduced to Dg;
and below 100 K in phase III, the eclipsed conformer is Dg,
symmetric.”” This preference for the eclipsed conformation
prevails over the effect of crystal field in low temperature, when
ferrocene phase III is formed at atmospheric pressure. The
staggered conformation is energetically unfavored, but in phase
I', it is induced by the centrosymmetric crystal environment of
molecules. Phase @ of ruthenocene is isostructural with
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ferrocene phase III; however, the high-pressure phase f§ of
RuCp,, revealed in this study, retains the eclipsed conformers.
To our knowledge, phases @ and f of RuCp, are the first
metallocene polymorphs with the identical molecular con-
formation (eclipsed), the same symmetry (Ds;,) of conformers,
and even the same special positions of molecules in the crystal
(atom Ru is located on the mirror plane perpendicular to [y]
and the Cp rings are perpendicular to this plane, Figure 4).

TEEE X
XXXX X gl
FELL T

'$"A'-Ph'scb

Figure 4. Structures of ruthenocene: (a) phase a at 0.13 GPa and (b)
phase f at 1.00 GPa. Both these projections are drawn along the
direction [100] in the same scale (cf. Table 1). The intermolecular
C—H:Ru and C—H-x are indicated in phase a in pale pink and
yellow, respectively. Contacts C—H-Ru in phase # run along the
viewing direction and therefore they cannot be marked in this
projection.

Compression of RuCp, Phases @ and f. The in situ
recrystallizations of ruthenocene performed in the DAC yield
the atmospheric-pressure phase @ up to 1.3 GPa. a-RuCp, can
be compressed to 3.9 GPa, when it transforms to f-RuCp,.
The stability region of phase f has been determined by PXRD
for the sample compressed in the MEW mixture in the DAC
(cf. Figure S2 in the Supporting Information). In the
compression mode, the PXRD pattern changes above 3.9
GPa, and the new reflections are consistent with phase . The
decompression of phase f results in its transition to phase a at
0.7 GPa, as confirmed by the PXRD patterns of the sample.
These PXRD measurements revealed that the transition
proceeds with a considerable hysteresis of about 3.2 GPa.
This wide pressure hysteresis suggests that there are some
specific intermolecular interactions in phases o and f
stabilizing their structures. The wide hysteresis can be
explained by the double-well potential energy (E,), where
the E, difference between the barrier maximum and the f-
phase minimum is of about 14.6 kJ/mol, as assessed from the
estimated volume reduction at 3.9 GPa, when the transition to
phase § takes place (cf. Figures S and 83 in the Supporting

Information).

https://doi.org/10.1021/acs.jpec.1¢10249
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Figure 5. Compression of ruthenocene phase a (full symbols and
solid lines) and phase § (open symbols and dashed lines): (a)
molecular volume, the inset shows the relative volume of voids and
(b) unit-cell parameters related to the ambient-pressure values of
phase a at 0.1 MPa/296 K, the insets show the graphical
representation of compressibility tensors and their eigenvalues along
directions [x] (red), [y] (green), and [z] (blue).

The similar crystal structures of phases a and f (Figure 4)
result in their similar linear compressibilities §, = —1/x-dx/dp
(Figure S). The lowest compressibility is along the [z]
direction, which correlates with the elongated shape of the
RuCp, molecules and their orientation, inclined by about 30°
to the [z] axis. A similar relation between the molecular
elongation, orientation, and compressibility was noted for
molecular crystals of xylitol.*' The compressibilities are clearly
nonlinear, which correlates with the strong reduction of
intermolecular voids. The molecular-volume plots for phases o
and f intersect at about 1.1 GPa, above which the gap between
higher volume of phase @ and lower volume of phase f
increases. In our experiment, the single crystal of phase f was
grown at 1.0 GPa and then it was isothermally compressed to
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2.3 GPa, just above the freezing pressure of THF at 2.24 GPa.
Thus, the last SCXRD measurement was performed under
pseudo-hydrostatic conditions. The nonhydrostatic conditions
in frozen THF hampered the SCXRD measurements under
still higher pressure.

According to the shortest-contact analysis,*” the RuCp, a-
polymorph is mainly stabilized by CH--- interactions (Figure
6). At 0.1 MPa, the shortest intermolecular distance between
the H atom and the Cp ring centroid (Cp.) equals about 2.86
A and contacts C—H--Cp, are shorter by circa 0.04 A than the
sum of van der Waals radii, equal to 2.9 A, according to
Bondi.”* The C—H--Cp, angle equals about 160°. In
polymorph f, the shortest intermolecular C—H---Cp, increases
to 3.06 A and the C—H--Cp, angle equals about 136°, which
shows that this type of interaction becomes less significant than
in phase a. The elongation of C—H--7 bonds in phase
contrasts with the shortening of contacts C—H:--Ru and H---H.
In phase a, the shortest intermolecular contacts C—H-+Ru are
longer than the sum of van der Waals radii (3.42 A at 0.1
MPa), up to 0.7 GPa.**** Angle C—H--Ru in phase a hardly
changes between 0.1 MPa (144.4°) and 3.6 GPa (cf. Figure $4
in the Supporting Information). In this molecular orientation,
the lone pair on the d orbital cannot effectively coordinate the
hydrogen atom, which would require a linear arrangement.*®
This suggests that the intermolecular C—H:--Ru contacts in
phase a hardly contribute to the cohesion forces. In phase /3,
the C—H:Ru contacts become shorter than those in phase a
(Figure 6) and angle C—H--Ru approaches 180°: 177.5° at
1.00 GPa and 174° at 2.1 GPa (cf. Figure S4 in the Supporting
Information). This arrangement allows the ruthenium cation
to accept the pmtcm.35 Such anagostic C—H:Ru bonds****
are documented in the structures under ambient conditions in
the literature, but they involve H-donor groups more polar
compared to the Cp ring.*

Short H---H contacts are associated with weak van der Waals
interactions connected with the steric hindrances and the close
packing of molecules in the compressed structure. These
distances are similar to those in the structures of FeCp, and
NiCp,_,41 where the H---H contacts and the crystal environ-
ment interfere with the molecular conformation (Figure 6).
Interestingly, the H--H contacts and C—H:7 bonds are
compressed at a very similar rate within phase a, but the H--H
contacts are abruptly shortened and C—H:-7 bonds are
elongated on the transition to phase f. This difference can
result from the directional character of hydrogen bonds C—
H---7 and the central character of contacts H---H.

Borissova et al.** considered short C—H--Ru contacts as
important cohesion forces in the crystal structure of a-RuCp,.
However, these shortest H--Ru distances under ambient
conditions are about 0.18 A longer than the sum of van der
Waals radii (3.25 A).>*** Thus, this interaction is most likely
weaker than the hydrogen C—H---7 bond (described above in
detail). In f-RuCp,, a new type of C—H--Ru interaction
appears: it is shorter and it is easily compressed compared to
that in phase « (Figure 6). These new features suggest that
interactions C—H---Ru in f-RuCp, are stronger compared to
those in phase a. According to the H-donor and H-acceptor
properties and to geometrical parameters, this new C—H--Ru
interaction in f RuCp, can be classified as an anagostic
interaction.>**® Contacts C—H:--Ru link the RuCp, molecules
into chains expanding along the direction [010] in phase a
(there are two molecules per b translation) and along [100] in

https://doi.org/10.1021/acs jpec.1¢10249
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Supporting Information).

phase f (one molecule per a translation, as shown in Figure S5
in the Supporting Information).

The shortest Ru--H—C contacts are usually described as
agostic bonds where the H atom approaches the bonding
orbital electrons of the Ru atom. The geometric criteria for
such agostic bonds are Ru---H distance shorter than 2.3 A and
Ru---H—C angle less than 140°.** Presently, no structures with
such contacts are deposited in the Cambridge Structural
Database (CSD),** but longer interactions denoted as agostic
are known in the literature, for example, in H,RuCH, (2.55
A)* and carbonyl-chloro-hydrido-bis(tri-isopropylphosphine)-
ruthenium(II) (2.32 A).*® The longer contacts, usually with
angle Ru--H—C between 140 and 170° are described as
anagostic bonds (Figure 7). Although their geometry (the
distance shorter than the sum of van der Waals radii)
corresponds to classical hydrogen bonds, these latter involve
electronegative H-donor atoms which contrasts with usually
neutral CH groups.

Comparison of a-RuCp, and -RuCp, with lll-FeCp,.
The structures of ruthenocene @ and ferrocene III are very
similar in (i) the crystal symmetry (space group Pnma) and
unit-cell dimensions, (ii) the positions and arrangement of
molecules, and (iii) the eclipsed conformation of the
molecules. The molecular orientation hardly differs between
ruthenocene a and ferrocene III, either. Angle y between
directions Fe—Cp, and axis [z] in FeCp, at 98 K/0.1 MPa is
28.36(2)°, which is slightly smaller than that in ruthenocene a
(Figure 8). Our results show that angle i in a-RuCp, weakly
depends on pressure at a rate of —0.3°/GPa. However, the
transition to f-RuCp, abruptly reduces angle y to circa 20° at
1 GPa and its pressure dependence is much stronger of —2.4°/
GPa (Figure 8).

This strong y (p) dependence indicates that in f-RuCp,, the
molecular reorientation can efficiently release intramolecular
strains induced by pressure. Moreover, the direction of the
molecular reorientation opens the access to the Ru cation
between the Cp rings on one side and on the other points the
closest C—H bond of the neighboring molecule toward the Ru
cation (Figure 8). This reorientation can be connected with
the formation of anagostic C—H:-Ru bonds. The C—H-Ru
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Figure 7. Scatter plot of C—H---Ru found among the CSD deposits**
under boundary conditions H--Ru distance 2.900—3.445 A and C—
H--Ru angle between 90 and 180° (blue squares). Consecutive
changes in the C—H--Ru dimensions with increasing pressure
(arrows) are indicated for a-RuCp, (red) and f-RuCp, (green).

distances drastically shorten in f-RuCp, (Figure 6), while
distances C—H--Cp, become longer. Thus, the comparison
can lead to the competition between hydrogen bonds C—
H---m, favored in phase @, with anagostic bonds C—H--Ru
favored in phase f. It should be noted that within each of the
a-RuCp, and f-RuCp, phases, the only degree of freedom for
structural changes involving the molecular orientation is angle
y. This angle together with the intermolecular contacts is the
microscopic structural effect resulting in the macroscopic
compressibility.

https://doi.org/10.1021/acs jpcc.1c10249
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We have observed a clear effect of pressure on the molecular
dimensions of the RuCp, molecule: the compression of the
distance between the Cp ring and the Ru atom, as well as the
changing inclination of the Cp rings. The Cp---Ru distance is
strongly compressed in all the pressure range of phase @
(Figure 9), but in phase f, the Cp--Ru distance initially sharply
increases and then it asymptotically approaches the value of
about 1.77 A. This behavior coincides with the formation of
short anagostic contacts C—H:--Ru, which require the H atom
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Figure 9. Ru—Cp,_ distance plotted as a function of pressure. The
insets show the Cp plane angle in one molecule and a space-filling
model of C—H--Ru bonded chain in -RuCp,.
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to penetrate between the Cp rings. Thus, the Cp rings are
pushed apart by the H atom approaching the Ru** atom. At the
same time, the Cp rings increase their inclination in phase f as
they open up to facilitate the shortening of the anagostic CH-+-
Ru contact too. It contrasts with the pressure dependence of
the angle between Cp rings in phase a, which is equal to 0.52
and practically pressure independent up to 3.6 GPa at least
(see the inset in Figure 9).

B CONCLUSIONS

Ruthenocene is the first simple metallocene, MCp,, for which a
phase transition does not involve any conformational changes.
In both phases a and f, the RuCp, molecules are in the
eclipsed conformation. This new f-ruthenocene polymorph is
unprecedented for all groups of metallocenes MCp, inves-
tigated so far (Figure 1). On the other hand, both phases a and
f of ruthenocene are strikingly similar: they are both
orthorhombic, belonging to symmetry class mmm, the
molecules are located on mirror planes, the unit-cell
dimensions are similar, and the molecules are similarly inclined
to the lattice directions. Consequently, the anisotropy of
compressibilities of both phases is similar too. Moreover,
RuCp, phases @ and f can grow as concomitant, oriented
nonidentical twins, with their corresponding lattice axes
parallel. This feature resembles the oriented intergrown
polytype forms but the differences in the lattice dimensions
are larger for the RuCp, phases. This contrasts with the
twinning law of identical twins, which are related by a
nonidentical twins observed in ruthenocene, resembling the
racemic twins of enantiomers, where all lattice axis super-
impose too. The transformation between ruthenocene phases
and the large hysteresis of this transformation are consistent
with the competing cohesion forces specific for phases @ and /3.
In phase a, the CH--w hydrogen bond has been clearly
identified. These C—H--7 bonds are weakened in phase f,
where anagostic CH:--Ru contacts become significantly shorter
than in phase . The competition between bonds C—H---z and
C—H:--Ru stabilizes the structures of phases @ and f in the
exceptionally wide hysteresis region from 0.7 to 3.9 GPa. A
clear correlation between the molecular dimensions and
anagostic CH:~-Ru bonds has been rationalized in the terms
of steric hindrances involving H--Cp contacts. The strong
energetic preference of RuCp, molecules for the eclipsed
conformation prevents the transformation of ruthenocene to
phase I’, which contrasts with ferrocene phases I, II, and mrt’
and nickelocene phase L
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ABSTRACT: Above 3.6 GPa, osmocene, a-Os(CsHj),, transforms to the new phase /- Anagostic bonds - :
Os(C;H;),, unprecedented among prototypic metallocenes M(CsH;),. Despite the favour a new

isostructural ambient-pressure phases of osmocene a-Os(C;H;), and ruthenocene a- osmocene phase | \
Ru(CsHs),, the high pressure differentiates the symmetry of phases f-Os(C;H;), and f- = =

Ru(C¢Hg), and the patterns of intermolecular anagostic bonds CH---M in their structures.

The formation of CH:+-Os bonds in /-Os(CsHjs), and their breaking on the transition to a- Fe <R <O
Os(C;sHj), result in an exceptionally wide pressure hysteresis, extending between 0.3 and 3.6 e e '

GPa. In #-Os(C4H,),, each molecule is the H-donor of four and the H-acceptor of other four

of eight CH---Os bonds, compared to the capabilities of one H-donor and one H-acceptor of each molecule in f-Ru(C;H;),. The

mechanism combining the competition of hydrogen bonds CH-- with anagostic bonds CH-:-Os, the molecular conformation, and
the pressure-induced phase transitions in ferrocene, ruthenocene, and osmocene is explained.

—

B INTRODUCTION ambient conditions, transforms to a high-pressure phase of this
symmetry, too. The main aim of our present study on OsCp,

Ferrocene (FeCp,, where Cp denotes the cyclopentadienyl
was to investigate its high-pressure behavior. On the one hand,

ring), ruthenocene (RuCp,), and osmocene (OsCp,) form the

group of prototypic stable metallocenes, fulfilling the rule of the very similar ambient-pressure phases a-RuCp, and a-
18-electrons. Under ambient conditions, their structures are OsCp,, both dominated by CH:--7 bonds between the eclipsed
stabilized by hydrogen bonds CH:--z. High-pressure studies of energetically favored conformers, suggested that the phase
FeCp, and RuCp, revealed new phases of these compounds.” diagrams of these compounds were similar. On the other hand,
In ferrocene phase I at ambient conditions, the conformation- the different thermodynamic transformations of isostructural
ally disordered molecules are aggregated by hydrogen bonds phases can reveal subtle differences in the properties of
CH:--z, which continue to prevail above 3.2 GPa in the analogous compounds. For example, the high-pressure
structure of ferrocene phase I, where the ordered staggered behavior of FeCp, and NiCp, is similar, as they both"®’
conformers are present. Otherwise, ferrocene phases I and I' transform isostructurally within the space group P2,/n to
are isostructural, both of monoclinic space group (P2,/n). analogous phases I'. However, FeCp, and NiCp, transform
Low-temperature ferrocene phase III (orthorhombic space differently on decreasing the temperature.'™'* In any of their
group Pnma)® is isostructural with the ambient phases of phases, no anagostic CH--M bonds are formed. The FeCp,-III
ruthenocene® and osmocene,” where the molecules assume the structure is similar to a-RuCp,, but all distances H--Fe are at
eclipsed conformation. At 3.9 GPa, ruthenocene transforms to least 0.1 A longer than the sum of van der Waals radii, 3.18 A
a new phase f-RuCp,, retaining the eclipsed conformers but according to Bondi.'*'* Also, in FeCp, phases I and I, and
eliminating hydro%en bonds CH---7 dominating the ambient- even in phase I’ up to 38 GPa, no short anagostic type of Fe--
pressure structure.” In their stead, anagostic bonds CH:---Ru are H contacts are present. In the ambient phase a of
formed. Their formation increases the molecular bending angle ruthenocene,” bonds CH--7z are considerably shorter than
Cpa—Ru—Cp,, from 179.53° in a-RuCp, (Cp,; and Cp,, are contacts CH---Ru, but in the high-pressure-phase f-RuCp,,
centroids of rings Cp; and Cp,, respectively) to 178.98° in - anagostic bonds CH--Ru are the shortest contacts, while

RuCp,. This bending angle generates a molecular electric
dipole due to the displacement of the dication and anionic Cp
rings along the direction perpendicular to the pseudo-Cs-
symmetry axis. Consequently, the dipole—dipole forces
contribute to intermolecular interactions. The energies of
differently aggregated dimers of ferrocene, ruthenocene, and
osmocene were calculated by Vargas—Caamal et al.’ The
ruthenocene phase f# (orthorhombic space group Pcmb)® was
unprecedented among metallocenes so far.”’~” Thus, it was
natural to ask if osmocene, isostructural with a-ruthenocene at

contacts CH:+-7 become longer than the sums of van der Waals
radii.” Thus, it appears that high pressure strongly favors
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anagostic bonds CH:-M and this dependence is presently
being further investigated for osmocene.

B METHODS

Both Raman and X-ray experiments on osmocene were
performed in a Merrill-Basset diamond anvil cell (DAC)"*
modified by mounting the anvils directly on the edges of steel
backing plates with conical windows. The pressure was
calibrated by the ruby fluorescence shift method'® before
and after the diffraction and spectroscopic experiments. This
method and the resolution of our Photon Control
spectrometer afford an accuracy of about 0.02 GPa.

The Raman experiments were measured for the polycrystal-
line sample compressed in a DAC equipped with low-
fluorescence synthetic IIA diamond anvils with a Hamamatsu
Photonic multichannel detector and a laser M266 from Solar
Laser Systems with an excitation wavelength of 785 nm. A
methanol/ethanol/water (MEW) mixture (16:3:1 vol) was
used as the hydrostatic pressure-transmitting medium.

Qur compression experiments on the pulverized OsCp,
sample and subsequent powder X-ray diffraction (pXrd, cf.
Figure S1 in the Supporting Information) showed that the
ambient-pressure phase a-OsCp, persists up to 3.6 GPa when
it transforms to a new phase f. The single-crystal X-ray
diffraction (scXrd) experiments confirmed that phase @ can be
compressed until 3.6 GPa, but the transition shattered the
single crystals into small pieces (Figure 1).

Figure 1. Compression of an a-OsCp, single crystal at room
temperature to (a) 1.24 GPa, (b) 3.36 GPa, and (c) 4.18 GPa, when
the crystal is broken after the transition to phase f at 3.6 GPa. Several
small ruby chips lie close to the gasket edge in the DAC chamber.

In order to obtain a good-quality single crystal of phase fj,
we undertook its high-pressure in situ crystallization. Like for
ruthenocene,” we grew single crystals from the tetrahydrofuran
(THF) solution. Up to 1.5 GPa, the in situ crystallization of
osmocene yielded crystals of phase a only (Figure 2). At 296
K, THF freezes at 2.24 GPa."” Therefore, the single crystals of
phase ff were grown by the method of high-pressure nucleation
in the following steps: (i) the polycrystalline sample was
compressed in THF to about 4.0 GPa, i.e., above the transition
to phase f; (ii) the pressure was reduced to 0.5 GPa,

Figure 2. Isochoric in situ recrystallization of a-OsCp,: (a) 463 K,
(b) 369 K, and (c) 296 K/0.35 GPa. Two ruby chips are placed near
the left edge of the gasket. The crystal axes and Miller indices of faces
are indicated in (c).
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insufficient to trigger the reverse transition; (iii) all but one
crystal grain was dissolved by heating the sample; and (iv)
from this one seed, a single crystal of phase f# was grown in
isochoric conditions (Figure 3). This method of in situ high-

.50 GPa

Figure 3. Photos (a)—(c) show the isochoric growth of a single
crystal of #-OsCp, from one of the seeds nucleated above 3.6 GPa/
296 K: (a) one seed left after reducing pressure to 0.5 GPa and
heating the sample to 413 K; (b) the crystal at 388 K and (c) at 293
K/0.5 GPa. Photos (d) and (e) show the isothermal decompression
of the #-OsCp, crystal and (f) the small crystal pieces at 0.2 GPa, after
the transition to phase a. Several ruby chips lie close to the gasket,
and one moves around the chamber. The crystal axes and Miller
indices of faces are indicated in (c).

pressure nucleation was used previously for obtaining the
single crystals of RuCp, p-phase.” On releasing pressure, the
crystals remain in phase f down to 0.3 GPa, when they
transform back to phase a (¢f Figures 3 and S2 in the
Supporting Information).

The scXrd data for the compressed OsCp, samples were
measured on a KUMA KM-4 CCD 4-circle diffractometer,
while the pXrd data were recorded on an Excalibur EOS
diffractometer, both using Mo Ka radiation. The scXrd and
pXrd experiments and preliminary data reduction were
performed with CrysAlis software.'® Corrections for the
DAC absorption, sample shadowing by the gasket, and sample
absorption were calculated, and diamond reflections were
eliminated.'”*® The crystal structures of phase a at ambient
conditions and of phase f# at 1.0 GPa were solved by direct
methods of Shelxs and refined by full-matrix least-squares on
F¥s with Shelx,”' operated through Olex 2.”* Then, these
structures were used as the starting models for the higher-
pressure experiments. The H atoms were ideally located from
the Cp ring geometry (AFIX 43 and C—H distances of 0.93
A). The crystallographic information about the phases of
OsCp, is summarized in Table 1 and detailed in Table S1 in
the Supporting Information (SI). We have applied a non-
conventional setting of the space group Pcab for describing the
symmetry of phase #-OsCp, (cf. Table 1) in order to facilitate
its comparison with the structure of phase a.

The internal energy for the structures of phases a-OsCp,
and pJ-OsCp,, as well as the conformational energy of
molecules, was calculated by Gaussian 16W software using
the density functional theory (DFT) method with the standard
double-{ LANL2DZ basis set for Os, Ru, and Fe, while the
SDD basis set associated with pseudopotential and the D95
basis set were used for C and H, respectively.”*~>* All of the
DFT calculations were carried out using the Perdew—Burke—

https://doi.org/10.1021/acs jpcec.3c04579
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Table 1. Selected Crystallographic Data of OsCp, Phases «
and g

PIESSHIE
(GPa) 0.14 2.3 0.5 1.78
phase a a p P
space group”  Pnma Pama Pcab Pecab
unit cell  a  7.0109(2) 6.6513(2) 11.2020(4) 10.8976(4)
(GY) b 8.8334(2)  84446(3)  9.8404(3)  9.5556(3)
¢ 12755(12)  12.447(14)  13.802(14)  13.521(14)
v (A%) 789.9(7) 699.1(8) 1521.4(15)  1408.0(15)
z/7' 4/0.5 4/05 8/1 8/1
density 2.694 3.044 2.797 3.023
gcmfﬂ

“¢f. Table S1 with 13 high-pressure structures of OsCp, in the
Supporting Information. “Nonstandard setting of space group No.61,
Pbca, has been applied to phase .

Ernzerhof (PBE) functional in Gaussian 16W. The periodic
boundary conditions,” reproducing the translation vectors in
the crystal structures, were applied.

B RESULTS AND DISCUSSION

Our Raman spectroscopy, as well as powder and single-crystal
X-ray diffraction experiments, shows that ¢-OsCp, can be
compressed up to 3.6 GPa when it transforms to phase /5. The
P-phase can be decompressed down to 0.3 GPa when it
transforms back to phase a. The structure of phase a has been
determined in all its stability and hysteresis range up to 3.6
GPa, while the structure of high-pressure phase § has been
determined between 0.5 and 2.0 GPa. This upper limit of the
f-phase determination by scXrd was due to the crystallization
of THF at 224 GPa,’ which distorted the hydrostatic
conditions and destroyed the single crystals.

High-Pressure Phase of Osmocene. The ambient-
pressure phases of a-RuCp, and a-OsCp, resemble each
other because (i) they are isostructural; (i) their structures are
stabilized mainly by CH:--z bonds; and (iii) the morphology of
crystals of phases a-RuCp, and a-OsCp, is very similar

(compare Figures 2 and 3 with Figures 2 and 3 in ref 2). There
are also similarities in the pressure-induced phase transitions of
osmocene and ruthenocene and in the structures and
morphologies of their high-pressure phases, f-RuCp, and f-
OsCp,. However, phases -RuCp, and -OsCp, differ in their
space group symmetries and in the symmetry of molecular
sites. In phase -RuCp,, the molecule lies on the mirror plane,
and the molecular conformation is precisely eclipsed, whereas
in f-OsCp,, the molecule lies in a general position, so the
symmetry does not interfere with the molecular conformation,
but it only marginally diverts from the eclipsed conformation
(Figure S3 in the Supporting Information). The angle Cp_,—
Os—Cp,, is bent by about 1° (Figure S4 in the Supporting
Information). The absence of mirror planes in the structure of
phase -OsCp, is mainly due to the rotations of the eclipsed
conformers by 14.5° at 0.5 GPa (Figure SS in the Supporting
Information).

The unit-cell dimensions of a-RuCp, and a-OsCp, crystals
are very similar, and they compress very similarly, too. In both
these compounds, the most compressed are parameters a,,
intermediate compressed are parameters b, and the least
compressed are parameters ¢, (the Greek subscripts refer to
the phase label). The compression of phase a-OsCp, is clearly
nonlinear (Figure 4), which is characteristic of molecular
crystals. Anagostic-like contacts between molecules along the
[y] direction (Figures S6 and S7 in the Supporting
Information) are more compressible than H-bonds CH--z,
connecting the osmocene molecule along the [z] direction
(Figure S).

As a consequence of the similar structures, molecular shape,
and interactions, the deformations of the OsCp, and RuCp,
crystals at their transitions to phase f and then the
compressions of phases f-OsCp, and S-RuCp, are very
similar. The abrupt deformation of the crystal of OsCp, is
very strong: in the f phase, the crystal becomes shorter by over
20% along [x] and longer by over 10 and 8% along [y] and [z],
respectively (Figure 4b). The magnitudes of the deformations
of RuCp, are equally large.

(a) (b)
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Figure 4. Compression of osmocene (full symbols), phase @ (squares), and phase § (triangles): (a) the molecular volume and (b) unit cell
parameters related to the ambient pressure values of phase a at 0.1 MPa/296 K. For comparison, the compressibility of ruthenocene (open

symbols, dotted lines) is indicated.
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A~ Phasea _*~

Phase B

Figure 5. Crystal structures of osmocene projected down direction
[010]: (a) phase & at 0.14 GPa and (b) phase §§ at 0.50 GPa. The
shortest contacts CH---M and CH:--x are indicated with dotted red
and green lines, respectively. Note the corresponding set of eight
molecules in (a) two unit cells of phase @ and (b) one unit cell of

phase f.

Transitions between Phases a and f in RuCp, and
OsCp,. The similarities in the pressure stability regions of
phases a and f, their compression, and the deformation
between the phases of osmocene and ruthenocene can be
rationalized by the high-pressure stimulated increased role of
anagostic bonds CH--M. However, a significant difference is
that in $-OsCp,, the mirror planes disappear and the unit cell
is doubled along direction [x] (Figures S8 and $9 in the
Supporting Information). The symmetry of mirror planes is
broken because the molecules are rotated by ca. 14° from this
plane to the position best exposing the Os atom to four H
atoms of neighboring molecules. In phase f-OsCp,, each Os
atom becomes the H-acceptor of four anagostic bonds. As
shown in Figure 6, each of these four anagostic bonds is
located between two opposing C—C bonds, nearly parallel in
the eclipsed Cp rings.

Thus, in phase f, four anagostic CH:-Os bonds can be
formed in the favored directions after the molecules rotate by
about 14° at 0.5 GPa (this molecular rotation is denoted as
angle ¢ and plotted vs pressure in Figure SS in the Supporting
Information), opening the best access to the Os acceptor. This
rotation breaks the symmetry of the mirror plane present in
phase «, which restricts the molecules in the position optimal

for only one short anagostic contact CH---Os. In -RuCp,, the
only anagostic contact CH:--Ru shorter than the sum of van
der Waals radii is formed along the mirror plane directed
between the C—C bonds of Cp rings, while other Ru--H
distances are ca. 0.6 A longer (Figures 6 and SI10 in the
Supporting Information). In $-OsCp,, for each Os atom, four
intermolecular contacts Os---H are shorter than the sum of van
der Waals radii, 3.36 A,"**’ (Figures 6 and 7). Noteworthy, the
rotation angle ¢ in -OsCp, decreases with increasing pressure
to about 8° at 0.5 GPa (¢f. Figure S5), which is an indication of
a competition between the directional anagostic CH--Os
bonds and nondirectional London forces for the molecular
arrangement in the compressed structure. The London
interactions in the approximately C-symmetric crystal environ-
ment of molecules tend to reduce the inclination to the
pseudo-mirror plane, substituted by the glide plane a
perpendicular to the crystal [y] axis (¢f Table 1 and Figure
6). An analogical effect of C-symmetric crystal field was
observed in the structure of disordered ferrocene phase I and
nickelocene phase I, where high pressure increased the
intermolecular interactions and induced the transition of
these crystals to the ordered phases I" with all the molecules in
the staggered, i.e,, energetically unfavorable conformation.

This is apparent that in both high-pressure phases $-OsCp,
and f-RuCp,, the anagostic bonds are favored, but under high
pressure, the H-acceptor capacity of the H-bonded crystalline
structure of Os becomes four times higher than that of Ru. In
order to understand the different H-acceptor capacities of the
OsCp, and RuCp, molecules, we have calculated their
electrostatic potential (Figure 8).

It can be observed that in the series of ferrocene,
ruthenocene, and osmocene, the negative electrostatic
potential on the metal center sandwiched between Cp rings
becomes increasingly more negative (Figure 8) and that this
electrostatic potential is more negative for the eclipsed than
that for the staggered conformers (Figure S10 in the
Supporting Information). The highest negative electrostatic
potential in B-OsCp, coincides with its 4-fold H-acceptor
capacity. Moreover, we established that the electrostatic
potential on the molecular surface of the Os and Ru atoms
decreases with increasing pressure in all of the OsCp, and
RuCp, planes (Figure S11 in the Supporting Information),
which increases the H-accepting capability of the Os and Ru
cations under high pressure. Thus, the phase transition and the

Figure 6. Anagostic CH---M bonds in /-RuCp, at 1.00 GPa and in #-OsCp, at 1.05 GPa. The interacting molecules are viewed along their axes,
lying in the mirror planes for ruthenocene and close to the glide plane a for osmocene. The distances (A) are indicated in colors used for plotting

the distances in Figure 7.
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Figure 7. The H-acceptor molecule and its four H-donors for anagostic CH--Os bonds in #-OsCp, at 0.5 GPa. Shortest distances, Os--H, 5 (red),
Os-Hgp (blue), Os--Hyy (green), and Os--H,y (purple), plotted as a function of pressure for a-OsCp, (triangles) and -OsCp, (squares). The
symmetry-equivalent distances in phase o are labeled with the corresponding H atoms of phase # indicated with atomic labels in the structural
fragment. The sum of van der Waals radii of Os and H is marked by the horizontal dotted line (vdWy; = 1.20 A after Bondi'® and vdW, = 2.16 A

after Hu).”” All ESDs are smaller than the plotted symbols.

Ferrocene
staggered

eclipsed

aar YT

-0.02

-0.01

Ruthenocene
staggered

eclipsed

Osmocene
staggered

eclipsed

0.02772

[statV]

0.01 0.02

Figure 8. Electrostatic potential mapped on the molecular surface of isolated ferrocene, ruthenocene, and osmocene staggered and eclipsed

conformers (cf. Figure S12 in the Supporting Information).

structure of f-OsCp, are directly connected with the pressure-
promoted anagostic bonds CH:--Os. Moreover, the potential
on metal centers becomes increasingly negative with
compression (¢f. Figure S11 in the Supporting Information),
which is consistent with the preference for anagostic bonds
CH-M in the compressed RuCp, and OsCp, crystals.

The scatter plots for structures with CH:-Os and CH-Ru
contacts deposited in the Cambridge Structural Database
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(CSD)** (Figure 9) show similar weak correlations between
the distances and CH---M angles, albeit in the CSD, there are 9
times fewer structures with Os, H, and C atoms than those
with Ru. When taking into account these different numbers of
deposits, it can be concluded that the CH---Os bonds are twice
as frequent compared to CH---Ru bonds.

The scatter plots in Figure 9 show a very similar pressure
dependence of the distance—angle correlation between CH:--

https://doi.org/10.1021/acs jpcc.3c04579
J. Phys. Chem. C 2023, 127, 19250-19257
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Figure 9. Scatter plots of intermolecular contacts (a) C—H--Os and
(b) C—H-Ru found in the CSD deposites™ fulfilling the conditions
of angle 90° < CH---Os/Ru < 180° and distance 2.9 A < H---Os/Ru <
sum of van der Waals radii +0.175 A (blue squares). The pressure-
induced changes in these dimensions are indicated for a phases with
triangles and for f phases with squares for osmocene (a) and
ruthenocene (b).

Os and CH:-Ru bonds in a-OsCp, and a-RuCp,: the H---M
distance is compressed by about 0.3 A, while the C—H--M
angle hardly changes between 140 and 145°. However, the
distance—angle correlation for the f phases is different: in -
OsCp,, four independent CH:--Os bonds are bent to about
140—160°, whereas in f-RuCp,, the one independent CH---Ru
bond is compressed along the line gradually diverting from the
180° C—H--Ru angle (¢f. Figure S13 in the Supporting
Information). It suggests that the preferentially straight
anagostic CH---Os bond adjusts its angles to the local strains
in the f-OsCp, structure. It is also characteristic of the f-
OsCp, phase that only one of the CH:-Os bonds is
significantly shorter than the others, which is another analogy
to the structure of S-RuCp,.

All but one hydrogen bond CH--z is compressed in
osmocene and ruthenocene phases o and f, which suggests
that these interactions continue to play a significant role in
stabilizing the high-pressure structures of OsCp, and RuCp,
(¢f. Figure S14 in the Supporting Information).

Raman Spectroscopy. The fingerprint regions of Raman
spectra (400—1600 ¢cm™') for OsCp, and RuCp, at ambient

pressure are analogues.”” The most intense bands are present
at 356, 413, 1059, and 1097 cm™" for osmocene (Figure 10a),

(a) 2
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Figure 10. Raman spectra of (a) osmocene and (b) ruthenocene
registered for the 1 = 785 nm excitation wavelength. The a and f
phases are colored red and green, respectively.

which are close to the corresponding bands at 332, 398, 1059,
and 1097 ecm™, for ruthenocene, respectively (Figure 10b).
The peak at the smallest wavenumber corresponds to the
metal—Cp ring stretching, the second peak (around 400 cm™)
is related to the ring tilting, the band with medium intensity
(around 1060 cm™) corresponds to the C—H out-of-plane
bending, and the most intense band (around 1100 cm™)
corresponds to the C—C streching.*® Above 3.6 and 3.9 GPa,
for osmocene and ruthenocene, respectively, when the new
phase appears, the band at # = 439 cm™' starts to be more
intense, while the band at # & 1060 cm™" corresponding to C—
H out-of-plane bending significantly decreases. These changes
are visible in the spectra of OsCp,, while for RuCp,, they are
smaller, which can be caused by the 4-fold larger number of
anagostic interactions formed in $-OsCp, than in RuCp,. All
bands shift with the increasing pressure to the higher-energy
region (¢f. Figure S15 in the Supporting Information), but a
rapid change of the trend at the critical pressure is visible only
for the metal-Cp ring stretching mode, while the bands of
higher energies are less sensitive to the high-pressure changes.

Crystal Structure Energy Calculations. In order to
evaluate the energetic effect of the crystal-symmetry change
between osmocene phases @ and f as well as for the
quantitative comparison of the aggregation energy of
osmocene and ruthenocene phases, we performed the crystal
structure single-point energy (SPE) calculations. The SPE
calculations were performed for the crystal structures exactly as
determined by us for ruthenocene” and for osmocene in this
study; no optimization of these structures was activated. The
SPE values obtained in this way for ruthenocene (—410 773 kJ
mol ™! for a-RuCp, at 0.1 MPa) are generally lower than the
SPE for osmocene (—403 322 kJ mol™' for a-OsCp, at 0.1

https://doi.org/10.1021/acs.jpcc.3¢04579
J. Phys. Chem. C 2023, 127, 19250—19257
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MPa, Figure 11). The SPE value of phase -OsCp, is about
300 kJ mol™" higher than that for phase a. According to our
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Figure 11. Relative single-point energies calculated for osmocene (full
symbols, solid lines) and ruthenocene (open symbols, dashed lines)
plotted as a function of pressure for phases a (triangles) and S
(squares). The computations used the DFT/PBE method and the
LANL2DZ basis set for Os and Ru; for C and H atoms, the SDD basis
set with a pseudopotential and D95, respectively. All energy points are
related to that of @-OsCp, at 0.1 MPa.

computations, the rate of energy change of compressed a-
RuCp, is 125 kJ GPa™, which is 5 times larger than that of
OsCp, (25 kJ GPa™). It indicates that the crystal structure of
a-RuCp, is more sensitive to compression. Interestingly, the
SPE for f3-RuCp, intersects with the energy for phase a at
about 1.5 GPa. This intersection point corresponds to the
stability regions of RuCp, phases @ and f. However, our
calculations for OsCp, have not revealed such an intersection
point up to 2 GPa, which can be an indication that instead of
the SPE calculations, the geometry optimization should be
performed. It is plausible that the considerable changes in the
molecular dimensions of OsCp,, such as the Os—Cp,_ distance
(Cp. denotes the centroid of the Cp ring), shown in Figure
S$16, are not correctly represented by the SPE calculations. Due
to their extensive computing power requirements, the crystal
structure SPE calculations were performed only for the fixed
molecular geometry. Presently, further studies involving the
optimization of molecular geometry are planned to resolve this
problem.

B CONCLUSIONS

The structure of the new high-pressure phase f of osmocene
revealed in this study clearly indicates a systematic change of
properties in the series of prototypic metallocene compounds
with the general formula MCp,. For the series of 18-
configuration compounds FeCp,, RuCp, and OsCp,, we found
a gradual increase of the negative electrostatic potential on the
molecular surface around the metal cations, which correlates
with its H-acceptor capability, 1-fold in f-RuCp, and 4-fold in
p-OsCp,. The stronger H-affinity of OsCp, differentiates its
high-pressure f3-phase from that of RuCp,, despite their nearly
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identical ambient-pressure a-phases. The significant role of
high-pressure-promoted anagostic bonds in f-OsCp, and
RuCp, can be extended to their atmospheric a-phases, where
similar contacts H:-Os and H---Ru, albeit longer than the sums
of van der Waals radii, are present. The crystal structures of
phases I1I-FeCp,, a-RuCp,, a-OsCp,, f-RuCp,, and -OsCp,
confirm that hydrogen bonds CH--x play a significant role in
all these phases, although their role is reduced compared to the
anagostic bonds in phases f-RuCp, and f-OsCp,. The
presence of CH:--x bonds and the preference for the eclipsed
conformers both combine in favoring the orthorhombic phases
III-FeCp,, a-RuCp,, and a-OsCp,. However, the clearly lowest
H-affinity of Fe corroborates the exceptional stability of this
structure in the low-temperature region, as well as the
preference for the high-pressure structure of phase I'-FeCp,
dominated by hydrogen bonds CH--z.® The dielectric
response of ferrocene crystals,”""** as well as the conforma-
tional features recently revealed in the new modulated
structure of phase 1” of ferrocene,’’ suggests a contribution
of dipole—dipole cohesion forces, which until recently were
not considered. The weaker anagostic interactions and a
stronger contribution of other types of cohesion forces can
contribute to the presently known distinctly higher number of
crystal phases (I, I, I, II, and III) of ferrocene compared to
other simple metallocenes, e.g., only two phases are known for
osmocene, ruthenocene, and nickelocene. These intermolecu-
lar forces interplay with the conformational features of
metallocene compounds, leading to their different structures
and properties.
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5 ABSTRACT: Ruthenocene and osmocene, under normal conditions isostructural to low-
6 temperature ferrocene phase III, have been regarded as prototypical metallocenes exclusively
7 present in the energetically favored eclipsed conformation. This strong preference contrasts
8 with ferrocene, which exhibits the staggered, rotated, eclipsed, disordered, and modulated
9 conformations in its five polymorphic forms. Here we show that ruthenocene at 394.0 K and
osmocene at 421.5 K transform to new higher-symmetry isostructural phases, where the
11 cyclopentadienyl rings become disordered in two modes: seesaw tilts hinged on the metal
cation and rotations about the molecular pseudo-C; axis. The transitions’ entropy change and
the Fourier transformations of the diffraction data indicate the hindered rotations, with
molecules dynamically disordered between the staggered and eclipsed conformations, whereas
in the final structural models the electron density distribution around the rings, calculated
from the atomic displacement parameters of refined atomic sites, is continuous. For the
prototypical metallocenes, a common pattern of transformations leading to disordered
conformations has been connected with intramolecular anagostic bonds CH---M (M = Fe, Ni, Ry, Os). Their strength correlates
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rototypical metallocenes MCp,, where M is a metal

dication and Cp denotes the cyclopentadienyl [C;H;]~
anion, are textbook examples of conformationally dependent
solid-state phases.'™” Both gas-phase electron diffraction’*"!
and theoretical calculations' ' consistently indicate that the
eclipsed conformer of ferrocene (FeCp,) is 3.8 + 1.3 kJ mol™*
more stable than the staggered one. Ferrocene is a stunning
example of different crystal phases depending on the molecular
conformation. The conformation, ie, the position of one Cp
ring (Cp1) relative to the other (Cp2), is measured by torsion
30 angle 7 (C—Cpl centroid—Cp2 centroid—C’) between the
31 closest C atoms of the opposite Cp rings around the (pseudo)-
32 Dj axis. Ferrocene in its ambient phase [ initially was associated
33 only with the staggered conformation (z = 36°),"* but the
34 disorder of the Cp rings'™'® implies an entanglement of
35 populations of other conformers,'” too. A high pressure of 3.24
36 GPa is needed to order the Cp rings exclusively in the
37 staggered conformation.”'*”** At ambient pressure (0.1 MPa),
38 below 172.8 K, ferrocene transforms to the conformationally
30 modulated disordered phase 1";*! below 163.5 K, in phase II,
40 the molecules order in independent conformers rotated right
41 and left (7 = +8° and +9°)," and in subsequent phase III the
12 molecules assume the eclipsed conformation (7 = 0°).” The
43 low-temperature ferrocene phase III is isostructural with
44 ambient-pressure phase @ of ruthenocene™ and osmocene.*
45 Recently, we obtained new structurally different high-pressure
46 phase f# of ruthenocene (space group Pemb) and high-pressure
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phase f§ of osmocene (space group Pcab), but their conformers 47
remained eclipsecl.z‘g’z‘1 This exceptional stabi]ity of rutheno- 48
cene (Rusz)H’23 and osmocene (OSsz)Jh24 in the eclipsed 49
conformation was puzzling when taking into account the so
similar molecular dimensions (distance M—Cp at ambient s1
conditions in ferrocene is 1.651 A,'® that in ruthenocene is s2
1.812 A, and that in osmocene is 1.815 A) as those of 53
ferrocene, the same conﬁguration of 18 valence electrons as s4
well as the similar potential energy favoring the eclipsed ss
conformers'"™'***7* by ca. 4 k] mol™", and when confronted s¢
with the partly or fully built staggered conformers, ferrocene s7
phases I, I and 1”. Nickelocene, 529 vanadocene,’® chromo- 8
cobaltocene,z 22 and magnesocene’~ were only 59
reported in the disordered or staggered conformations. It is 6o
even more puzzling that ferrocene has been so far the only 61
known metallocene crystal that topochemica]ly transforms 62
between staggered and eclipsed phases.>”**** Recently, we &3
revealed the systematic increase of the H-acceptor capability of 64
the central M ion in the series from ferrocene to ruthenocene 6s
and osmocene molecules” The anagostic CH-+Ru bonds s

cene,’
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Figure 1. DSC heating runs (blue) and entropy changes (red) for (a) ruthenocene and (b) osmocene. The dashed lines indicate the baselines.

Table 1. Selected Crystal Data of Ruthenocene and Osmocene Phases & and y“

RuCp, 0sCp,
Phase a ¥ a 4
Temperature 290 K 400 K 293 K 427 K
Space group Pnma Fmmm Pnma Fmmm
a (A) 7.1097(1) 7.2161(5) 7.0848(3) 7.1956(4)
b (A) 8.9752(2) 9.2195(6) 8.9122(5) 9.1560(5)
c(A) 12.7934(3) 12.7724(6) 12.7883(7) 12.7736(7)
V (A% 816.36(3) 849.73(9) 807.47(7) 841.56(8)
Z 4 4 4 4
Conformation eclipsed staggered 50%, eclipsed 50% eclipsed staggered 50%, eclipsed 50%

“See Table S1 in the Supporting Information.

between molecules, postulated by Borissova et al.’® for
ruthenocene phase @, become clearly more pronounced in
high-pressure phase [, where they strongly stabilize the
eclipsed conformer.”*?* Likewise, short CH---Os bonds
stabilize the eclipsed conformers of osmocene in its high-
pressure phase f. The absence of short CH:--M contacts in
ferrocene coincides with the domination of its p-T diagram by
the disordered and staggered phases I, I" and I". Here we
reported the high-temperature breaking of the CH:--Ru bonds
in ruthenocene and the CH::-Os bonds in osmocene, which
induces the conformational transitions in these compounds.
These observations provide the consistent landscape common
for all prototypic metallocenes and their thermodynamic
properties, at last.

Qur calorimetric measurements show that the ruthenocene
and osmocene crystals undergo high-temperature phase
transitions at 394.0 and 421.5 K, respectively (Figure 1).
The second-order character of these transitions is evident from
the shape of the thermal anomalies and the lack of temperature
hysteresis between the cooling and heating runs (cf. Figures §1
and S2 in the Supporting Information). This is also confirmed
by the continuous change in entropy over a wide temperature
range. The total gain in entropy accompanying the transition in
ruthenocene amounts to AS = 11.5(6) J mol™" K. This value
accounts for the configurational-entropy change, AS = RIn(N,/
N,), where N;/N, = 4 is the ratio of configurations numbers in
the high-temperature (N,) and low-temperature (N,) phases
and R is the gas constant. For osmocene, the transition entropy
is also high, AS = 9.9(5) J mol™ K™, which corresponds to AS
= Rln 3.3. These entropy changes clearly indicate the order—

88

disorder mechanism of the transitions, where the high-
temperature phases exhibit a 4-fold increase in the number
of disorder sites. Furthermore, the stretch of observed thermal
anomalies indicates that the disorder activation starts around
150 K below the critical temperatures (T. — 150 K), as
indicated in Figure 1 (cf. Figures S1—S4 in the Supporting
Information).

The single-crystal X-ray diffracion (SCXRD) structural
studies of the new y phases of ruthenocene and osmocene were
challenging due to the strong sublimation of these compounds
above 350 K. To prevent the sublimation, we fixed the samples
between cotton fibers gently pushed by a glass rod nearly
matching the inner diameter of the capillary; we additionally
filled the space between the rod and capillary with Distal (a
two-component polymer glue). The capillaries were sealed by
melting their ends in a microtorch: one capillary end was
sealed first, then the cotton—sample—cotton—glass rod were
inserted, and then the other end was melted together with the
glass rod end. In the temperature range close to the T, and in
the y phase, these protections of the sample crystal were
sufficient to collect one full data set (during 30 min) and to
start the subsequent one: after 5—10 min, the sample crystal
started to move due to its sublimation. During one 30 min data
collection, the intensity of control reflections dropped by about
90%; the reflection intensities accounted for this sublimation
effect (cf. Figure SS5). Despite these experimental difficulties,
the structures were solved straightforwardly by direct methods
in Shelxs,*” and in the Fourier maps the electron density peaks
clearly indicated the carbon atoms of the Cp ring disordered in
four sites two due to the seesaw movement of molecules about

https://doi.org/10.1021/acs jpclett.5c00686
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Figure 2. Thermal expansion of (a) unit-cell parameters of RuCp, (full symbols, solid lines) and OsCp, (open symbols, dotted lines) and (b)
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Figure 3. Crystal structures of RuCp, (a) in phase a at 293 K and (b) in phase ¥ at 395 K.

127 the [y]-axis and another two due to the rotation of the Cp
128 rings by 36° about the pseudo-C; molecular axis. These clear
129 locations of 4-fold disordered Cp rings were consistent for the
130 ¥ phases of ruthenocene and osmocene, and their 4-fold
131 disorder indicated by the entropy gains, associated with the
132 transitions between the a and y phases, were close to Rln 4
133 (see the calorimetric results presented above). All this
134 information consistently confirmed the disordering mode,
135 where the Cp ring jumps between two sites 36° apart about the
136 pseudo-Cs axis and between two sites one inclined by 60° to
137 the other in the seesaw mode about the [z]-axis. The new y
138 phases of ruthenocene and osmocene, determined by SCXRD
139 (cf. detailed information about the measurements and crystals
140 are available in Experimental Section, in the Supporting

89

Information, and in Table S1) at 400 K for RuCp, and 427 K 141
for OsCp,, are isostructural (Table 1). The group—subgroup 1421
symmetry relations between phases y and & are consistent with 143
the continuous character of the transitions. The unit-cell 144
parameters and thermal expansions of RuCp, and OsCp, 14s
phases & and y are similar (Figure 2). The thermal expansion 146 &2
of parameters a and b clearly increases when approaching T, 147
whereas the thermal expansion of parameter ¢ remains nearly 148
constant. Above the transition temperatures, the ¢ parameters 149
display a strong negative thermal expansion, also observed for 150
parameters @ and b of ruthenocene and parameter b of 1s1
osmocene. 152
This thermal expansion reflects structural transformations. 153
The Ru and Os atoms remain at the D,,-symmetric special 15413

https://doi.org/10.1021/acs jpclett.5c00686
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: 'Ile

Figure 4. Autostereographic projections of ruthenocene phases (a) @ and (b) y and the ordered and disordered molecules inclined to the [z]
direction by angle ap,;. The shortest CH~-Ru distances are indicated by red and blue dotted lines to distinguish symmetry-independent contacts in
phase a at 290 K, while all indicated contacts in phase y at 400 K are equivalent. One set of sites has been skipped in phase y (b) for clarity. The

components of disorder are deconvoluted in Figure S7.

155 position, at the intersection of three mirror planes (Figures 3
156 and 4). At T, the RuCp, and OsCp, molecules become
157 disordered in an unprecedented manner for all metallocenes.
158 This disorder can be decomposed into two modes: (i) the
159 seesaw motion of the molecules about the [y]-direction
160 measured by angle ap,; between the molecular pseudo-Cg
161 axis and the [z]-direction, angle @), is close to +30° (cf.
162 Figures 3, 4, and $6) and (ii) the Cp-ring rotations by angle ¢
163 = 36° about the molecular pseudo-C; axis (Figures 3 and 4).
164 The seesaw disorder (i) leads to two half-occupied sites of each
165 Cp ring, and (ii) each of these time-averaged half Cp rings is
166 further divided into two 0.25-occupied sites due to the pseudo-
167 Cy, rotations mode. Two Cpl-ring sites A and B (Figure 57)
168 are symmetry-independent, and they can assume different site
169 occupation factors SOF, and SOFy (= 0.5 — SOF,). Our
170 refinements of both structures y-RuCp, and y-OsCp, yielded
171 SOF, = 0.25(3) and 0.25(2), respectively; hence, we fixed the
172 SOF values at 0.25 in the final refinements. Thus, each Cp ring
173 becomes disordered in four equally 0.25-occupied positions.
174 The connected symmetry change is consistent with the
17s number of 4 configurations derived from the calorimetric
176 measurements.

177 The radial distribution of the electron density of carbon
178 atoms in the Cp ring as a function of temperature through the
179 ordered and disordered phases a and y of ruthenocene is
150 plotted in Figure 5. It shows that some superposition of the
181 distributions is present in phase @, even at 100 K, but it
182 becomes significant at 200 K. This superposition of the
183 densities of incoherently vibrating neighboring atoms, clearly

90

_'; 0.1721 Ruthenocene — 100K
=
A
= 0.129 A
= !
5 0.086
o
£ 0.043
2
= 0 . . - r
0 72 144 216 288 360
¢ angle (°)

Figure 5. Electron density of carbon atoms radially distributed along
the cyclopentadienyl ring as a function of temperature in ruthenocene
phases @ (100-350 K) and y (395 K). These distributions were
obtained by adding the probability distribution functions of the C
atoms vibrating harmonically about their equilibrium positions, with
the amplitudes derived from the anisotropic atomic displacement
parameters in the directions tangential to the Cp ring. The amplitudes
of the tangential components of mean atomic displacements were
averaged for all atoms in the Cp ring and converted to the radial
distribution. For phase y, the atomic displacements were averaged
separately for the disordered sites A and B; the common mean of the
tangential components for atoms in A and B sites yielded the perfectly
flat distribution (cf. Figure S9).

manifested at still higher temperatures, is consistent with the
very wide pretransitional entropy increase observed in the
calorimetric measurements (stretching for about 150 K), as

https://doi.org/10.1021/acs.jpclett.5c00686
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Figure 6. (a) Electrostatic potential on the molecular surface about the metal in ferrocene, ruthenocene and osmocene molecules; the insets show
the electrostatic potential calculated for the molecule of osmocene in the staggered (top) and eclipsed (bottom) conformations. (b) Intermolecular
H:--H distances of the H atom involved in the anagostic bond to the closest H atom of the Cp ring in the experimental osmocene structures

(eclipsed) and calculated for the other conformers.

well as with the low E, barrier for the Cp ring rotations. This
electron-density distribution in phase @, where the positions of
atoms (ordering of the Cp rings) is beyond doubt, illustrates
the coexistence of two aspects of the atomic positions: those
long-range vibrations correlated consistently with the crystal
symmetry and were thus traceable through the Fourier analysis,
yielding fixed mean positions of atoms, and the uncorrelated
thermal vibrations, strongly diminishing the form factors as a
function of the scattering angle 6. Thus at 296 K, despite the
well-defined mean atomic centers (at @=n-72°, where n = 0,
1-5), the overlap region (at ¢ = n:72° + 36°) accounts for
about half of the electron density (instantaneous atomic
positions). At 350 K, on approaching the transition temper-
ature, the overlap region accounts for about 75% of the atomic
distribution around the ring, which testifies that the large-
amplitude torsional vibrations are present, while each C-atom
is clearly located in a single position, and no other sites are
present.

Above the transition to phase y, apart from the seesaw
disorder, the practically continuous distribution of electrons of
carbon atoms, in light of the 4-fold increased number of states
in phase y compared to phase a, can be interpreted as the
strong thermal uncorrelated vibrations of atoms (rings) around
their disordered mean (long-range correlated) positions at sites
A (¢ = n72°) and B (¢ = n'72° + 36°). This model is
consistent with the Fourier map analysis, which reveals the
positions of the electron densities of the disordered rings at
two mean positions A and B radially separated by 36° along
the ring circumference and their successful anisotropic
refinement. This Fourier analysis confirms the long-range
correlation of the atomic positions in the rings in the crystal
(cf. Figure S8). It should be stressed that the continuously
nearly constant distribution of the electron density resulting
from the summation of atoms in both sites A and B and their
thermal vibrations is the projection of all the real crystal
structure onto the independent part of the unit cell. The
alternative interpretation of the continuous distribution of
electrons in the Cp ring is its free rotation, but it would imply a
much higher entropy change,** and no long-range correlations
of atomic positions in the crystal would yield not the mean

91

atomic sites in the Fourier maps but their continuous circular
distribution. Therefore it is plausible that the ring positions
persist to be correlated in phase y, most likely through the
hindered rotations of the ring additionally complicated by the
seesaw jumps, and the strong thermal motions of the atoms
lead to the atomic-density distribution overlaps. It should be
stressed that in the structural refinements of all the structures
in this work we have applied the harmonic model of atomic
vibrations. It is adequate for the low-amplitude vibrations, but
for the strongly vibrating Cp rings at high temperatures, such
as those in phases @ and y of ruthenocene and osmocene,
considerable anharmonic contributions are expected. The
measurements of the anharmonic vibrations are hampered
due to the limited resolution at high temperatures and the
presence of strong X-ray scattering in these structures. The
theoretical computations based on the harmonic approxima-
tion for isolated molecular dimers predict hindered-to-free
rotor transitions at 220 K in the ferrocene dimer, at 270 K in
the ruthenocene dimer, and at 350 K in the osmocene dimer.>

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

It should be also noted that the vibrations and disorder of 246

Cp rings was thoroughly investigated for ferrocene, nickel-
ocene, and other metallocenes.'"”*”***~* The primary
concern was the distinction between the Cp ring disorder as
the result of the dynamic motion of either rigid MCp,
molecules or their internal torsions. The vibrational spectros-
copy, inelastic neutron scattering, and theoretical computa-
tions indicate the prevailing contribution of the intramolecular
torsions. Most of these experiments were performed for the
low and ambient temperatures only, except for one experiment
on nickelocene at 350 K."

The seesaw reorientations of the whole molecule about axis
[y] are by angle a[,) = 30.32(2)° for ruthenocene at 400 K and
30.42(2)° for osmocene at 427 K. It is remarkable that angle
ap, between the molecular pseuo-Cs-axis and the crystal axis
[z] change only by less than 1° through all temperature range
between 100 and 440 K for RuCp, and OsCp, in their ordered
@ phases and disordered y phases (cf. Figure S6). This angle
a[,) approximates the angle between the M—C bond and the
pseudo-C; axis, which is consistent with the coupling of the
seesaw tumbling and the Cp rings rotations. In fact, the seesaw

https://doi.org/10.1021/acs jpclett.5c00686
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267 movement of ring 1 from its site Cpl, brings it to site Cply
268 (Figures 4 and S7), and a ring rotation of 36° is needed to
269 bring the ring into the new Cpl, position. Likewise, the seesaw
270 movement connects sites C2, with C2y and C25 with C2,.
271 We have shown recently that the new high-pressure phase
272 of ruthenocene and the new phase f of osmocene were
273 stabilized by anagostic CH-~M bonds.**** The theoretical
274 computations of the charge distribution in FeCp,, RuCp, and
275 OsCp, molecules™ show that the magnitude of electronegative
276 potential around the metal site grows in the sequence FeCp, <
277 RuCp, < OsCp,, which make the H-acceptor capabilities grow
278 in the same sequence: the lowest for FeCp, and the largest for
279 OsCp,. Most importantly, the computations showed that the
280 magnitudes of the negative electrostatic potential on the
281 molecular surface about the metal atoms are significantly larger
282 for the eclipsed conformers and that the formation of anagostic
283 bonds imposes steric hindrance on the staggered conformers.
284 The electrostatic-potential magnitudes on the molecular
285 surface about the M cation and the intermolecular H---H
286 distances involving the closest neighbors of the H-atom
287 involved in the CH:--M bond are plotted in Figure 6. Thus, the
288 close intermolecular H---H contacts favor the eclipsed
289 conformers, too. The weak H-acceptor capability of the Fe-
290 site in ferrocene and the absence of short CH--Fe contacts
291 coincides with the domination of the p-T diagram of ferrocene
292 by the disordered and staggered phases I, I, and I". Due to the
203 temperature-agitated strong vibrations and rotations of Cp
204 rings between the eclipsed and staggered conformations, the &
295 phases of ruthenocene and osmocene are destabilized, and they
296 both transform to the y phases.

297 The dynamic Cp-ring disorder (independent pseudo-C;
208 rotations in the disordering mode (ii) in y-RuCp, and y-
299 OsCp, phases results in equal populations of the staggered and
300 eclipsed conformers. However, the staggered conformation
301 hinders the access to the M cation, and the anagostic
302 interactions present in phases @ and f§ are broken. The
303 transitions of a-ruthenocene and a-osmocene to the y phases
304 increases the lengths of anagostic CH---M contacts by over 0.2
30s A (cf. Figure $10), ie,, significantly beyond the sums of the van
306 der Waals radii of H and Ru (3.33 A) and H and Os (3.36
307 A).**7 The direction of these contacts is close to the [y]
308 direction, which is the axis of the seesaw motion (i), and
309 therefore the increased CH--M distance corresponds to the
310 largest elongation of the crystal along [y] on approaching the y
311 phase. The energy of breaking the CH---M bonds, the
312 connected crystal expansion, and the entropy associated with
313 the disorder all contribute to the considerable energy required
314 for transforming the structures of ruthenocene and osmocene
315 to phases y. The plot in Figure 7 illustrates this relationship
316 between the transition temperatures to the disordered phases
317 with the CH---M distances, showing their essential role in
318 controlling the molecular conformation.
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We conclude that the new disordered phases of ruthenocene
and osmocene revealed in this study widen a common
landscape of transformations of prototypic metallocenes.
Their unique sandwiched structure and axial M-Cp bonds
323 result in conformational and dynamic properties inspiring the
324 construction of molecular machines, ™" not to mention other
325 multiple applications of metalocenes. According to our study,
326 the rotations of Cp rings and their seesaw movements can be
327 thermally activated in ruthenium and osmocene. To our
328 knowledge, the seesaw disordering has not been considered so
329 far for metallocenes, while there are intense studies of the
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Figure 7. Temperature triggering conformational disordering in
prototypic metallocenes as a function of the shortest CH---M distance,
measured under ambient conditions (293 K/0.1 MPa).

nature of the Cp-ring rotations around the molecular C; axis.
We established that in the solid state, the anagostic bonds
CH-M are responsible for the strong stabilization of the 3
eclipsed conformers in ruthenocene and osmocene phases a
and f. This conclusion is consistent with the H-acceptor 334
capability increasing in the series FeCp, < RuCp, < OsCp,,”*
which is also illustrated by the series of CH:---M distances 336
observed in the crystals of these compounds and the reverse 337
correlation of CH---M distances with the temperatures required
for triggering the conformational disorder. Other factors, like 339
the molecular mass and Cpl—Cp2 ring distance, can be also
significant, as suggested by the absence of the eclipsed phase in 341
NiCp, and the ordering of its Cp rings in the staggered 342
conformation in phase I', which for nickelocene extends to
ambient-pressure low-temperature regions where ferrocene
enters the eclipsed phase III. However, the role of anagostic 345
bonds for the eclipsed conformers in ruthenocene and
osmocene has been confirmed by their new y phases.

B EXPERIMENTAL METHODS

Differential scanning calorimetry (DSC) measurements were :
performed with a Q20000 calorimeter (TA Instruments), and
DSC cooling and heating runs were measured for polycrystal- 351
line OsCp, and RuCp, samples at a temperature change rate of 3s2
10 K/min. The indium standard was used for calibration, 353
whereas synthetic sapphire was used for specific heat 354
calibration. 355

Single-crystal (SCXRD) and powder (PXRD) X-ray 3s
diffraction measurements were conducted for the samples 357
sealed in thin-wall glass capillaries to prevent sublimation (cf. 3ss
Supporting Information). An Agilent Xcalibur Atlas diffrac-
tometer, graphite-monochromated Mo Ka radiation, and an
Oxford Cryostream Plus attachment were used to collect the 361
low- and high-temperature X-ray diffraction data for all
measurements for osmocene and for y-ruthenocene at 400 K, 363
while low- and high-temperature X-ray diffraction data for
ruthenocene where collected with graphite-monochromated 3

https://doi.org/10.1021/acs.jpclett.5c00686
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Cu Ko radiation on a Bruker D8 Quest diffractometer, also
equipped with an Oxford Cryostream Plus attachment.
Detailed experimental and crystal data are presented in Tables
S1-83.

The observations of the sample crystals undergoing the
phase transitions for ruthenocene at 395 K and osmocene at
422 K were conducted with an Olympus MVX 10 microscope
equipped with a digital CCD camera.

The SCXRD experiments and preliminary data reduction
were performed with the CrysAlis software from Rigaku
Oxford Diffraction and Apex III from Bruker.*”*' The SCXRD
yielded the structures of R“CFI and OsCp, phases , solved by
direct methods using Shelxt** and refined by full-matrix least-
squares on F? values with Shelxl,*” operated through Olex 2.>*
The H-atoms were located at idealized positions (C—H
distance 1.0 A) and their isotropic displacement parameter U,
= 1.2 U, of their carriers. The high-temperature structures of
ruthenocene and osmocene above T, are disordered in a
complex way involving two modes of seesaw tumbling and Cp
ring reorientations by 36° as described in the text and
Supporting Information (cf. Figures 3, 4, S7, and S11); details
of the refinements of the disordered structural models are
given in the Supporting Information. The structures of
ruthenocene and osmocene (2420348-2420357 and
2444809—2444813) have been deposited with the Cambridge
Crystallographic Database Centre. The copies can be obtained
free of charge on request from www.ccdc.cam.ac.uk.

The unit-cell parameters at 370 and 380 K for ruthenocene,
as well as those 370, 400, 410, and 420 K for osmocene, were
obtained by fitting the reflections in the PXRD patterns
(marked with squares in the Figure 2) with program FullProf™*
implemented in the Match! software.”
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2025

2024

2022

2021

2021

2020

2018

2017

2016

LISTA KONFERENCJI NAUKOWY CH

(Migdzynarodowe)

35"  European  Crystallographic ~ Meeting, ,, Conformational
transformations in ruthenocene and osmocene coupled to the CHRu
and CH:--Os bonds” konferencja migdzynarodowa w Poznaniu,
prezentacja plakatowa

34™ European Crystallographic Meeting, ,, Competition between CH-
and CH-M contacts in metallocenes structures” konferencja
migdzynarodowa w Padwie, prezentacja plakatowa

33" European Crystallographic Meeting, ,, High-Pressure Polymorphs
of Osmocene and Ruthenocene” konferencja mie¢dzynarodowa w
Wersalu, prezentacja plakatowa

IUCr High-Pressure Workshop, ,, High-Pressure Transformation of
Nickelocene” konferencja migdzynarodowa, prezentacja plakatu

14™ Frolic Goats High Pressure Diffraction Workshop, ,, Pressure
Induced  Ordering  of  Nickelocene  Molecule”  konferencja
miedzynarodowa, prezentacja referatu

13™ Frolic Goats High Pressure Diffraction Workshop, ,, Pressure-
Induced High to Low Z’ Phase Transition of 6-chloro-4,4,57-
Tetramethyldihydrocoumarin™ konferencja miedzynarodowa,
prezentacja plakatu

11" Frolic Goats High Pressure Diffraction Workshop, ,, Disordered
structure of 6-chloro-4,4,5,7-tetramethyldihydrocoumarin and its phase
transition” konferencja migdzynarodowa, prezentacja plakatu

55" European High Pressure Reaserch Group Meeting, ,, Pressure
Effect on the Complication of Crystal Structures the Case Study on 6-
chloro-4,4,5,7-tetramethyldihydrocoumarin” konferencja
miedzynarodowa, prezentacja plakatu

9" Frolic Goats High Pressure Diffraction Workshop, ,, Z’ Reduction at
High-Pressure S phase of on 6-chloro-4,4,5,7-
tetramethyldihydrocoumarin” konferencja mig¢dzynarodowa,
prezentacja plakatu
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2021

2018

(Ogolnopolskie)

62. Konwersatorium Krystalograficzne, ,, Nickelocene Molecule
Orgering at High-Pressure Codnditions” konferencja ogo6lnopolska,
prezentacja plakatu

60. Konwersatorium  Krystalograficzne, ,Wphw  warunkéw
ekstremalnych na unikalng topologie polimeru koordynacyjnego”
konferencja ogdlnopolska, prezentacja plakatu

WYJAZDY ZAGRANICZNE/SZKOLENIA

Hercules European School, miesigczna miedzynarodowa szkota promieniowania
synchrotronowego i neutronowego marzec 28.02.2022 — 01.04.2022 (DESY &
EUROPEAN XFEL)

ESRF/ILL Summer School Programme, miesigczna studencka szkota promieniowania
synchrotronowego [ neutronowego (1ID06 Large  Volume Press)
02.09 2018 — 29.09.2018

PROJEKTY NAUKOWE

SONATAL1L6 Establishing the correlation between the acidity of coformers and the
pressure of proton transfer in acid-base cocrystals (wykonawca) 01/2022- 05/2022

Kierownik Minigrantu Doktoranckiego IDUB Badania strukturalne metalocendw oraz
pochodnych metalocenéw w  warunkach wysokiego ci$nienia  (kierownik)
01/2021-12/2022

OPUS10 Porous materials under extreme conditions (wykonawca) 08/2017-06/2019
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