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1. Wigzania NH-*N i OH---O w materiatach funkcyjnych

Postepujaca miniaturyzacja urzadzen elektronicznych, wzrost predkosci ich
dziatania, poszukiwanie efektywnych sposobdéw elektronicznego zapisywania
informacji oraz magazynowania energii sprawiajg, iz poszukiwane s3 nowe
materiaty ferroelektryczne i relaksorowe. Organiczne materialy moga zastapic te
obecnie uzywane oparte na perowskitach z domieszka otowiu, ze wzgledu na
wilasciwosci  elastyczne, nietoksycznos$¢, tatwos¢ produkcji oraz utylizacji
(Horiuchi et al., 2008). W ferroelektrykach z wigzaniami wodorowymi ponizej
temperatury krytycznej (T¢), spontaniczna polaryzacja dielektryczna zwigzana jest
z uporzadkowanym potozeniem protonéw, natomiast powyzej T. polaryzacja
spontaniczna zanika, gdy protony ulegaja nieporzagdkowaniu. Najbardziej znanym
materiatem tego typu jest diwodorofosforan potasu, (KH2PO4, KDP). W jego
strukturze nieporzadek protondéw nastepuje powyzej T.= 122 K (Slater, 1941).
Zespo6t naukowy profesora Lucjana Sobczyka na Wydziale Chemii Uniwersytetu
Wroctawskiego zwroécit uwage na ciekawe wtasciwosci wigzan wodorowych
NH*N (Sobczyk, 1969). Rzeczywiscie wykazano, Ze materiaty z wigzaniami
wodorowymi NH*-:N moga by¢ ferroelektrykami i relaksorami. Kompleksy
1,4-diazabicyklo[2.2.2]oktanu (dabco) z kwasami HCIOs, HBFs+ oraz HReOa
wykazuja spontaniczng polaryzacje dielektryczng (Katrusiak et al, 1999a;
Szafranski et al., 2002), natomiast kompleksy dabco z kwasem bromowodorowym
i jodowodorowym, charakteryzujace sie nieuporzadkowanym protonem
w temperaturze pokojowej wykazuja wiasciwosci relaksorowe oraz gigantycznag
odpowiedZ dielektryczng (Katrusiak et al., 1999b; Budzianowski et al., 2006;
Szafranski, 2009; Olejniczak et al., 2010; Szafranski et al, 2010). Obecnie
poszukiwane sg materiaty o wyjatkowych wtasciwosciach dielektrycznych wsrod
krysztaléw molekularnych z wigzaniami NH:--N oraz OH-:--O. Celem badan
podjetych w ramach mojej pracy doktorskiej byto otrzymanie w ekstremalnych
warunkach krysztatow z wigzaniami NH---N pirazolu, 3,5-dimetylopirazolu,
4-bromo-3,5-dimetylopirazolu i 2-fenyloimidazolu. Podjetam rowniez badania
majace okresli¢c wplyw wysokiego ciSnienia na wtasciwosci dielektryczne kwasu
krokonowego, ostatnio odkrytego molekularnego ferroelektryka z wigzaniami

OH---0 i wyjas$nic¢ brak jego przemiany do fazy paraelektrycznej.



Przeprowadzone przeze mnie badania potwierdzity, ze krysztaty molekularne
z wigzaniami wodorowymi NH--:N i OH---O s3 obiecujgca grupa materiatow,
poniewaz wykazujg witasciwosci strukturalne charakterystyczne dla budowy
krysztalow ferroelektrycznych. Moje badania pozwalajg takze zrozumiec
mechanizmy  strukturalne zwigzane z  wystepowaniem  wilasciwosci
dielektrycznych oraz zaobserwowac nowe, nieznane dotad w literaturze zjawiska.
Wiasciwosci krysztatéw molekularnych z wigzaniami NH-:N s3 nadal stabo
poznane. Szczegélnie intrygujace jest czeste wystepowanie w tych krysztatach
w warunkach normalnych nieuporzadkowania protonéw w wigzaniach NH--:N,
pomimo znacznej odlegtoéci N-+N wynoszacej ponad 2.75 A. Wysoka
polaryzowalno$¢ wigzan NH--:N (Zundel, 1997) jest interesujgca ze wzgledu na
role tych wigzan w ksztattowaniu wtasciwosci materiatéw i ich mozliwe

zastosowanie praktyczne.



2. Metodyka badan

2.1 Komora diamentowa

Niezwykle =~ waznym  etapem  rozwoju  wysoKkoci$nieniowych  badan
rentgenograficznych byto skonstruowanie komoér zaopatrzonych w diamenty.
Zbudowana pierwsza w roku 1950 tego typu komora wyposazona byta w jeden
nawiercony diament i konstrukcja ta nie data oczekiwanych rezultatéw (Lawson,
Tang, 1950). Pomiar dyfraktometryczny nie powiddt sie, a diamentowy cylinder
pekt. Dopiero wykorzystanie w 1958 roku przeciwstawnych kowadet
diamentowych i skonstruowanie z ich uzyciem szczek imadta diamentowego
(ang. Diamond Anvil Cell, akronim DAC) umozliwito wykonanie pierwszych
wysokoci$nieniowych badan spektroskopowych i proszkowych (Jamieson et al.,
1959; Weir et al, 1959). Dzieki uzyciu w 1962 roku metalowej uszczelki
wprowadzonej pomiedzy kowadetka przez Valkenburga mozliwe byto
wykrystalizowanie cieczy (Valkenburg, 1962). Przetomowym okazat sie rok 1974
w ktéorym skonstruowano miniaturowg komore wysokoci$nieniowag Merrilla-
Bassetta o wymiarach pozwalajacych na zamontowanie jej na gléwce
goniometrycznej i wykonanie badan za pomocg monokrystalicznej dyfraktometrii
rentgenowskiej (Merrill, Bassett, 1974).

Obecnie mozna spotka¢ sie z réznie zmodyfikowanymi komorami
wysokoci$nieniowymi. W naszym laboratorium wykorzystujemy komory
z dyskami berylowymi lub stalowymi. Dyski berylowe daja wieksza kompletno$¢
badan, ze wzgledu na szeroki kat otwarcia komory réwny okoto 40°. Wada tak
skonstruowanych komor jest fakt, iz ze wzgledu na miekniecie berylu
w temperaturze 500 K nie mozna ich stosowa¢ podczas krystalizacji, w ktore;j
wymagane jest uzycie wysokiej temperatury. Ponadto dyski berylowe dajg wysoki
poziom tlta na rejestrowanych obrazach dyfrakcyjnych oraz s3 zZrédiem
dyfrakcyjnych paskéw proszkowych, ktoére przestaniajg cze$¢ obrazu
dyfrakcyjnego badanej probki. Natomiast montowane w komorach dyski stalowe
umozliwiajg wykonywanie eksperymentu w wyzszych temperaturach, jednak

kompletno$¢ zebranych w trakcie pomiaru danych jest mniejsza, ze wzgledu na



mniejszy kat otwarcia komory ok. 30° od jej osi. Zaleta tych komor jest ich
mniejsza absorpcja oraz niski poziom tta.

W  trakcie  przeprowadzanych  przeze mnie badan  korzystatam
z wysokocisnieniowej komory diamentowej z dyskami stalowymi, przedstawionej

na rysunku 2.1.1.
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Rysunek 2.1.1. Schemat dziatania komory wysokocisnieniowej (a), oraz okno

otwarcia w komorze z dyskami stalowymi (Katrusiak, 2008).

2.2 Wpysokocisnieniowa Krystalizacja oraz dyfraktometria

monoKkrystaliczna

Hydrostatyczne $ciskanie krysztatow prowadzi czesto do przemian fazowych,
w  wyniku ktérych monokrysztaty ulegaja uszkodzeniu. Uniemozliwia to
przeprowadzenie monokrystalicznych badan dyfraktometrycznych nowych faz.
Nawet jesli krysztat nie ulega przemianie, wzrost ciSnienia moze generowac
defekty i naprezenia obnizajgce jako$¢ krysztatu. Natomiast metoda
wysokoci$nieniowej krystalizacji, umozliwia otrzymywanie i badanie struktury
materiatéw oraz ich wtasciwosci bezposrednio w warunkach ekstremalnych, czyli
w warunkach roéznigcych sie znacznie od Srodowiska w ktéorym zyjemy. Taka
krystalizacja jest czesto jedynym sposobem otrzymania monokrysztatéw nowych
faz, poznawanie nowych odmian polimorficznych znanych zwigzkéw, oraz ich
wilasciwosci zaleznych od przeksztatcen strukturalnych. Dlatego wybratam
wysokoci$nieniowg Kkrystalizacje jako gtéwng metode otrzymywania badanych

przeze mnie krysztaléw. Monokrysztaly otrzymywane s3 wewnatrz niewielkiej
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komory, otworu (o $rednicy d=0.30 - 0.50 mm, patrz rysunek 2.1.1) wykonanego
w metalowej uszczelce, ktéra umieszczana jest pomiedzy diamentowymi
kowadetkami. W DAC krysztaty mozna otrzymywac¢ w warunkach izochorycznych
zmieniajagc temperature i ciSnienie, oraz izotermicznych dzieki zmianie objetosci
i ci$nienia.

Badane przeze mnie zwigzki w warunkach normalnych sg ciatami statymi. Dlatego
wysokoci$nieniowe Krystalizacje rozpoczynatam tadujagc komory nasyconymi
roztworami badanych zwigzkéw w wybranych rozpuszczalnikach. Nastepnie
stopniowo zwiekszatam cisnienie do wywotania krystalizacji. Po otrzymaniu
monoKkrysztatu przeprowadzatam pomiary dyfraktometryczne.
Wysokoci$nieniowe dyfraktometryczne pomiary rentgenowskie prowadzitam
takze wykorzystujac monokrysztaty wyhodowane w warunkach atmosferycznych.
Krysztaty takie umieszczalam w komorze, nastepnie zalewatam je ciecza
hydrostatyczna i poprzez dokrecanie $rub generowatam okres$lone ci$nienie.
Kazdorazowy wybor metody mial na celu uzyskanie jak najdoktadniejszych
wynikoéw badan strukturalnych.

Rozpuszczalnik dobieratam z uwzglednieniem rozpuszczalno$ci badanej probki
oraz ci$nienia jego Kkrystalizacji ktora ogranicza zakres hydrostatycznosci
warunkéw pomiarowych. Jako rozpuszczalnik najczesciej stosowatam metanol,
ktérego ciSnienie krystalizacji w temperaturze pokojowej wynosi 3.50 GPa
(Brugmans, Vos, 1995), oraz mieszanine metanol:etanol:woda (16:3:1), ktoéra jest
hydrostatyczna do ci$nienia okoto 10 GPa (Hazen, Finger, 1982).

Podczas pomiaréw w ktorych wykorzystywane byly krysztaly otrzymywane
w warunkach atmosferycznych stosowatam dwa rodzaje cieczy hydrostatycznych,
w zaleznoSci od panujacego wewnatrz komory ciSnienia. Do pomiaréw, ktorych
ciSnienie nie przekraczato 1.30 GPa uzywatam fluorinertu 3M, ktéry w takich
warunkach nie krystalizuje, natomiast powyZej tego ci$nienia stosowatam
mieszanine n-pentan-izopentan (1:1), ktéra pozostaje stabilna do 7.4 GPa (Klotz et
al., 2009).

W trakcie dyfraktometrycznych pomiaréw korzystatam z komory Merrilla-
Bassetta zamontowanej na statycznej glowicy goniometrycznej, specjalnie
przystosowanej do tego rodzaju badan, (Katrusiak, 1999) przedstawionej na

rysunku 2.2.1.
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Rysunek 2.2.1. Wysokoci$nieniowa komora diamentowa z dyskami stalowymi

zamontowana na glowicy goniometryczne;j.

Pomiary = wykonywatam uzywajac monokrystalicznego, czterokotowego
dyfraktometru KUMA KM4CCD, wyposazonego w lampe rentgenowska
z antykatoda molibdenowa (Amoka = 0.71073 A). Krysztat umieszczony w komorze
ciSnieniowej centrowany byl metoda cienia uszczelki (Budzianowski, Katrusiak,
2004). Zakres pomiarowy kot dyfraktometrycznych opracowany zostat w taki
sposéb by zapewni¢ optymalny dostep pierwotnej wigzki rentgenowskiej oraz
wyjscie refleksow przez okienko komory, minimalizacji absorpcji komory

i przestaniania prébki przez uszczelke (Budzianowski, Katrusiak, 2004).

2.3 Cisnienie i jego kalibracja

Ci$nienie wewnatrz DAC mierzone byto za pomocg spektrometru Photon Control
Inc. z wykorzystaniem metody fluorescencji rubinu. Metoda ta oparta jest na
niemal liniowej zaleZnoSci przesuniecia ostrej linii Ri fluorescencji rubinu
(Piermarini et al. 1975; Mao et al. 1985). Doktadno$¢ pomiaréw wynosita do 0.02
GPa.
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2.4 Dyfraktometria monoKrystaliczna w zmiennych

temperaturach

Pomiary wykonywatam uzywajac monokrystalicznego dyfraktometru Xcalibur
EOS-CCD z lampa rentgenowska z antykatoda molibdenowg (Amok« = 0.71073 A).
Dyfraktometr wyposazony byl w przystawke niskotemperaturowg Cryostream

Oxford, ktorej doktadnos¢ stabilizacji temperatury wynosita 0.1 K.
2.5 Zastosowane oprogramowanie

Oprogramowanie CrysAlisCCD oraz CrysAlisRED zastosowatam do zebrania
danych i wstepnej ich redukcji (Oxford Diffraction CrysAlisPro, 2010).
Intensywnosci reflekséw skorygowatam majac na uwadze efekty absorpcji DAC
oraz badanej probki, przestanianie jej przez uszczelke za pomoca programu
REDSHABS (Katrusiak, 2003, 2004). Do rozwigzania struktur zastosowatam
metody bezposrednie i udoktadnitam je stosujagc programy SHELXS (Sheldrick,
1997a) oraz SHELXL (Sheldrick, 1997b).
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3. Badane Kkrysztaty

Jako obiekt badan wybratam grupe prostych symetrycznych zwigzkéw tworzacych
w strukturze Kkrystalicznej wigzania miedzyczasteczkowe NH---N oraz OH---O.
Wybrane przeze mnie zwigzki rdéznig sie charakterem wigzan. W pirazolu
(rys. 3.1a) czasteczki zwigzane sg w tancuchy wigzaniami wodorowymi NH---N.
Wedtug danych literaturowych protony tych wigzan w warunkach
atmosferycznych s3 uporzadkowane (Ehrlich, 1960). Wigzania wodorowe
w krysztatach molekularnych moga taczy¢ takze czasteczki w cykliczne trimery.
Przyktadem zwigzku w ktéorym widoczna jest tego typu agregacja jest
3,5-dimetylopirazol (rys. 3.1b). Jako przyktady zwigzkéw w ktérych wystepuje
nieuporzadkowanie protonéw w tancuchach tworzonych przez wigzania
wodorowe NH-:N wybratam 4-bromo-3,5dimetylopirazol (rys. 3.1c) oraz
2-fenyloimidazol, ktérego wzoér strukturalny zostat przedstawiony na rysunku
3.1d. Natomiast kwas krokonowy (rys. 3.1e) jest zwigzkiem, ktérego wtasciwosci
ferroelektryczne zostaty niedawno odkryte (Horiuchi et al., 2010). Autorom tego
odkrycia nie udato sie jednak otrzymac fazy paraelektrycznej kwasu krokonowego.
Dlatego wybratam kwas krokonowy by zbada¢ wplyw ci$nienia i temperatury na
wystepujace w nim wigzania wodorowe OH---O oraz by sprébowac otrzymac faze

paraelektryczng w wysokim ci$nieniu.

(a) (b) (©)
H H Br
H\(S,H H3C‘%§’CH3 Hﬁ% %j[
—r{l N—l<l N—I(l z NH
H H

N

Iz

H H
Rysunek. 3.1 Wzory strukturalne krysztatéw badanych w niniejszej rozprawie
doktorskiej: (a) pirazol, (b) 3,5-dimetylopirazol, (c) 4-bromo-3,5-dimetylopirazol,
(d) 2-fenyloimidazol oraz (e) kwas krokonowy.

Molekularne krysztaty z wigzaniami NH---N charakteryzujg sie wigzaniami
wodorowymi  znacznie dtuzszymi niz znane dotychczas materialy

o wiasciwosciach ferroelektrycznych. W solach dabco diugosci wigzan NH*---N
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wynosza odpowiednio 2.79 A dla dabcoHBr, oraz 2.84 A dla dabcoHBF4, natomiast
w pirazolu oraz 2-fenyloimidazolu dtugo$ci wigzan NH--N to okoto 2.90 A. Jeszcze
wieksze odlegloéci N-~-N w wigzaniach wodorowych (2.97 A) wystepuja
w 3,5-dimetylopirazolu i 4-bromo-3,5-dimetylopirazolu. Kwas krokonowy posiada
takze dtuzsze wigzania w odniesieniu do KDP z wigzaniami OH---O-. W KDP
wigzania te majg dtugos¢ 2.48 A, w kwasie krokonowym dtugo$é wigzan OH---O
jest réwna 2.62 A. Zaleznosci te przedstawione zostaty schematycznie na rysunku
3.2. Dlatego jednym z celéw mojej pracy byto Sci$niecie wigzan wodorowych
NH:-N w Kkrysztatach molekularnych i poréwnanie ich z klasycznymi

ferroelektrykami typu KDP.

3.0 NH---N
< 29 + NH'."N ®3,5-Dimetylopirazol
22 2-8 NH "N Pirazol  4-Bromo-3,5-dimetylopirazol
53 2 2-Fenyloimidazol
Io 27 OH..-O
gg 26 L
2 <21 OH...O- Kwas
2.5 P krokonowy
KDP

Rysunek. 3.2 Dtugosci wigzan wodorowych w materiatach ferroelektrycznych:
KH:PO4 (KDP), kwas krokonowy, ferroelektrycznym relaksorze dabcoHBr
i w badanych krysztatach pirazolu, 3,5-dimetylopirazolu, 4-bromo-3,5-

dimetylopirazolu oraz 2-fenyloimidazolu.
3.1. Pirazol

Wysokocisnieniowe krystalizacje pirazolu wykonatam izochorycznie w sposob
opisany w czeSci metodycznej. Wszystkie monokrysztaty wyhodowane zostaty
z mieszaniny metanol:etanol:woda. Przyktadowe krystalizacje in situ w DAC
przedstawiajg rysunki 3.1.1 (a-pirazol) oraz 3.1.2 (B-pirazol). Do
niskotemperaturowych  pomiaréw  dyfraktometrycznych przeprowadzitam
krystalizacje monokrysztatow poprzez odparowanie rozpuszczalnika (metanolu)
w warunkach atmosferycznych. Przed pomiarem krysztatl byt pokrywany cienka

warstwa kleju, by zapobiec jego sublimacji.
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Rysunek 3.1.1 Etapy izochorycznej krystalizacji a-pirazolu: masa polikrystaliczna
w ci$nieniu 0.10 GPa i temperaturze 296 K (a), topienie sie masy polikrystalicznej
w 323 K (b), oraz 423 K (c), jeden pozostatly zarodek krystalizacyjny w 433 K
(d), wzrost monokrysztatu w 413 K (e), 387 K (f) oraz 347 K (g). Na zdjeciu
(h) widoczny jest monokrysztat w 296 K / 0.10 GPa. Okruch rubinu znajduje sie

przy gérnym brzegu uszczelki.
(a)
0 1 mm . . .

Rysunek 3.1.2 [zochoryczny wzrost krysztatu (3-pirazolu: wnetrze komory w 313

K (a), etapy hodowania zarodka krystalizacyjnego 433 K (b), 453 K (c), oraz 463
(d), wzrost krysztatu w 453 K (e), 443 K (f) oraz 393 K (g). Na zdjeciu (h)
widoczny jest monokrysztat w 296 K / 0.90 GPa. Okruch rubinu znajduje sie przy

gérnym brzegu uszczelki.



Pirazol, C3H4N2, to zwigzek aromatyczny o pieciocztonowym pierscieniu,
krystalizuje w grupie przestrzennej uktadu rombowego Pna2; (Ehrlich, 1960).
W swojej strukturze posiada dwie czgsteczki w asymetrycznej czeSci komarki.
Molekuty w strukturze poprzez wigzania NH---N tworza podwdjnie skrecona
spirale (rys. 3.1.3). Z przeprowadzonych przeze mnie badan wynika, ze pirazol to
pierwszy zwigzek molekularny z wigzaniami NH---N, ktéry ulega analogicznej
przemianie typu porzadek-nieporzadek protonéw w wigzaniach wodorowych jak
w ferroelektrykach typu KDP i solach dabcoHA (HA= HCIO4, HBF4, HReO4).
Przemiane te zaobserwowatam jedynie w wysokim ci$nieniu. Faze
niskoci$nieniowa oznaczytam jako pirazol o, a faze wysokoci$nieniowa jako

pirazol 3.

> Czgsteczki A

> czgsteczki B

Rysunek 3.1.3 tLancuchy czasteczek a-pirazolu w 0.1 MPa z wigzaniami
wodorowymi NH---N oznaczonymi czerwonymi liniami kropkowymi: (a) wzdtuz

osi [y] oraz (b) wzdtuz osi [x].

Otoczenie czasteczek a-pirazolu jest pseudosymetryczne i w przyblizeniu
odpowiada ono fazie wysokociSnieniowej. Dlatego ciSnienie zmniejsza roznice
strukturalne pomiedzy niezaleznymi czasteczkami. Ci$nienie P.=0.45 GPa
wywotuje przemiane do centrosymetrycznej fazy 3 o symetrii grupy przestrzennej
Pnab (Z'=1), w ktérej obserwowany jest nieporzadek potozen atoméw wodoru
przy atomach azotow w wigzaniach wodorowych. Zmiany powstate w skutek
przemiany w tancuchach przedstawione zostaty schematycznie na rysunku 3.1.4.
Przemiana ta zwigzana jest z anomaliami $cisliwosci parametréw komorki

elementarnej oraz jej objetosci (rysunek 3.1.5).
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Rysunek 3.1.4 Schematyczny obraz tancuchéw powigzanych wigzaniami

e’

N

ZI —o=T 2

wodorowymi NH--N w pirazolu: (a) jedna z dwoch mozliwych polaryzacji
tancucha w fazie a, oraz (b) tancuchy z nieuporzadkowanymi atomami wodoru

(potowiczne obsadzenie oznaczone czerwonymi strzatkami) w fazie 3.
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Rysunek 3.1.5 Wykres zaleznoS$ci parametrow komorki elementarnej (a) oraz

objetosci (b) od ci$nienia. Kolorem fioletowym zaznaczono wartosci dla

B-pirazolu.

Badania kalorymetryczne potwierdzity, Ze przemiana fazowa wywotana jest tylko

w  wysokim ci$nieniu. Rdznicowa kalorymetria skaningowa (DSC)
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przeprowadzona w atmosferze azotu, wykazata, iz w zakresie temperatur od 170
do 350 K nie wystepuje przemiana fazowa do fazy 8 (rysunek 3.1.6.)

1400

200 250 300 350
Temperatura (K)
Rysunek 3.1.6 Przebieg pomiaru roéznicowa kalorymetrig skaningowa dla

grzanego pirazolu, z anomalig odpowiadajaca topnieniu probki w 335.5 K.

Brak przemiany w ci$nieniu atmosferycznym potwierdzony zostat tez przez serie
badan dyfraktometrycznych w funkcji temperatury. Wynika z nich natomiast, ze
w strukturze pirazolu podwyzszanie temperatury zwieksza réznice strukturalne
niezaleznych czasteczek w a-pirazolu. Prowadzi to do monotonicznych zmian
strukturalnych w ramach jednej fazy (a) i upodobnienia sie jej w niskiej
temperaturze do ci$nieniowej fazy (3.

Zaobserwowano réwniez w trakcie udoktadniania struktury, ze w fazie o protony
sg takze czeSciowo nieuporzagdkowane. Wyboru azotu przy ktérym powinien
znajdowac sie atom wodoru dokonatam poprzez udoktadnienie wspotczynnika
obsadzenia (ang. site occupancy factor, SOF). W tym celu sprawdzitam potozZenie
atoméw wodoru w ten sposdb, Ze atom wodoru przypisatam kazdemu z atomoéw
azotu w wyidealizowanych pozycjach tj. wzdtuz dwusiecznej kata C-N-N a ich
czynnik zwigzatam z atomowym czynnikiem przesunie¢ atomu azotu (ang. atomic
displacement parameter, ATP) Ueq zaleznoscia Uiso(H)=1.2Ueq. Na wspotczynniki
SOF narzucitam nastepujace wiezy:

SOF(H1) + SOF(H2) = 11

SOF(H11) + SOF (H12) = 1 (1)
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W wyniku udoktadnienia pelnomacierzowego struktury uzyskatam wartosci okoto
0.84 dla N1 oraz 0.95 dla N12. Potwierdzity one wczes$niejsze przypisanie atomow
wodoru na podstawie mapy réznicowej Fouriera (rys. 3.1.5a)

Udoktadnitam takze strukture a-pirazolu z wspétczynnikami SOF ustalajgcymi

jeden proton aminowy w kazdym z wigzan NH---N (rysunek 3.1.5b):
SOF(H1) + SOF(H11) =11

SOF(H2) + SOF (H12) = 1 (2)

Uktad réwnan 1 odpowiada wyidealizowanym dwém obojetnym czasteczkom
pirazolu, natomiast uktad réwnan 2 pozwala na wymiane protonéw w stanie
krystalicznym i cze$Sciowe (Srednie) zjonizowanie czasteczek, co fizycznie jest
bardziej realne. Ponadto modele struktury udoktadnionej z ograniczeniami
zawartymi w rownaniu 2 uzyskaty wspotczynniki R nizsze o okoto 0.005 dla

wszystkich punktéw temperatury.
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Rysunek 3.1.5 Temperaturowa zalezno$¢ czynnikow obsadzenia atomow
wodoréw Hi, Hz, Hi1 oraz Hiz w a-pirazolu udoktadnionych przy warunkach
brzegowych okresSlonych za pomocag (a) uktadu réwnan (1) oraz (b) uktadu

réwnan (2).

Analiza otrzymanych wynikow pozwolita stwierdzi¢, Ze w ci$nieniu

atmosferycznym w pirazolu o wystepuja jonowe defekty, wynikajace
z dysproporcjonowania czasteczek pirazolu. Jest to bardzo stabo poznane

zjawisko, opisane do tej pory przede wszystkim w wielosktadnikowych systemach
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(Casati et al, 2009; Le Cointe et al, Luty, 1987, 1996; Luty et al, 1987; 1992;
Katrusiak, 1990) . W krysztatach molekularnych jak dotad znany jest podobny
efekt jedynie w polimorfie B 4,6-dihydroksypirymidyny (Katrusiak, Katrusiak,
2003). W pirazolu o udato sie wyjasnic¢ czeSciowq jonizacje czasteczek preferencja
potozen atoméw wodoru w wigzaniach NH---N, wynikajacg z orientacji czasteczek
w strukturze fazy a. Na podstawie zaproponowanego modelu zréznicowania
jonowego, udato sie obliczy¢ sredniag gesto$¢ zdysproporcjonowanych kationow
i anionéw w sieci pirazolu a.

Nieporzadek atoméw wodoru obserwowany w strukturze pirazolu ma miejsce
pomimo dtugoéci wigzan wodorowych N---N, wynoszacej okoto 2.90 A. We
wczes$niej znanych materiatach ferroelektrycznych wigzania wodorowe byty
znacznie krotsze.

Podsumowujac, przejScie fazowe obserwowane w pirazolu jest pierwszym
znanym przyktadem przemiany krysztatu molekularnego w cze$ciowo jonowy.
Ukazuje ono nowe zalezno$ci strukturalne niezbedne dla zrozumienia
mechanizmu nieuporzgdkowania protonéw w wigzaniach wodorowych. Wyniki
dotyczace tych badan i ich interpretacja zostaly omowione w publikacji dotaczonej

do pracy (zatacznik A1).
3.2. 3,5-Dimetylopirazol

Krysztaly 3,5-dimetylopirazolu wyhodowatam w DAC z nasyconych roztwordow,
w ktorych rozpuszczalnikiem byl metanol (rys. 3.2.1).

Czasteczki pochodnych pirazolu moga w Kkrysztale tworzy¢ poprzez wigzania
wodorowe NH---N tancuchy (np. Infantes et al., 1999; 1999a) dimery (np. Aguilar-
Parrilla et al., 1992; Foces-Foces et al, 1994; Halcrow et al., 1996; Llamas-Saiz et
al., 1994) trimery (np. Beagley et al., 1994; Goddard et al., 1999; Llamas-Saiz et al.,
1994) oraz tetramery (np. Aguilar-Parrilla et al, 1992; Alkorta et al, 1999).
W 3,5-dimtylpirazolu wigzania wodorowe tworza cykliczne trimery (rysunek
3.2.2). Zwigzek ten krystalizuje w warunkach atmosferycznych w trygonalnej
grupie przestrzennej R-3c (Baldy et al., 1985; Smith et al., 1989). Wystepujace
w strukturze trimery sa zorientowane wokét osi 3-krotnej krysztatu. 0§ 2-krotna
prostopadta do wigzan NH---N wymusza natomiast nieporzadek atoméw wodoru

w tych wigzaniach.
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Rysunek 3.2.1 Krystalizacja izochoryczna 3,5-dimetylopirazolu w DAC: (a) masa
polikrystaliczna w 363 K; (b) kilka ziaren krysztatow w 463 K oraz (c) 473 K, (d)
zarodek krystalizacyjny w 483 K, (e) wzrost krysztatu w temperaturze 463 K, (f) 443 K
oraz (9)403 K, (h) monokrysztat w 296 K / 2.50 GPa. Okruch rubinu znajduje si¢ przy

gornym brzegu uszczelki.

Przeprowadzone przeze mnie badania w zakresie od 0.1 MPa do 3.2 GPa pokazaty, ze
atmosferyczna faza trygonalna tych krysztaldbw w badanym zakresie ci$nienia jest
stabilna. Potwierdza to monotoniczna $cis§liwos¢ parametrow komorki elementarnej
oraz jej objetosci (rysunek 3.2.3). Najbardziej $cisliwym kierunkiem krysztatu jest o$

prostopadta do $redniej ptaszczyzny cyklicznych trimeréw (0 0 1).
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Rysunek 3.2.2 Upakowanie czasteczek w 3,5-dimetylpirazolu. Wigzania wodorowe

zaznaczono czerwonymi przerywanymi liniami.
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Rysunek 3.2.3 Zaleznos¢ parametrow komorki elementarnej (a) oraz objetosci (b) od

cisnienia dla 3,5-dimetylopirazolu.

W warunkach  atmosferycznych  wigzania wodorowe taczace  czasteczki
3,5-dimetylopirazolu sg znacznie dluzsze, niz analogiczne wigzania wystgpujace
w krysztatach pirazolu. Ich dtugosé 296 K/ 0.1 MPa wynosi 2.97(1) A. Scisliwos¢ ich
przedstawiona jest na rysunku 3.2.4. Dlugosci wigzan wodorowych skracajg si¢
monotonicznie do 1.9 GPa. Powyzej tego ci$nienia odleglosci N---N w trimerach

zmieniajg si¢ nieznacznie, 0 0.015 A.
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Rysunek 3.2.4 Wykres zaleznosci odlegtosci wigzan wodorowych NH:-N od ci$nienia.
Wstawiony rysunek przedstawia trimery tworzone przez czasteczki w strukturze

3,5-dimetylopirazolu.

Wykonane wczesniej cisnieniowe badania dla imidazolu (Paliwoda et al., 2012),
pirazolu (Sikora, Katrusiak, 2013) 1 ich pochodnych (Zielinski, Katrusiak, 2013),
pozwolity na stwierdzenie, iz w zwigzkach tych przemiany strukturalne zachodza pod
wplywem nizszych ci$nien. Imidazol przeksztalca si¢ do nowej fazy w ci$nieniu
réwnym 1.2 GPa, pirazol w 0.45 GPa. Natomiast ci$nienie rowne 0.26 GPa wywotuje
przemian¢ w benzimidazolu. Pozostanie atmosferycznej fazy niezmiennej do 3.2 GPa

swiadczy o stabilno$ci struktury trimerdw 1 ich oddziatywan miedzyczasteczkowych.
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3.3. 4-Bromo-3,5-dimetylopirazol

4-Bromo-3,5-dimetylopirazol w warunkach atmosferycznych krystalizuje
w grupie przestrzennej uktadu jednoskosnego I2/a (Foces-Foces et al, 1999).
W czeSci niezaleznej komorki elementarnej znajduje sie 1.5 czasteczki (Z'=1.5):
czasteczka oznaczona literg A lezy w pozycji ogdlnej, a czasteczka B lezy na osi
dwukrotnej (rys. 3.3.1). Wigzania wodorowe NH--N w strukturze krystalicznej
tworza tancuchy biegngce wzdtuz osi [z] (rys. 3.3.2). Atomy wodoru w wigzaniach
wodorowych s3g nieuporzadkowane. Usredniona symetria krysztatu i symetria C»
czasteczki B wymaga, ze oba atomy azotu czasteczki B s3a jednakowo
protonowane. Symetria krysztatu wyklucza peine uporzadkowanie protonéw (rys.
3.3.1). Nawet dopuszczajac mozliwo$¢ dysproporcjonowania czasteczek na
kationy i aniony, ktore posiadajg symetrie osi dwukrotnej (Cz), nieporzadek
protonéw wymuszony jest przez uktad czasteczek i elementéow symetrii

w krysztale.

Br

A 'B CA ¥y B
HosN—NHos HosN—NHos HosN—NHgs HosN—NHos HosN—NHos

Ho.sN—NHo.s HO.;NTNHD_S HD.S.N’T!\'HO.S HosN—=NHos HgsN-—=NHgs Ho.;NTNHo.s

B B

Br r Br r Br Br

Rysunek 3.3.1 Schemat zwigzanych wodorowo czasteczek 4-bromo-3,5-
dimetylopirazolu w fazie a. W fancuchu niezalezne czasteczki powigzane sg w
sekwencji AABAAB. Na schemacie zaznaczono S$rednie obsadzenie atomdw
wodoru wynoszgce pomiedzy czasteczkami AA 0.5 (w wyniku dziatania centrum
inwersji) i pomiedzy czasteczkami AB 0.5 (wyznaczone na podstawie
udoktadnienia struktury). W celu przejrzystoSci schematu pominieto grupy

metylowe znajdujace sie przy 3 i 5 atomie wegla.
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Rysunek 3.3.2 Lancuchy czasteczek 4-bromo-3,5-dimetylopirazolu z wigzaniami
wodorowymi NH--N, oznaczonymi czerwonymi kropkowymi liniami (a) wzdluz
osi [y] oraz (b) wzdtuz osi [x]. Kody symetrii dla wigzan wodorowych w fazie a: (i)

0.5-%,y, -z; (ii) 0.5-x, 1.5-y, 0.5-z.

Krystalizacje wysokociSnieniowe w warunkach izochorycznych wykonatam
w sposéb opisany w czeSci metodycznej. Kazdy z otrzymanych przeze mnie
krysztatéw powstat w komorze DAC z roztworu nasyconego badanego zwigzku
w metanolu. Przyktadowe krystalizacje in situ w DAC przedstawiajg rysunki 3.3.3
(faza a) oraz 3.3.4 (faza B). Struktury krysztatéw wyznaczytam metoda dyfrakcji

monokrystaliczne;j.
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Rysunek 3.3.3 Kirystalizacja fazy o 4-bromo-3,5-dimetylopirazolu w DAC: masa
polikrystaliczna w 343 K (a); topienie si¢ masy polikrystalicznej: 433 K (b) oraz 443 K
(c,d), zarodek krystalizacyjny w 443 K (e), kolejne etapy wzrostu krysztatu
w temperaturze 433 K (f), 403 K (g). Na zdjeciu (h) widoczny jest monokrysztat w 296
K /1.00 GPa. Okruch rubinu znajduje si¢ przy lewym, géornym brzegu uszczelki.

Rysunek 3.3.4 Etapy krystalizacji fazy 3 4-bromo-3,5-dimetylopirazolu w DAC: masa

polikrystaliczna w 333 K (a); topienie si¢ zarodkéw krystalizacyjnych: 403 K (b) oraz
408 K (c), zarodek krystalizacyjny w 413 K (d), kolejne etapy wzrostu krysztatu
w temperaturze 403 K (e,f), 393 K (g). Na zdjeciu (h) widoczny jest monokrysztat
w 296 K / 0.62 GPa. Odtamek rubinu znajduje si¢ przy gornym brzegu uszczelki.

Juz morfologia krysztatow wyhodowanych w 0.62 GPa wskazata na powstanie

nowej fazy 4-bromo-3,5-dimetylopirazolu. Rozwigzana przeze mnie struktura
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z pomiaru w ci$nieniu 0.62 GPa pokazuje niespotykane dotad przegrupowanie sie
czasteczek w krysztatach molekularnych z wigzaniami NH---N. W zakresie ci$nien
od 0.50 do 0.62 GPa otrzymatam nowa faze 3, w ktérej wigzania wodorowe NH---N
tworza cykliczne trimery (rysunek 3.3.5). Faza [ krystalizuje w grupie
przestrzennej P2;1/c uktadu jednosko$nego. Dane krystalograficzne obu faz

poréwnane sg w tabeli 3.3.1

Tabela 3.3.1 Wybrane dane strukturalne dla obu faz 4-bromo-3,5-

dimetylopirazolu.

Faza o B

p (GPa) 0.60(2) 0.62(2)

T (K) 296 296

Uktad krystalograficzny  Jednosko$ny Jednoskos$ny
Grupa przestrzenna 12/a P21/c

State sieciowe

a (A) 13.149(3) 11.503(2)

b (A) 8.8029(8) 21.083(1)
c(A) 16.671(3) 7.793(2)
B(°) 96.885(17) 96.668(19)
V (A3) 1915.7(6) 1877.2(6)
|z 12/1.5 12/3

p (g/cm3) 1.821 1.858
Kompletno$¢ (%) 15.2 18.9

Ri1/wR: (I>201) 0.0510/0.1058 0.0816/0.1962

R1/wR; (wszystkie I) 0.0603/0.1102  0.1123/0.2110

W asymetrycznej cze$ci komorki elementarnej fazy (3 znajdujg sie 3 czasteczki
4-bromo-3,5-dimetylopirazolu (Z’=3). Wyniki udokiadniania struktury fazy f3
wskazujg, ze w wigzaniach NH--N atomy wodoru s uporzadkowane. Ciekawym
jest tez fakt, ze krysztaty fazy a otrzymywatam w calym zbadanym przeze mnie
zakresie ci$nien. Zjawisko wspotistnienia dwoch faz byto znane wcze$niej np.
w imidazolu (Paliwoda et al, 2012). Faza [ natomiast wystepuje tylko
w niewielkim obszarze ci$nien. Przeksztalcenia tancuchéw, pod wptywem

ciSnienia, w agregaty sg znane w kwasach karboksylowych, w ktérych tancuchy
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w okreSlonych warunkach przeobrazajg sie w dimery. Przykladem kwasu
ulegajgcego takiemu przeksztatceniu jest kwas bromofluorochlorooctowy (Gajda
et al, 2009). Nalezy podkresli¢, Ze otrzymanie fazy 3 wymagato rekrystalizacji
wysokoci$nieniowe;j i Ze nie mozna uzyskac tej fazy w wyniku przemiany w ciele

statym.

Rysunek 3.3.5 Upakowanie trimeréw 4-bromo-3,5-dimetylopirazolu w fazie 3
wzdtuz osi [y] (a) oraz rzut trimeru wzdtuz osi [z]. Wigzania wodorowe NH--N

oznaczono czerwonymi kropkowymi liniami.

Potozenia atomdéw wodoru przy atomach azotu zostaty wyznaczone przy uzyciu
wspotczynnikow obsadzenia, SOF (ang. site occupancy factor). Udoktadniajac
strukture zatozytam, ze atom wodoru znajduje sie w pozycji wyidealizowanej przy
kazdym z azotow w czgsteczce 4-bromo-3,5-dimetylopirazolu. Udokiadnienie
wspotczynnikow obsadzenia wskazato na pelne uporzadkowanie atomoéw
wodoru.

Scisliwo$¢ parametréow komorki elementarnej oraz objetosci obu faz
przedstawiona jest na rysunku 3.3.6. W fazie o wystepuje rzadko spotykana
negatywna liniowa rozszerzalno$¢ wzdtuz parametru c. Oznacza to, ze wraz ze
wzrostem ci$nienia w jednym kierunku wzrasta jego dtugos¢. Taka zalezno$¢ nie
wystepuje w fazie 3. Natomiast objeto$¢ krysztatu w fazie [ silniej zalezy od

ci$nienia niz objetos$¢ krysztatu fazy a.

29



(a) : i : i i (b) 2060

21 L .
17 _. 2040 1
= N :
=16 < 2020 {
2 a T r
& 15 5 2000 1
[= e ¥
g 14 c g 1980 -j
[0] L
© 45 © 1960 |
= z j:
E 12 .g 1940 I
2 B S 1920 |
> 11 © b
© 8 1900 1
£ 10 ko4 :
P 2 1880
& 9 O i
1860 4
8 { —~—y [
e B 1840 T T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Cisnienie (GPa) Cisnienie (GPa)

Rysunek 3.3.6 Wykres $cisliwoS$ci parametrow komorki elementarnej 4-bromo-
3,5-dimetylopirazolu w fazie a (kota) i fazie  (trojkaty): (a) state sieciowe a, b, c,

(b) objetos¢ komoérki elementarne;.

Dtugosci wigzan wodorowych NH---N dla fazy a oraz fazy (3 przedstawione zostaty
na rysunku 3.3.7. W tancuchach diugos¢ wigzania wodorowego N3Hs:--N3ii jest
bliska 3.0 A w warunkach normalnych i spada do wartoéci 2.92 A w ci$nieniu 1.0
GPa, ktora jest bliska dlugos$ci wigzania NiHi---N2 w tej samej fazie. Natomiast
w trimerze fazy 3 okreslonej w ci$nieniu 0.62 GPa dtugosci niezaleznych wigzan
zblizone s3 do warto$ci wigzania NiHi--N2 w ci$nieniu 0.60 GPa fazy o. Na
wykresie 3.3.7 przedstawiony zostat tylko jeden punkt dla fazy (3, gdyz nadal
trwaja udoktadnienia struktury w 0.50 GPa.
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Rysunek 3.3.7 Wykres zaleznoSci dtugosci wigzan wodorowych NH-:N Kolorem
niebieskim oraz zielonym zaznaczono wigzania wystepujace w fazie a. Dtugosci
wigzan w ci$nieniu atmosferycznym zaczerpnetam z artykutu Foces-Foces et al

(1999).

Wysokoci$nieniowe badania 4-bromo-3,5-dimetylopirazolu pokazaty
nieobserwowang dotychczas przemiane strukturalng agregatéw molekularnych
utworzonych przez wigzania wodorowe NH---N w krysztatach. Jest zastanawiajace,
ze w obu zaobserwowanych fazach a i B liczba czasteczek niezaleZnych jest
wieksza od jednosSci. Wskazuje to na mozliwos¢ zaobserwowania efektu
dysproporcjonowania czasteczek, podobnie jak dla krysztatow pirazolu w fazie a.

W tym kierunku prowadze obecnie dalsze badania 4-bromo-3,5-dimetylopirazolu.
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3.4. 2-Fenyloimidazol

Glownymi celami podjecia badan wysokocisnieniowych 2-fenyloimidazolu byto
stwierdzenie natury nieuporzagdkowania atoméw wodoru w wigzaniach
wodorowych NH---N, sprawdzenie stabilnos$ci fazy atmosferycznej oraz zbadanie
wiasciwosci dielektrycznych tego krysztatu.

Wysokocisnieniowe krystalizacje 2-fenyloimidazolu wykonatam izochorycznie
w sposOb opisany w czeSci metodycznej. Wszystkie monokrysztaty wyhodowane
zostaly z roztworu substancji w metanolu. Przyktadowa izochoryczna
krystalizacja zostata przedstawiona na rysunku 3.4.1.

Krysztaty niezbedne do dyfraktometrycznych pomiaréw rentgenowskich oraz
pomiaréw statej dielektrycznej wyhodowatam poprzez odparowanie metanolu

z roztworu zwiazku.

(a)

Rysunek 3.4.1 Izochoryczny wzrost krysztalu 2-fenyloimidazolu: masa
polikrystaliczna wypetniajaca komore w 393 K (a), kolejne etapy eliminowania
ziaren krystalicznych w 433 K (b), 573 K (c), oraz 583 (d), pojedynczy zarodek
krystalizacyjny w 583 K (e), wzrost krysztatu w 573 K (f) oraz 503 K (g). Na
zdjeciu (h) widoczny jest monokrysztat w 296 K / 0.45 GPa. Okruch rubinu

znajduje sie przy dolnym brzegu uszczelki.

2-Fenyloimidazol krystalizuje w centrosymetrycznej grupie przestrzennej uktadu
rombowego Ama2 (Barforoush et al, 2011). W swojej strukturze krystalicznej

czasteczki potaczone sg wigzaniami wodorowymi NH---N w tancuchy wzdtuz osi
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[x], a protony wykazuja nieuporzadkowanie bedace wynikiem u$rednienia ich
potozen przy obu zwigzanych wodorowo atomach azotu (rys. 3.4.2). Taki
charakter potozenia wodoréw jest rozny od wcze$niej znanych krysztatow z
wigzaniami NH--N, takich jak pirazol, (Sikora, Katrusiak, 2013) imidazol,
(Paliwoda et al., 2012) oraz benzimidazol (Zielinski, Katrusiak, 2012).

(b) o

£
7t
538,
pe:

Rysunek 3.4.2 Czasteczki 2-fenyloimidazolu tworzgce tancuchy poprzez wigzania
wodorowe NH---N w komorce elementarnej (a) wzdtuz osi [z], oraz (b) wzdluz

osi [x].

Istnieje kilka modeli strukturalnego nieporzadku, dzieki ktérym mozna
wyttumaczy¢  charakter wigzan wodorowych NH--N w  strukturze
2-fenyloimidazolu (rysunek 3.4.3). Niedawno opublikowane przez Horiuchi et al
dane (Horiuchi et al, 2013) potwierdzajg, iz nieporzadek protonéw w wigzaniach
NH-N spotykany jest rowniez w krysztale 2-metylobenzimidazolu, ktéry mimo
krystalizacji w centrosymetrycznej grupie przestrzennej, wykazuje wtasciwosci
ferroelektryczne. Niespotykane dotad wtasciwosci wynikaja z tego, ze
w u$rednionej strukturze wystepuje nieuporzadkowanie, ktére jest zaburzone
poprzez wystepowanie polarnych domen (o symetrii jednoskos$nej grupy

przestrzennej Pn) charakteryzujagcych sie uporzadkowaniem protonow.
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Przeprowadzone jednak dla 2-fenyloimidazolu badania nie wykazaty
ferroelektrycznej polaryzacji, co mozna zrozumie¢ takze jako brak przeskokow
protonéw miedzy ich akceptorami oraz donorami w tancuchach NH-:-N. Statyczny
charakter nieuporzadkowania atoméw wodoru potwierdzony zostat takze przez

badania spektroskopowe magnetycznego rezonansu jadrowego ciata statego.

(a) en Ph Ph Ph Ph Ph
= [\ )\ [\ [\
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Rysunek 3.4.3 Mozliwe ukltady wigzan wodorowych NH--N oraz
dysproporcjonowania czasteczek w tancuchach 2-fenyloimidazolu. Schematy
przedstawiajg tancuchy: (a) zbudowany z molekut spolaryzowanych zgodnie
w jednym kierunku, (e) zawierajacy wszystkie czasteczki w postaci jonéw, oraz (b-
d) tancuchy w ktérych wystepuja jonowe i molekularne domeny rozdzielone
dysproporcjonowanymi jonami i molekutami. Strzatki wskazujg kierunki Sredniej

polaryzacji domen krystalicznych.

Serie temperaturowych, monokrystalicznych badan dyfraktometrycznych
w zakresie temperatur od 150 do 340 K wykluczyty, takze losowe rozmieszczenie
w krysztale spolaryzowanych w jednym kierunku (wzdtuz jego dtugosci)
fanncuchéw z wigzaniami NH-N. Ten typ nieporzadku powodowatby
wystepowanie rozpraszania dyfuzyjnego, ktérego nie stwierdzono na obrazach
dyfrakcyjnych krysztatu (przedstawionych w dodatku B na rysunku B.1).

Obliczenia teoretyczne, oraz analiza wynikow badan dyfraktometrycznych,
spektroskopii dielektrycznej i spektroskopii NMR ciata stalego pozwolity

stwierdzi¢, iz w 2-fenyloimidazolu wystepuje statyczny nieporzadek
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w tancuchach, ktéry prowadzi takze do nieporzadku prostopadiego do tych
tancuchéw. Nieporzadek atoméw wodoru w tancuchach NH---N musi prowadzi¢ do
dysproporcjonowania tadunkéw, przedstawionego na rysunku 3.4.3 (b-d).
Dyfraktometryczne badania temperaturowe 2-fenyloimidazolu pokazaty, iz
zwigzek ten charakteryzuje sie rzadko spotykang, negatywng termiczng
rozszerzalnoscig wzdtuz kierunku [0 1 0]. Oznacza to, Zze wraz ze wzrostem
temperatury, maleje dtugo$¢ parametru b komorki elementarne;j.

Wszystkie parametry komdrki elementarnej 2-fenyloimidazolu oraz jej objetos¢
zmieniajg sie monotonicznie w funkcji ciSnienia i temperatury (rys. 7/zatacznik
A2) co dodatkowo potwierdza, iz w zwigzku tym nie wystepuje przemiana fazowa
w zakresie przeprowadzonych badan.

Podsumowujgc, 2-fenyloimidazol wykazuje ciekawe wtasciwosci zwigzane
z wystepowaniem w strukturze krystalicznej neutralnych tancuchow
oddzielonych od siebie dysproporcjonowanymi czgsteczkami - anionami
i kationami. Wykonane przeze mnie badania opublikowane zostaty w dotgczonym

do rozprawy artykule w zatgczniku A2.

3.5. Kwas krokonowy

Kwas krokonowy, CsHs0: (4,5-dihydroksy-4-cyklopenten-1,2,3-trion), ktdrego
czasteczki tworza w strukturze tanicuchy wigzan wodorowych OH---O, to niedawno
odkryty ferroelektryk (Horiuchi et al, 2010). Krystalizuje on w grupie
przestrzennej Pca2i, uktadu rombowego. Zaré6wno badania dielektryczne jak
i dyfraktometryczne potwierdzaja, iz w strukturze kwasu krokonowego nie
nastepuje przemiana do fazy paraelektrycznej, az do temperatury jego rozkitadu
(450 K). Moje badania wysokoci$nieniowe poczatkowo, miaty na celu uzyskanie
fazy paraelektrycznej kwasu krokonowego (Sikora et al. 2013).

Krysztaty kwasu krokonowego otrzymatam poprzez powolne odparowanie
rozpuszczalnika, ktérym byt 1M kwas chlorowodorowy. W ten sposob otrzymane
monokrysztaty byly umieszczane w DAC i nastepnie wypelniano jg ciecza
hydrostatyczna. Do pomiaréw wykonywanych w cis$nieniu do 1.36 GPa uzywano

fluorinertu (rys. 3.5.1a) Powyzej tego ci$nienia krysztat zalewano mieszaning

35



izopentan/n-pentan w stosunku objetoSciowym 1:1 (rys. 3.5.1b), ktoéra pozostaje

hydrostatyczna do 7.4 GPa (Klotz et al. 2009).

Rysunek 3.5.1. Krysztaty kwasu krokonowego umieszczone w DAC uzyte podczas
pomiaréw dyfraktometrycznych (a) w cisnieniu 0.75 GPa / 296 K, odtamek rubinu
widoczny jest przy prawym brzegu uszczelki, oraz (b) w 3.15 GPa / 296 K, odtamki
rubinu zostaty przestoniete przez krysztat i znajduja sie w $srodkowej i przy gorne;j

krawedzi komory.

Przeprowadzone przeze mnie dyfraktometryczne badania rentgenowskie
wykazaly, iz kwas krokonowy takze w wysokim ci$nieniu nie przeksztatca sie do
fazy paraelektrycznej. Wyniki te zostaly potwierdzone przez spektroskopie
Ramana (rysunek 3.5.2). Widma nie wykazuja zmian, ktére wystepowaty
w wykonanych przez Moritomo et al. (Moritomo et al. 1990) dla
antyferroelektrycznych  krysztatow kwasu kwadratowego. W  widmie
ramanowskim krysztatéw kwasu kwadratowego po przejSciu z fazy
antyferroelektrycznej do paraelektrycznej zanikajag piki przy 161, 313, 859, 1056,
1035 oraz 1516 cm-! odpowiedzialne za zginanie sie w ptaszczyznie CO, skrecanie

pierscienia, rozcigganie CC i CO oraz zginanie sie w ptaszczyznie OH.
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Rysunek 3.5.2 Widma Ramana wykonane dla prébki kwasu krokonowego

w réznych ci$nieniach i temperturze 296 K.
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Brak przemiany kwasu krokonowego do fazy paraelektrycznej pozostaje
w sprzeczno$ci z wlasciwosciami innych ferroelektrykéw typu KDP, w ktorych
ciSnienie obniza temperature Kkrytyczng. Dlatego istotne stato sie poznanie
mechanizmu ttumaczacego brak fazy paraelektrycznej kwasu krokonowego
w wysokiej temperaturze i ci$nieniu. Pomocne okazato sie poréwnanie kwasu
krokonowego z jego analogiem - kwasem kwadratowym (H;C404). Dokladna
analiza wigzan wodorowych oraz katéw Donohue (rysunek 3.5.3) obu struktur
pozwolita zrozumie¢ brak przemiany do fazy paraelektrycznej w kwasie

krokonowym.
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Rysunek 3.5.3 Wykresy zaleznos$ci (a) dtugosci wigzan wodorowych OH---O,
odlegtosci O---O i H---O oraz (b) katow Donohue od ciSnienia dla kwasu
krokonowego i analogicznej struktury kwasu kwadratowego (Katrusiak, Nelmes,

1986; Semmingsen et al. 1977; Tun et al. 1987)

Dtugos¢ wigzan wodorowych w kwasie krokonowym wraz ze wzrostem ci$nienia
ulega zmniejszeniu od 2.62 w 0.10 MPa do 2.48 w 5.30 GPa. W ci$nieniu tym
w kwasie krokonowym dtugos$¢ wigzan wodorowych ich jest krétsza niz w fazie
paraelektrycznej kwasu kwadratowego. Skrdécenie wigzan obniza bariere
energetyczng i utatwia przeskok protonéw miedzy atomami O---O. Dlatego
oczekiwaliSmy przeksztatcenia sie kwasu krokonowego do fazy paraelektrycznej
w ci$nieniu okoto 5.30 GPa.

Potozenia atomow wodoru w wigzaniach OH---O sprzezone sg z orientacjg grup

potaczonych za pomoca tych wigzan. Ukierunkowanie wodorowo powigzanych
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jondéw, czy czasteczek mozna zmierzy¢ za pomoca katow Donohue, tzn. katow
R-0--0" i O---0'-R’, gdzie R i R’ oznaczajag w kwasie krokonowym atomy wegla.
Ponizej Tc kat R-O---0' znajdujgcy sie po stronie donora jest mniejszy niz 0---0'-R’
po stronie akceptora. W celu uzyskania doktadniejszych warto$ci zmierzonych
katéow C-O---0' i O---0'-C' atomy wegla zastgpiono centroidami pierscienia. Kat
znajdujacy sie po stronie donora wodoru jest mniejszy niz po stronie
akceptorowej. W kwasie krokonowym réznica pomiedzy katami Donohue
wigzania O3Hz:--04!! poczatkowo wzrasta z cisSnieniem i pozostaje rowna okoto
2° w 5.30 GPa. Natomiast réznice pomiedzy wartoSciami katow dla wigzania
wodorowego OzH1---Os! s3 mniejsze, a ponadto w ci$nieniu 3.60 GPa réznica jest
tak mata, iz miesSci sie w granicach btedu. Duza réznica miedzy katami Donohue
wigzania OzHz:--04ii jest wskaZnikiem potwierdzajacym brak przej$cia fazowego
do 5.30 GPa.

Takie zachowanie sie czgsteczek w strukturze znacznie ro6zni sie od zachowania
czasteczek w innych ferroelektrykach. W fazie ferroelektrycznej katy Donohue
mierzone po stronie donorowej C2-02---05 i C3-03---:04 w kwasie krokonowym
oraz C1-01---03 i C4-04---02 w kwasie kwadratowym s3 mniejsze niz po stronie
akceptora (dla kwasu krokonowego odpowiednio: 02::-:05-C5 i 03-::-:04-C4, dla
kwasu kwadratowego: 01---03-C3 i 04---02-C2). W kwasie kwadratowym transfer
wodoréw w kazdym z wigzan wodorowych wigze sie z obrotem w taki sposdb, ze
przesuniecia dwoch par atomow tlenu nie mogg by¢ kompensowane przez

reorientacje czasteczek (rys. 3.5.4).
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(@) HySQ (b) HoCR

Rysunek 3.5.4. Zwigzane wodorowo czasteczki w krysztale kwasu kwadratowego
(a), oraz kwasu krokonowego (b). Czerwone strzatki pokazujg przemieszczenia
wodoréw w wigzaniach OH:--0, niebieskimi strzatkami oznaczono kierunek zmian

katow Donohue.

Podsumowujac mozna stwierdzi¢, ze na brak przejscia fazowego do fazy
paraelektrycznej ma wptyw dtugos¢ wigzan wodorowych OH---0, ktore
w warunkach atmosferycznych sg dtuzsze niz w kwasie kwadratowym. Ponadto
obroty czasteczek kwasu krokonowego mierzone za pomoca katéw Donohue s3
stabo zalezne od ciSnienia, a ich sprzezenia miedzy przemieszczaniem sie
wodoréw w OH-:--O maja charakter ttumigcy. Ttumienie nastepuje dlatego, Ze
energia przeskokow protonow moze sprzegac sie
z orientacja czasteczek. W innych przeanalizowanych przeze mnie
ferroelektrykach typu KDP takie sprzezenie nie wystepuje. Wyniki te zostaty

opisane w publikacji umieszczonej w zatgczniku A3.

40



4.. Podsumowanie

Przeprowadzone przeze mnie badania wysokoci$nieniowe pozwolity pozna¢ nowe
witasciwosci  krysztatdow molekularnych z wigzaniami wodorowymi NH---N
i OH---0. Wptyw wysokiego ci$nienia na badane struktury nie jest jednakowy
i w kazdym z badanych zwigzkéw wywotal innego typu przeksztatcenia
strukturalne. Uwazam, Ze najistotniejszym aspektem tych badan jest $cisliwos¢
wigzan wodorowych i ich otoczenia w krysztale.

Przeprowadzone przeze mnie badania dla pirazolu wykazaty, ze w warunkach
normalnych zwigzek ten jest mieszaning czgsteczek w formie neutralnej i jonowe;j.
Opracowana przeze mnie metoda analizy jonowos$ci pozwolita okresli¢ ilos¢
zwigzku wystepujacag w formie molekularnej i jonowej oraz wielko$ci polarnych
domen. W trakcie prowadzonych badan odkrytam takze nieznang wczesniej
wysokoci$nieniowg faze pirazolu. Struktura ta jest pierwsza i do tej pory jedyng
dla ktérej udowodniono przemiane polegajaca na nieuporzadkowaniu protonéow
w wigzaniach NH--N Kkrysztatéw molekularnych. Znane byty molekularne
krysztaty z wigzaniami NH---N uporzadkowane lub nieuporzadkowane, nie
ulegajagce takim przemianom. Moje wyniki wukazuja nowe mozliwosci
poszukiwania materiatéw o wtasciwosciach ferroelektrycznych i relaksorowych
niezbednych do konstrukcji miniaturowych urzadzen elektronicznych
i kondensatoréw do przechowywania energii elektryczne;j.

Badania dla 4-bromo-3,5-dimetylopirazolu wskazuja, ze tancuchy NH--N pod
wptywem ci$nienia mogg przeksztatcac sie cykliczne trimery. Faze 3 udato mi sie
otrzymac jedynie w zakresie cisnien od 0.50 do 0.62 GPa, co wskazuje na
mozliwo$¢ wspdtistnienia obu faz w takich samych warunkach.

Krysztaty 3,5-dimetylopirazolu w warunkach normalnych posiadaja odmienng
strukture, ktéra rowniez pod wptywem ci$nienia zachowuje sie inaczej niz pirazol
i 4-bromo-3,5-dimetylopirazol. Trimery wystepujace w warunkach normalnych sa
stabilne, az do ci$nienia réwnego 3.2 GPa, a protony w wigzaniach wodorowych
pozostajg nieuporzadkowane.

Podobng stabilno$¢ struktury pod dzialaniem ci$nienia wykazujg krysztaty
2-fenyloimidazolu w ktoérych powstajg tancuchy czasteczek zwigzanych

wigzaniami NH---N. Wyniki badan dielektrycznych i NMR ciata statego pokazaty, ze

41



opréocz neutralnych molekut w krysztale tym znajduja sie domeny
z dysproporcjonowanymi czasteczkami, kationami i anionami. Takie zjawisko
wystepuje takze w niedawno odkrytym materiale o wtasciwoSciach
ferroelektrycznych - 2-metylobenzimidazolu. Moje badania potwierdzaja, ze
wilasciwosci dielektryczne tancuchéw tworzonych przez wigzania wodorowe
NH--N, zwigzane sg z przeksztatceniami tych wigzan. Istnieje jednak duza
réznorodno$¢ efektow makroskopowych wynikajgcych z witasciwosci wigzan
wodorowych NH---N i wtasciwo$ci powigzanych z nimi molekut znajdujacych sie
w réznym otoczeniu Kkrystalicznym. Istotne znaczenie dla wtasciwosci
makroskopowych ma symetria krysztatéw i wynikajace z niej réznice otoczenia
molekut i wigzan wodorowych.

Wykonane przez mnie opracowanie badan dla kwasu krokonowego, utatwito
zrozumienie dlaczego te ferroelektryczne krysztaty nie tworza fazy
paraelektrycznej. Wykazatam, ze ci$nienie nie wywotuje przemiany do fazy
paraelektrycznej. Porownanie otrzymanych struktur z dostepnymi w literaturze
danymi odno$nie kwasu kwadratowego pozwolito stwierdzi¢, Ze przemiana do
fazy paraelektrycznej uniemozliwiona jest przez zalezno$¢ miedzy potozeniami
wodordéw, a przemieszczaniem sie (obrotami) molekut w strukturze. Struktura ta
uniemozliwia sprzezenie przemieszczen atoméw wodoru z drganiami sieciowymi
krysztatu.

Podsumowujgc, moja praca dostarczyta wiele nowych informacji
eksperymentalnych, ktére pozwolity doktadniej pozna¢  wtasciwosci
i przeksztalcenia wigzan wodowych NH-N w krysztatach molekularnych.
Dodatkowo zawarte w mojej rozprawie omoOwienie S$cisliwosci kwasu
krokonowego  umozliwito  zaproponowanie nowej klasy  krysztatow
ferroelektrycznych nie ulegajagcych przemianie do fazy paraelektrycznej. Krysztaty
takie, ze wzgledu na temperaturowg stabilno$¢ ich spontanicznej polaryzacji,

mogg znalez¢ zastosowanie w elektronice.
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ABSTRACT: Pyrazole exhibits exceptional effects of temper-
ature and pressure for H-disorder in hydrogen bonds NH---N.
Under normal conditions, a-pyrazole is polar (orthorhombic
space group Pna2;), but the structure is pseudo-centrosym-
metric. Two symmetry-independent molecules differently
favor the H-sites at their amine nitrogen atoms. The
asymmetric disorder of protons in hydrogen bonds NH:--N
leads to the disproportionation favoring the cations at one site
and anions at the other. High temperature increases distortions
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of the structure from the centrosymmetric symmetry, activates the disproportionation defects, and stabilizes the averaged ionic
disparity of symmetry-independent molecules at the +0.1 € level. Critical pressure P, = 0.45 GPa induces a transition to
centrosymmetric phase f3, space group Pnab. This transition involves the 50:50 H-disordering in NH---N hydrogen bonds and
eliminates molecular displacements as well as the favored H-sites. The NH---N bonds are hardly compressed at P. in pyrazole,
and they are by over 0.4 A longer than the OH--O~ bond in KH,PO, (KDP). The main structural transformations are
reorientations of pyrazole molecules, which suggests the primarily displacive character of this pressure-induced phase transition.

B INTRODUCTION

The search for new ferroelectric materials is fueled by the
demand for new more efficient, cheaper, and greener
technologies. In particular, organic substitutes of ferroelectric
ceramics are sought for modern electronic devices. The organic
substances could be easier, at lower energy and lower cost
produced, processed, deposited, and disposed of. One of the
directions of this search is focused on hydrogen bonded
materials, either OH--O or NH--N bonded.! In the ferro-
electric phase, the proton is ordered in the hydrogen bond, and
above a critical temperature (T.) it becomes disordered. The
best known material of this kind is ionic KH,PO, (KDP),
where protons in OH:-O~ bonds become disordered above T,
= 122 K.> More recently, we considered NH---N and NH---N*
bonded crystals,® and hydrogen bonded ferroelectrics were
found: NH*---N bonded complexes of 1,4-diazobicyclo[2.2.2]-
octane (dabco) with mineral acids HCIO,, HBF,, and
HReO,.** The NH*--N bonded ionic dabco complexes with
acids HBr and HI exhibit an exceptional anisotropic giant
dielectric response, unique in stoichiometric materials.’”"°
Molecular crystals with NH---N bonds were intensively
studied."" ™" Presently, we report the structural properties of
pyrazole. According to our results reported here, it is the first
NH:--N bonded molecular system with the proton behavior
analogous to that in KDP-type ferroelectrics and in ionic dabco
monosalts, and also the first one-component molecular material
for which ionic defects due to disproportionation of pyrazole
molecules mimic the neutral—ionic transformation.

Pyrazole was reported to crystallize in polar space group
Pna2,, with the molecules NH---N bonded into double-loop

-4 ACS Publications  © 2013 American Chemical Society
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helices and the H-atoms ordered in the H-bonds."® In the
crystals of 3,5-dimethylpyrazole, the molecules are NH--N
bonded into cyclic trimers and the H-atoms are disordered each
at two half-occupied sites,'” even though the N---N distance of
2.971 A is longer than that in pyrazole, of 2.855 A.'® That
suggested that the NH---N bonds in pyrazole can be as highly
polarizable as their ionic NH"-N counterparts, and that this
compound can exhibit ferroic properties and a high dielectric
constant. We have also found, as is explained below, that the H-
atoms are partly disordered in hydrogen bonds of pyrazole
crystals under normal conditions, and that the asymmetric H-
disorder only slightly changes up to the melting point at 341 K.
Although until now the electric permittivity of pyrazole at room
temperature has not been measured, due to its swift
sublimation, the crystal represents a unique example of
temperature-dependent ionic disparity of molecules and of
contrary effects of temperature (increasing distortions from this
prototypic phase) and pressure (inducing a phase transition to
the higher-symmetry prototypic phase) for the H-disordering in
hydrogen bonds.

The role of NH--N bonds for the polarity of pyrazole
structure is quite unique. The helices of hydrogen bonded
molecules extend along [x] and involve two symmetry-
independent molecules and two bistable NH--N bonds
(Figures 1 and 2). The helices are antiparallel along [x], but
the double-loop turns of the NH--N bonded aggregate
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Figure 1. The unit-cell volume of pyrazole plotted as a function of
pressure (black lines) and temperature (red line). The insets show the
schematic representations of NH---N bonded chains in pyrazole: (top)
one of two possible chain polarizations in phase @; (bottom)
disordered H-atoms (their half-occupied sites indicated by red arrows)
and symmetry elements (Schoenflies symbols) in phase f.

generate polarity along crystal axis [z]. This polarity is
reversible and coupled to the H-sites. The symmetry-
independent NH:--N bonds contribute to the chain polarization
differently, as illustrated in Figures 1 and 2. The z-component
of the N1H--N11 bond vector, inclined by angle a; =
35.53(1)° to axis [z], is longer than the z-component of the
N12H--N2 vector inclined to axis [z] by &, = 36.96(1)°. Thus,
each translationally repeated double-loop segment of the chain
contributes to the crystal polarization by p,., = 2pnun(cos @, —
cos @;), where pyuy is the polarization associated with the
ordered proton off-center position in the hydrogen bond. The
dipole moment of the pyrazole molecule of 2.20 D reported in
the literature®® is slightly lower than 2.417 D calculated by us
using Gaussian.”' The spontaneous polarization, estimated
from the arrangement of ordered molecules in the pyrazole
crystal at 296 K, is 1.30 uC cm™2, about 4 times less than that of
KDP at 122 K.*?

B EXPERIMENTAL SECTION

Pyrazole was purchased from Aldrich (99% purity), and used as
delivered.

High Pressure. Pyrazole crystals were in situ grown in a
modified Merrill-Bassett diamond-anvil cell (DAC), with the
diamond anvils mounted directly on steel discs with conical
windows.>* The single crystals of pyrazole were obtained from
the methanol:ethanol:water mixture under a pressure of 0.10—
5.50 GPa at 296 K, as illustrated in Figures 3 and 4. Pressure in

>— molecules A

>— molecules B

Figure 2. One double-loop helix of NH:-N bonded molecules in a-
pyrazole projected (a) down crystal axis [y] and (b) down axis [x].
The H-bonds are indicated by red dotted lines.

Figure 3. Isochoric growth of a pyrazole single crystal in phase a: (a)
at 413 K, (b) at 387 K, (c) at 347 K, and (d) at 296 K/0.10(2) GPa.
Several ruby chips for pressure calibration are scattered around the
sample.
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Figure 4. Isochoric growth of a pyrazole single crystal in phase f: (a)
at 533 K, (b) at 480 K, (c) at 367 K, and (d) at 296 K/1.70(2) GPa.

the DAC was calibrated by the ruby-fluorescence method, with
a Photon Control Inc. spectrometer, with an accuracy of 0.02
GPa**** Single-crystal X-ray diffraction measurements were
carried out using a KUMA KM4-CCD diffractometer with a
sealed Mo tube and a graphite monochromator. The high-
pressure measurements were performed according to previously
described crystal-sample centering and data-collection proce-
dures, ensuring maximum completeness of data.***’ The
preliminary data reduction was performed by CrysAlis
software,”® and then intensities were corrected for the effects
of gasket shadowing and the DAC and sample-crystal
absorption,”**” and the reflections overlapped with diamond
reflections were eliminated.

Varied Temperature. A Cryostream Oxford nitrogen gas
flow attachment was applied for measurements as a function of
temperature between 100 and 310 K in 10 K steps at ambient
pressure. For these measurements, the sample crystal was glued
to a glass fiber and covered with the glue to slow down its
sublimation at high temperature. An Xcalibur diffractometer
with EOS-CCD detector was used. All C and N atoms were
refined with anisotropic thermal parameters. Hydrogen atoms
were located from molecular geometry, except for the amine H-
atom located in the difference Fourier map. The ambient-
pressure structure,'® denoted as phase a, was used as the
starting model for the measurements at varied temperature and
pressure below 0.45 GPa; program SHELXL? was used for the
refinements. It has been unequivocally determined from
systematic absences that above 0.45 GPa pyrazole transforms
to a new phase, denoted as phase f, which acquires space-group
symmetry Pnab. The structure has been solved by direct
methods,” but then the structural model of phase 8 has been
constructed by increasing the symmetry of phase a. The
nonconventional space group Pnab has been applied in order to
preserve the orientation of crystal axes and unit-cell origin of
the isostructural phases. All structures of phases a and f were
refined with anisotropic non-H-atoms. H-atoms, including the
amine H-atom located from difference-Fourier maps, were

riding on their carriers according to the molecular geometry
(C-H, 093 A; N-H, 0.86 A) with Uy, = 1.2U,,

It has been noted that the four strongest peaks in the
difference-Fourier map, calculated without amine protons, are
located at the possible sites of amine protons of all nitrogen
atoms. Therefore, we have checked the H-atom location in the
NH:--N bonds in this way, that two H-atoms, each have been
disordered at two N atoms, and located at the idealized
positions (along the bisector of the C—N—N angle) and their
Uy, equal to 12U, of their carriers, but their site occupation
factors (SOFs) constrained according to the following
equations:

SOF(H1) + SOF(H2) =1 and
SOF(H11) + SOF(H12) = 1 (1)

The temperature dependence of so-derived SOF values, plotted
in Figure Sa, refined to about 0.84 and 0.95 for N1 and N12,
which confirms the main assignment of H1 and H12 at these
locations.

The low electron-density peaks at N2 and N11 could be
associated with the lone-electron pairs of the acceptor atoms.
The lone-electron pair scattering can induce a systematic error
responsible for the magnitudes of SOF(H1) and SOF(HI12)
lower than 1.0. On the other hand, systematic changes of the
SOF(H1) — SOF(H12) difference with temperature (Figure
Sa) prompted us to perform structural refinements of the a-
pyrazole structure with different boundary conditions, defined
by the following equations:

SOF(H1) + SOF(H11) =1 and
SOF(H2) + SOF(H12) =1 ()

Equation 2 constrains the number of amine protons in one
hydrogen bond to 1.0, which is physically more realistic than
the condition of eq 1 constraining the number of protons to 1.0
at each molecule. In other words, the refinement according to
eq 1 corresponds to the isolated neutral molecule of pyrazole,
and eq 2 allows the hydrogen bonded molecules to exchange
protons in the crystalline state. Indeed, the refinements with the
conditions of eq 2 converged to the R factors lower by about
0.005 for all temperature points, compared to the analogical
refinements with the boundary conditions in eq 1. Therefore,
we have assumed the refined structural models with the
boundary conditions in eq 2 as the final ones.

Calorimetry. A differential scanning calorimetry (DSC)
study on the pyrazole sample has been performed with a
THASS DSC XP-10 apparatus in the N, atmosphere. The
sample was cooled to 170 K and then heated at a rate of 5 K
min~" to its melting point at 350 K (Figure S2, Supporting
Information).

B DISCUSSION

In the structure refined according to eq 2, the magnitudes of
SOF(H1) and SOF(HI12) are considerably smaller and the
magnitudes of SOF(H2) and SOF(H11) are considerably
larger than those refined according to eq 1, but the systematic
differences in the occupation of H1/H12 and H2/H11 persist.
These differences have been plotted in Figure 6 and can be
interpreted as the proton excess at molecule A (atomic labels
1-5) and the proton deficiency at molecule B (labels 11—15).

This striking result shows that in the space- and time-
averaged a-pyrazole structure the molecules are discriminated

dx.doi.org/10.1021/jp401389v | J. Phys. Chem. C 2013, 117, 10661—10668



The Journal of Physical Chemistry C

(a)1:0

1N b S
IS 3 o

occupancy factors of Hq, Hp, Hqq, Hq2 site
o
w

oN,--H,,

100 120 140 160 180 200 220 240 260 280 300 320
temperature /| K —=>

—
O
=
N
o

54
©
\

e

occupancy factors of Hq, Hp, H14, Hq2 site
o
o
Z
Zz
Z
N
=z
N

Nyq-Hyg

0.0 b L

100 120 140 160 180 200 220 240 260 280 300 320
temperature /| K —=>

Figure S. Temperature dependence of the site occupancy factors
(SOFs) of H-bonding atoms H1, H2, H11, and H12 in a-pyrazole, for
the structural models refined with the boundary conditions: (a)
defined by eq 1; (b) allowing charge migration, as defined by eq 2.

into cations and anions with charges A averaging to +0.10(4)
and —0.10(4) e, respectively, depending on the H-bond
environment in the crystal (Figure 6). This result is further
corroborated by the temperature dependence of the charge,
which increases with temperature. It will be shown below that
this discrimination results from ionic defects of disproportio-
nated molecules generated by the proton transfers in hydrogen
bonds. The H-transfer requires a thermal excitation, which in
our results obtained for a-pyrazole can be associated with the
average-charge A decrease on cooling the crystal (Figure 6).
Notably, neutral—ionic transformations are well-known in
charge transfer comple)(es;30_35 however, the ionic discrim-
ination of identical molecules is quite unusual. We are only
aware of its observation in polymorph f of 4,6-dihydroxypyr-
imidine.>

It is evident from the unit-cell compression (Figure SI,
Supporting Information) and from the ring-inclination angle

0.20
SOF(H1) + SOF(Hy) -

HRIRE A}
I
0.05 g molecule A {

0.00 b

0059 molecule B
-0.15 4 * +

SOF(H14) + SOF (H42) -
20,20 A L e
100 120 140 160 180 200 220 240 260 280 300 320

+[SOF(H1) - SOF(H12) + SOF(H2) - SOF(H11)] / 2

A=

temperature /K

Figure 6. Differences of SOFs obtained for the a-pyrazole model with
protons disordered and refined with boundary conditions defined by
eq 2.

plotted as a function of pressure in Figure 7 that pyrazole
undergoes a transition to a new ff phase at 0.45 GPa at 296 K. It
is characteristic of ferroic crystals that their orientational states
approximate the prototypic phase, and that the phases exhibit a
subgroup—group symmetry relation.”” Such a relation exists
between phases @ and f§ of pyrazole. Under normal conditions
in the averaged structure, all of its chains are polar in one sense
along [z] (ie., perpendicular to the chains running in the
opposite directions along [x]; Figure 2) and sum up into one
orientational state. Two opposite orientational states approx-
imate the symmetry of space group Pnab. This higher
symmetry requires that hydrogen bond NI1H---N11 be
centrosymmetric and the N1H:--N11 bonded molecules be

<—— temperature /K
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~
[}

2 &

N12oHq2:--No bonded molecules

~
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pressure/ GPa —=>>

Figure 7. Temperature (red lines) and pressure (black lines)
dependence of the inclination angle of the planes fitted to the
NH--N bonded molecular rings in pyrazole phase a and B. The
standard deviations of the NIH1---N11 bonded molecules in phase
illustrate their distortions for the structure refined in the symmetry of
phase o lowered to space group Pna2,.
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parallel (Figure 7), that hydrogen bond NI12H:-N2 be
perpendicular to the 2-fold axis lying along [010], that both
the amine protons be disordered with half occupancies, and
that the conjugated bond systems N—C=C—C=N and N=
C—C=C—N be averaged. The symmetry of pyrazole phases
a and f remains in the typical group—subgroup relation,
mmmFmm2, according to Aizu’s notation.*® In most ferroic
compounds, the transition to the high-symmetry prototypic
phase can be induced by increasing temperature to T..
However, our DSC measurements (Figure S2, Supporting
Information) detected no phase transition in pyrazole between
100 K and its melting point at 341 K. This result has been
corroborated by the monotonic thermal expansion of the
crystal (Figure S1, Supporting Information). It is intriguing and
different than expected, that the pyrazole structure increases its
distortions from the prototypic phase with increasing temper-
ature. For example, the inclination between rings of
N1H1---N11 bonded molecules increases from about 5° at
100 K to nearly 8° at 300 K (Figure 7), while these rings should
be parallel in the prototypic phase. To our knowledge, no such
reverse T dependence of molecular crystal structure has been
reported so far.

Generally, pressure decreases T. in OH--O bonded
ferroics.*™* In KH,PO,, dT./dp = —52 K GPa™!, and in
CsH,PO,, —85 K GPa™'.* In LiH;(Se0;),, 9T./dp = —60 K
GPa™!, although this compound melts at 138 K below T,
estimated at 420 K at 0.1 MPa.** The OH:--O bonds remain
ordered until the mp in croconic acid® and 2-phenyl-
malondialdehyde,*® but the dT./dp depndence has not been
measured for these compounds. The negative dT./dp in KDP
ferroelectrics was initially explained by the H-tunneling, easier
in the compressed OH:--O bond. Later, the T values in KDP-
type ferroelectrics were connected to the orientational
displacements of the OH:--O bonded ions and mole-
cules,”>*~* which account for the isotope effect and for the
existence of the tricritical point,*® too.

The hydrogen bond dimensions plotted in Figure 8 show
that the NH---N distances at the lowest pressure of S-pyrazole

~<—— temperature /K
300 250 200 150 100

H--N and N--N distance /A

1 2 3 4 5
pressure /GPa ——=>

Figure 8. Pressure (black lines) and temperature (red lines)
dependence of the NH---N bonds dimensions in pyrazole phases o
and f: distances H1--N11 (blue triangles), H2--N12 (green
triangles), N1---N11 (blue circles), and N2:--N12 (green circles).

are comparable to those in phase o; the NI1--N11 distance
becomes even slightly longer by 0.02 A at P, = 0.45 GPa, and
the distance N12---N2 becomes shorter by 0.05 A shorter. This
suggests that the NH--N shortening is not the only factor
responsible for the H-disordering and for the transition in
pyrazole.

Furthermore, the pressure dependence of molecular
orientation, measured by the inclination of molecular rings
(Figure 7), indicates that the molecules abruptly adjust their
orientation at P.. This strongly supports the important role of
the molecular orientation, and shows that the structural
transformations at the transition cannot be limited to the
NH:--N bond dimensions alone. The molecular orientation and
H-atom position in the hydrogen bonds are coupled. It was
postulated that the H-site, resulting in the shorter H---N
distance, is favored in bistable NH---N hydrogen bonds.® In a-
pyrazole, the two independent H-bonds are correlated in one
double-loop helix. This leads to the situation that the condition
of shorter H---N distance is fulfilled for the N1H1---N11 bond
(positive magnitudes of &, cf. Figure 9), while, in bond
N12H12--N2, the H-site is weakly unfavored (negative &,
Figure 9) according to the geometrical parameters.

~<—— temperature / K
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1 1 1 1 Il

0025

0.020 : d ”HI\

. 1 — ’//’_ _____ N
N N>

0.015

0 1 2 3 4 5
pressure /| GPa —=>

Figure 9. Difference ¢ between hydrogen-bond distances N---H,
calculated for the H-atom ideally located at both H-bonded nitrogen
atoms: along the N—N—C angle bisector and at the N—H distance of
0.86 A. The main occupation sites at N1 and N12 have been denoted
H and the H--N’ distance as d, while the minor occupation sites at
N11 and N2 as H' and the distance N-+-H’ as d’. Open circles
represent varied-temperature/0.1 MPa structure of a-pyrazole: the
upper plot describes hydrogen bond N1H--N11 (blue) and the
bottom plot hydrogen bond N12H--N2 (green). The full circles
represent high-pressure results, in phase J restricted to § = 0 A due to
symmetry-equivalent d and d’. Red lines are polynomial functions
fitted to the varied-temperature data, and black lines are fitted to the
varied-pressure points.

Due to the correlation of H-sites along the chain, bonds
NI12HI12---N2 adjust the H-positions to those of bonds
N1HI1--N11. However, the unfavorable orientation of the
N12H12:--N2 bonded molecules leads to the differentiation in
averaged H-occupation at the N12 (geometrically less favored)
and N2 (geometrically more favored) sites. Likewise, the
geometric effects in bond NI1HI--N11 lead to somewhat
increased averaged H-occupation at the N1 site. Owing to these
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geometric effects, the average H-occupations at N1 and N2 are
increased and the H-occupations at N11 and N12 are
decreased. In consequence, average charges of the symmetry-
independent molecules are differentiated. According to the
criterion of H--N distance (Figure 9), the difference of
geometric effects for sites N1/N11 and N2/NI12 clearly
decreases in lower temperature, mainly in the 220—160 K
range for N1/N11 and 250—150 K for sites N2/N12. The
temperature dependence of geometric preference for H-
occupation (Figure 9) clearly correlates with independently
measured ionic disparity (Figure 6). The plot in Figure 9 also
shows that the differences ¢ in H---N distances increase with
temperature.

According to these results, the microscopic mechanism of the
observed ionic disparity of molecules, based on the ionic
disproportionation defects, can be established. The ionic
defects separate the NH:--N bonded chain intervals of opposite
polarity (Figure 10). Ions are distributed preferentially

—-
[C3H5N, 1T mol. A

SV T
SRR B IO T 1% N 0 OO0

C3HaN> mol. B [C3HsN>I”

S —

Figure 10. Schematic representation of the NH--N bonded chain,
involving pyrazole molecules (black) and cations and anions (red), in
the pyrazole a crystal. Each ionic “defect” (marked in red) reverses the
chain-interval sense (according to the H-atom positions, as indicated
by the arrows above the drawing).

depending on the Donohue angles of symmetry-independent
molecules A and B. The H-location at molecule A is favored,
and hence, the cations [C;HsN,]* are preferentially located at
this site; reversely, the anions [C3H;N,]™ are preferentially
located at the site of molecule B, for which the Donohue angles
are unfavorable. Therefore, it can be inferred from these results
that: (i) cations and anions are located preferentially at sites A
and B, respectively; (ii) the polar intervals of the NH--N
bonded chains preferentially consist of an even number of
molecules (Figure 10); and (iii) at 290 K the average length of
the chain polar interval, n, can be estimated as 20 molecules (cf.
Figure 10).

The even number of molecules in polar chain intervals (ii) is
a consequence of the location of ionic defects, the cations at the
site of molecule A, and the anions at the site of molecule B. The
average number of molecules, 1, in the polar chain interval (ii)
is estimated from the averaged charge, A, of molecules A and B
(Figure 6) according to the following formula:

n=2/A-2 (3)

where the n number excludes two ionic defects at the interval
ends. The decreasing magnitude of average charge, A, with
temperature (Figure 6), to about 0.05 e at 100 K, corresponds
to n increased to about 40. The average chain interval length in
the crystal, n’, including one end “defect” (or a half of the
cation and a half of the anion) is preferentially odd:

n=n+1 4)

The preferential disproportionation of molecules at sites A
and B adds a new component to the crystal polarization along
[z] derived from the ionic defects (the vertical direction in
Figures 10 and 2). In other words, the molecular environment,
different for molecules A and B, preferentially affects the

distributions of ions, which can significantly contribute to the
polarization of the crystal. The contributions of the ionic
defects along the chains (in direction [x]) are compensated.

Bl CONCLUSION

The phase transition in pyrazole illustrates the role of hydrogen
bonds and van der Waals interactions of molecules in their
crystal environment. The environment of the independent
molecules in a-pyrazole is pseudosymmetric. Therefore,
pressure reduces the structural differences between the H-
donor and acceptor sites and facilitates the disorder of the H-
atoms. The phase transition is induced by a pressure of 0.45
GPa at 296 K.

This interpretation of the transition mechanism is strongly
corroborated by the reverse effect of temperature, increasing
the structural distortions in a-pyrazole from the J-phase
symmetry (Figure 7). It is remarkable that the $50:50 H-
disordering in pyrazole f is triggered despite the N---N distance
exceeding 2.9 A. The phase transition in pyrazole signals that
the search for new H-bonded ferroic materials, so far associated
only with much shorter hydrogen bonds OH--O~ (2.48 A in
KDP), OH---O of 2.62 A in molecular croconic acid, NH*---N
of 279 A in dabcoHBr and 2.84 A in dabcoHBF, ionic
compounds, can be extended to molecular crystals with NH:---N
bonds still longer (2.90 A in pyrazole at 296 K/0.1 MPa). The
application of NH--N bonded molecular compounds can be
more advantageous than the NH"---N, OH--O~, and OH:--O
bonded salts and acids, particularly as substituents in larger
molecules and polymers suitable for preparing layer deposits on
substrates and durable contacts with metallic electrodes.
Additionally, the molecular systems can have better hydro-
phobic properties. Therefore the NH:--N bonded molecular
crystals exhibiting high dielectric polarizability and ferroic
properties can be ideal for electronic applications.

The transition in pyrazole provides new information
indispensible for understanding the mechanism of H-disorder-
ing in hydrogen bonds in their crystallographic environment.
The reorientations of pyrazole molecules at 0.45 GPa are driven
by close packing interactions, enhanced by high pressure. The
correlation of the H-site with the favored H-bond directions on
the H-donor and acceptor sites leads to the disproportionation
effect and ionic disparity of symmetry-independent molecules
which generates ionic defects in a-pyrazole. These defects are
thermally activated and can considerably contribute to the
dielectric properties of the crystal. This ionic disparity in several
respects resembles the ionic—neutral transitions in e-transfer
complexes, and complements this phenomenon to one-
component molecular crystals. Pressure effects in molecular
crystals can have very different forms, as exemplified by other
studies on Sgolymorphs of salicylamide,*® glycine,”" and
paracetamol,” and further high-pressure studies on molecular
systems are clearly needed.

B ASSOCIATED CONTENT

© Supporting Information

CCDC 878191—878203 contains the supplementary crystallo-
graphic data for pressure measurements (respectively from
0.0001 to 5.50 GPa) and CCDC 878204—878225 for
temperature measurements (respectively from 100 to 310 K).
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data
request/cif. PDF file showing the unit-cell dimensions of
pyrazole plotted as a function of pressure and temperature
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(Figure S1); differential thermal analysis of pyrazole (Figure
S2); detailed crystallographic information for high-pressure
phase a (Table S1), phase  (Table S2), and low-temperature
phase a (Tables S3 and S4); the dimensions of NH:-N
hydrogen bonds for high-pressure measurements (Table SS)
and for low-temperature measurements (Table S6); and the
inclination angle of the planes fitted to the rings of NH---N
bonded molecules for high-pressure measurements (Table S7)
and for low-temperature structures (Table S8). This material is
available free of charge via the Internet at http://pubs.acs.org.
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8 ABSTRACT: The molecular aggregation in 2-phenylimidazole is — Ph — Ph Ph
9 analogous to that observed in the new class of NH-+N bonded —N/\_\NH\N)\ ,,—HN/_/\N\HNKN,—HN@\NH\N)\N,
10 ferroelectrics and relaxors. Disordered H-atoms in NH:--N hydrogen- I \@/ \Fg \—/ \P( \Q/
11 bonded chains in the average crystal structure of 2-phenylimidazole
12 persist to 100 K, but the relaxation time of this process is very long even v v
13 above 340 K. Above 200 K, a gradual increase of the electric permittivity & v & y
14 along chains testifies to the activation of dipolar fluctuations, associated @
15 with proton transfers in the quasistatic disordered chains. However, the
16  chemical shifts of nitrogen atoms (equivalent according to the average
17 crystal symmetry) remain clearly distinguished as protonated and
18 unprotonated in "N NMR spectra up to 340 K at least. The 2-
19  phenylimidazole crystal exhibits an unusual negative-linear thermal
20 expansion (NTE) in the entire 140—340 K range, induced by subtle
21 rotations of the NH---N bonded molecules. The NTE direction is the
22 softest direction of the hydrostatically compressed crystal, which violates the inverse relationship rule of compression and thermal
23 expansion. The crystal compression is monotonic, but clearly nonlinear, which is connected with the pressure enforced
24 adjustments in the molecular packing between 0.1 MPa and 0.4 GPa, when small voids between molecules are eliminated.
2s Il INTRODUCTION ferroelectric and relaxor properties of these salts."’™'® The s

26 All technological fields significantly depend on new increasingly
27 efficient materials. This particularly concerns ferroelectrics and
28 dielectric materials. Recently, ferroelectric relaxors, i.e.,
29 materials with giant dielectric response exceeding 1000, have
30 been intensely studied because of their possible practical
31 applications in electronic devices. Presently, mainly Pb-doped
3 perovskite-type ceramic relaxors”” are used in electronic
33 devices;>* however, organic compounds could be their ideal
34 substitutes.” Organic materials are light, cheap, easily processed,
35 and environmentally friendly.® Dielectric properties of NH--N
36 bonded compounds often originate from the behavior of
37 protons, their site and dynamics. Depending on the crystal
38 symmetry and structure, the protons can reverse the polar-
39 ization of H-bonded aggregates. Therefore, NH:--N bonded
40 materials are investigated in connection to their possible
41 desired properties of ferroelectricity, relaxor ferroelectricity, and
42 proton conductivity.”

43 In molecular crystals, the H-site in bistable NH---N hydrogen
44 bonds is coupled to the orientation of H-bonded molecules. In
45 ionic NH"---N bonded crystals, the proton sites are coupled to
46 the positions and orientations of neighboring anions.*® The
47 coupling between the proton site and orientation of cations in
48 NH"--N bonded complexes of 1,4-diazabicyclo[2.2.2]octane
49 (dabco) with mineral acids (HA = HBr, HI, HCI, HCIO,,
so HBF,, HReO,) is highly reduced, which results in the

—

—
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transformations and properties of NH:--N bonds were intensely s2
studied.'”™>° We investigated the properties of NH---N bonded s3
basic molecular systems of pyrazole,”® imidazole,”* and s4
benzimidazole.”> These materials are hardly affected by ss
temperature, but pressure efficiently modifies their structure ss
and properties. Most intriguingly, each of these crystals s7
differently responds to pressure. Presently, we have investigated ss
2-phenylimidazole (2phIm), crystallizing at ambient conditions so
in a polar orthorhombic space group Ama2. In its crystal 6o
structure, the molecules are NH--*N bonded into chains along 61
the [x] axis (Figure 1), but the H-atoms are disordered in the 6211
hydrogen bonds at 300 K. In this respect, the NH---N bonds in 63
2phIm are different than those in previously investigated 64
crystals of pyrazole, imidazole, and benzimidazole. Dynamic ss
disorder of the H-atoms is difficult to reconcile with the long 6s
N-N distance of 2.90 A. Most recently, Horiouchi et al. 67
discovered ferroelectric 6properties in analogous 2-methylbenzi- 68
midazole (ZmeBzIm).2 In its average structure, protons are 69
disordered in NH---N bonds at normal conditions; however, it 70
was shown that the crystal is built of small polar domains of 71
several micrometers across. 72
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Figure 1. Possible arrangements of NH-N bonded and disproportionated 2-phenylimidazole molecules. Schemes (a) and (e) represent all-
molecular and all-ionic chains, respectively, and (b—d) show molecular and ionic domains separated by disproportionated ions and molecules. The
shaded arrows indicate the polarization of the chain domains of molecules and ions.

73 It was postulated that the NH---N bonds in 2meBzIm are
74 ordered within the domains.*® In 2phIm, the disorder of NH---
75 N bonds is analogous to that in 2meBzIm; however, our studies
76 revealed no ferroelectric polarization of the 2phIm crystals.
Several structural models of the structural disorder in 2phlm,
involving neutral molecules, cations, and anions connected by
the NH:--N bonds, are possible (Figure 1). We have
investigated these options by solid-state NMR spectroscopy,
theoretical computations, and dielectric spectroscopy. The
elastic and thermal properties of envisaged NH--N bonded
functional materials are most relevant for their possible
applications. Therefore, we have also investigated the effects
of pressure and temperature on the 2phlm crystals.

B EXPERIMENTAL SECTION

87 2-Phenylimidazole was purchased from Acros Organics (98%
88 purity) and used as delivered. The best quality crystals were
89 obtained from the saturated methanol solution. This solution
90 was used for growing large single crystals, of several millimeters
91 in size, for dielectric studies. They were usually plates elongated
92 along the NH---N bonded chains and thinnest along the [y] axis
93 (cf. Figures 2 and S2, Supporting Information). A modified
94 Merrill-Bassett diamond-anvil cell (DAC) with the diamond
95 anvils mounted directly on steel discs with conical windows was
96 used for high-pressure crystallizations and X-ray diffraction
97 studies.”” A hot-air gun with a digital control of temperature
98 and an independent temperature measurement by a thermo-
99 couple attached to one of the anvils inside the DAC were
100 applied. The sample grains were dissolved by increasing the
101 temperature till a single grain was left, and then the DAC was
102 slowly cooled to 296 K (Figure 3). Pressure in the DAC was
103 calibrated by the ruby-fluorescence method and a Photon
104 Control Inc. spectrometer of enhanced resolution, affording the
105 accuracy of 0.02 GPa.*** A single-crystal KUMA KM4-CCD
106 diffractometer, with a sealed Mo tube and a graphite
107 monochromator, was used. The CrysAlis software was applied
108 for X-ray diffraction data collections and preliminary data
109 reduction.’® The diamond reflections were eliminated and
110 intensities of the sample reflections were corrected for the
111 effects of DAC absorption, sample shadowing by the gasket,
112 and for the sample absorption.”"** All carbon and nitrogen
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Figure 2. NH--N bonded chains in the average structure of 2-
phenylimidazole crystal projected (a) down crystal axis [z], and (b)
along [x]. In these drawings, the disordered proton at N1 has been
shown in its two half-occupied sites in the NH:--N bonds. The proton
disorder is required by the crystal symmetry: the mirror plane
perpendicular to the rings (perpendicular to [x] at x = 0.25 and 0.75)
and the 2-fold axis perpendicular to the NH---N bond at its midpoint

(the 2-fold axis parallel to [z] at x = 0 and y = 0).

atoms were refined with isotropic thermal parameters. Hydro-
gen atoms were located from the molecular geometry.

X-ray diffraction data have also been measured at ambient
pressure as a function of temperature in the 150—340 K range
for a bare single crystal. An Xcalibur diffractometer with an
EOS-CCD detector was equipped with a Cryostream Oxford
nitrogen gas-flow attachment controlling temperature changes
within 0.1 K. The previously determined ambient-pressure

33
structure

was the starting model for the first low-temperature

and high-pressure refinements; the SHELXL** program was
used. All structures were refined with anisotropic C and N
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Figure 3. Isochoric growth of a 2phIm single crystal: (a) one seed at
453 K, (b) the crystal at 433 K, (c) at 403 K, and (d) 296 K/0.70 GPa.
Five ruby chips for pressure calibration lying around the DAC
chamber edges are indicated by the letter “R” in photograph (a).
Selected faces of the crystal are indexed in photograph (b).

124 atoms; H-atoms were riding on their carriers at ideal positions
s (C—H 0.93 A, N-H 0.86 A) with Uy, = 1.2U,,

126  For dielectric studies, the samples were prepared from single
127 crystals in the form of capacitors, with silver electrodes
128 deposited on the surfaces parallel or perpendicular to the
120 NH---N hydrogen bonds. The complex electric permittivity, € =
130 & — ie”, was measured with a Hewlett-Packard 4192A
131 impedance analyzer at selected frequencies between 10* and
132 10" Hz. The amplitude of the ac measuring electric field was of
133 3—4 V cm ™', and temperature was continuously changed at the
134 rate of 0.5 K min™". The measurements were hampered by
135 cracking of the sample crystals, perpendicular to the chain
136 direction in the structure, on changing temperature. This
137 produced artifacts in the recorded data, and the measurements
138 had to be repeated for six new samples before these effects
139 could be eliminated and reliable electric permittivity obtained.
140 The compilation of these results led us to the conclusion that
141 the crystal transformations between 80 and 360 K are
142 monotonic, with no signs of structural phase transitions.

143 The 'H NMR longitudinal relaxation time, T1, was measured
144 between 94 and 373 K by using a Bruker AVANCE II 500 MHz
145 spectrometer. The sample of 2phIm powder was packed into a
146 4 mm rotor. For measurements between 94 and 295 K, a single-
147 channel wide-line probehead was inserted into a cryostat cooled
148 with liquid nitrogen, whereas, for higher temperatures, the 4
149 mm DVT CP/MAS probehead was used without spinning the
150 sample. The inversion—recovery method with 8—30 variable
151 relaxation delays was typically performed with a single scan per
152 each delay. The measurements were repeated at least twice at
153 each temperature, and the results were averaged. The '*N CP/
154 MAS spectra were acquired with the 4 mm DVT probehead at
155 the spinning rate of 6.0 kHz at 298 and 328 K. Contact time for
156 cross-polarization was 4 ms. An additional spectrum with a
157 short contact time of 100 us was recorded at 298 K to
158 recognize "N signals of nitrogen atoms bonded to protons. A
159 "N CP/MAS spectrum with a spinning rate of 2.5 kHz was also

acquired at 298 K in order to determine the chemical shift 160
tensor of nitrogens. The latter was performed by a combined 161
numerical analysis of "N spectra acquired under spinning rates 162
of 2.5 and 6 kHz.* 163

The molecular geometry optimization and chemical shielding 164
at the DFT level were computed by using the Gaussian 09 165
package®® with its built-in 6-311G(2d,p) basis set and 166
B3LYP*"*® exchange-correlation potential. 167

B RESULT AND DISCUSION 168

NH-N Bonds Disorder. The disorder of NH--N bonds 169
and of conjugated-bonds systems HN—C=N in 2phIm can be 170
modeled in several ways. The concerted H-hopping between 171
the donor and acceptor sites have been excluded by dielectric 172
and N NMR spectroscopies, and the quasistatic disorder with 173
solitonic movements of domains walls and stochastic creation 174
and annihilation of defects will be considered below. In 175
principle, it is possible that ideally ordered NH:-N bonded 176
molecular chains, all polarized in one direction along their 177
length (Figure 1a), are weakly correlated and hence randomly 17s
arranged along [y] and [z] (cf. Figure 2). However, such a 179
disorder would produce diffuse scattering in diffraction patterns 180
along [y*] and [2*], which has not been detected in any of our 181
diffraction data. Moreover, the molecular dynamics detected by 182
our dielectric and NMR study strongly supports the quasistatic 183
disorder in the chains, which implies the disorder perpendicular 184
to the chains, too. The disorder of protons in many NH-N 1ss
bonded molecular crystals is puzzling in this respect that these 186
bonds are relatively long, for example, in 2phIm of about 187
2.893(4) A at 0.1 MPa/300 K. The H-disorder within the 1ss
NH:--N bonded chains implies the charge disproportionation,
as illustrated in Figure 1b—d. It was shown recently that an
analogous crystal of 2-methylbenzimidazole (2meBzIm), which 191
crystallizes in space group P4,/n with the protons disordered
similarly as in 2phIm (ie. the crystal symmetry requires that
both amine groups are identical with half-occupied H-sites) is 194
ferroelectric. This seemingly irrational observation of a 195
ferroelectric loop in 2meBzIm has been explained by showing 196
that the centrosymmetric space group P4,/n describes the 197
average positions of atoms in this structure, which, in fact, is 198
built of noncentrosymmetric polar domains, of space group Pn. 199
The polarization of these domains in 2meBzIm was associated 200
with the H-sites in NH--N bonds. Hence, our study was 201
focused on the dielectric properties of 2phIm and on the H- 202
behavior in NH---N bonds. In 2phIm, the stable positions of H- 203
atoms would generate small regions polarized along [x] (apart 204
from the crystal polarization along [z]). Such polar regions 20s
would have the symmetry lowered to the monoclinic space 206
group Alal (equivalent to space group Cc, according to the 207
convention of the International Union of Crystallography).*® 208
Our high-pressure and low-temperature X-ray diffraction study 209
on 2-phIm has shown that the disorder of protons persists in 210
the averaged structure on increasing pressure and decreasing 211
temperature. The structural disorder generally generates 212
diffused scattering in diffraction data, and its analysis can be 213
helpful in recognizing different types of disorder by 214
determining its correlation length at different directions. 215
However, the inspection of diffraction layers constructed of 216
the diffraction images collected for 2phIm at various temper- 217
atures showed no significant diffused scattering (see Tables 218
S1-S3 in the Supporting Information). This testifies that the 219
proton disorder does not involve significant displacements of 220
heavier atoms. 21
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22 The H-disorder in the average NH--N bonded 2phIm
223 structure prompted us to investigate its dielectric properties.
224 The temperature dependence of the real part of the complex
225 electric permittivity, ¢'(T), plotted in Figure 4, reveals its
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Figure 4. Real part of the complex electric permittivity measured along
the hydrogen bonds and perpendicular to the bonds, for selected
frequencies.

226 apparent anisotropy in the directions along and perpendicular
227 to the NH:---N bonds. Perpendicular to the NH---N bonds, the
228 electric permittivity €’ is lower and almost temperature- and
229 frequency-independent, whereas, along the bonds, &’ is higher,
230 rises nonlinearly with increasing temperature, and shows a
231 frequency dispersion. The larger dielectric response of the
232 crystal along the NH--N bonds originates, most likely, from
233 dipolar fluctuations induced by proton transfers in hydrogen
234 bonds. The dielectric losses, €”, are small in the entire
235 temperature range (the tangent of dielectric loss is smaller than
236 0.05), and its slightly higher magnitude along hydrogen bonds
237 compared to the perpendicular directions can be attributed to
238 the H-dynamics, too.

239 The 'H NMR spectrum of the 2phIm powder consists of a
240 hump with the full width at half-maximum (fwhm) of about 40
241 kHz. The individual resonances are not resolved due to large
242 dipole—dipole couplings within the spin system. Longitudinal
243 relaxation times, T1, for "H nuclei occupying various sites
244 within the molecule of 2phIm, under such experimental
us conditions, are averaged out by spin-diffusion processes.*’
246 The resulting magnetization decay is still multiexponential, but
247 its initial rate may be characterized by the unique T1. This
248 longitudinal relaxation time determined in the sample of 2phIm
249 is long, and almost temperature-independent below 200 K, as
250 shown by blue dots in Figure S and characterized by the
251 Arrhenius energy of 0.22(2) kJ mol™". It suggests that the
252 molecular dynamics in the crystal is negligible below 200 K.
253 The abrupt rise of the relaxation rate at about 200 K marks a
254 dynamic activation, with the Arrhenius energy of 5.1(3) kJ
25s mol ™' (Figure S, red squares). The "N CP/MAS spectra
256 acquired at 298 K (Figure 6) and 328 K have almost identical
257 isotropic chemical shifts and similar fwhm’s. The CP/MAS
258 spectrum with a short contact time of 100 s left only one
259 signal at —215 ppm intact, while the resonance at —139 ppm
260 vanished. It means that the signals originate from the '*N nuclei

—

3

o

2 4 6 8 10 12
1000/T (K

Figure 5. Dependence of natural logarithm of 'H longitudinal
relaxation rate, In(T17"), on inverse temperature for the crystalline
sample of 2phIm (see the text).
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Figure 6. "N CP/MAS spectrum of 2phIm at 298 K, referenced to
external nitromethane.

directly bonded to the proton and those nonprotonated, 261
respectively. The positions and widths of two "N narrow 262
signals are independent of temperature, which is incompatible 263
with dynamic intermolecular proton transfers. The latter would 264
be expected to average both the "N signals out to a single 265
absorption. Such an averaging of lines would, however, take 266
place if the dynamic process simultaneously concerned a 267
significant population of "N atoms in the sample. The 268
activation of H-jumps involving only a small fraction of 269
molecules, of about 5% or less, could remain unnoticeable in 270
the NMR spectra, but its contribution could correspond to the 271
observed increase of electric permittivity along the NH:--N 27
bonded chains (Figure 4). This could be the case of proton 273
transfers occurring in the form of solitons associated with 274
2phIm ions, as well as stochastic creations and annihilations of 275
ions, in the matrix of stable neutral molecules constituting the 276
overwhelming majority (Figure 1b). 277

The process of the stochastic migration of charged defects 278
along H-bonded chains and reversing the sense of their polar 279
intervals is compatible with the longitudinal 'H relaxation and 2s0
consistent with no signals averaging in the "N NMR spectrum 2s1
(Figure 6), which would occur due to fast dynamics between 282
protonated and unprotonated nitrogen atoms. To verify this 283
structural model of the vast majority of neutral molecules 284
occasionally separated by ions, we performed DFT calculations 285
of the chemical shift tensors of >N and compared them to 2s6
those measured experimentally. The calculations were 287
performed for both ionic and neutral forms. The central 288
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289 molecule was surrounded by four other molecules, two adjacent
290 along [x] and two along [z], in a pentamer cluster. Two ionic
291 clusters were taken into account, one with the cation
202 surrounded by four anions and another one of the anion
293 surrounded by four cations. In each pentamer cluster, the
294 positions of all the atoms of three NH---N bonded imidazole
295 rings aligned along the [x] axis were optimized, together with
296 the positions of protons of phenyl rings in these molecules,
297 while the positions of heavy atoms in phenyl rings were fixed,
208 along with the positions of all atoms in two neighboring
299 molecules located along the [z] axis. The "N chemical shift
300 tensors were calculated for the central molecules in all the
301 optimized systems. The calculated values and experimental
302 results are listed in Table 1. The root-mean-square deviations
303 (RMSDs) comparing the calculated and experimental shifts are
304 smaller and hence more favorable for the neutral model.

- O

—

Table 1. DFT-Calculated and Experimentally Determined
Principal Cartesian Components of the Chemical Shift
Tensors of 'SN Nuclei in 2phIm, Referenced to Isotropic
Chemical Shift of Nitromethane®

neutral model experimental
shift tensor  ionic model [ppm] [ppm] [ppm]
N NH N NH N NH
xx +76 =75 +108 —-103 +91 -110
yy —208 —248 —191 —238 —200 —242
zz —294 —289 —313 —304 —-309 —294

RMSD 17.3 9.6

“The RMSD value is the square root of the averaged sum of squared
differences between the calculated shift tensor components and the
corresponding experimental values.

305  Negative Thermal Expansion along [0 1 0. The crystal
306 exhibits a strong negative-linear thermal expansion (NTE):
307 parameter b shrinks on heating along the [y] axis, perpendicular
308 to the NH--N bonds (Figure 7b). The thermal-expansion
309 coefficient along the [y] axis, o, = 1/b 0b/0T, changes from
310 —47.6 X 107 to —33.13 X 107® K™ over the investigated
311 temperature range of 150—340 K. This phenomenon can be
312 described by a “butterfly wings” model, where the 2phIm
313 molecules (“wings”) change their orientation, measured by
314 dihedral angle @ (plotted in Figure 8) around [x] (coplanar
315 with the molecules, as required by the crystal symmetry).

316 The NTE direction is consistent with the dihedral angle 6
317 between NH---N bonded molecules (Figures 8 and 2) increased
318 at increased temperature and with the chain width along [y]
319 reduced. On the other hand, the chain width along [z]
320 corresponds to the strongest (positive) thermal expansion of
321 the crystal in this direction, with the expansion coefficient a,
322 (1/¢ 0c/0T) changes from 1.47 X 107* K™ at 150 K to 2.99 X
323 107 K™! at 340 K. The thermal expansion along [x] is almost 2
324 orders of magnitudes smaller, of about a, = 9.10 X 107 K™,
325 This is due to the NH---N bonded chains running along [x] and
326 due to NH:--N bonds, the strongest and hence the most stiff
327 interactions in the crystal. The orientation of the molecules
328 along [«] is fixed by symmetry, and the length of NH---N bonds
329 (Figure 9) hardly depends on temperature: the N---N distance
330 elongates by 0.01 A from 150 to 340 K.

331 Anisotropic Compression of 2phlm. The crystal volume
332 compression in the entire pressure range investigated is
333 monotonic, which testifies that the crystal remains in the
334 same phase (Figure 7). The volume compression is clearly
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Figure 7. Volume (a) and unit-cell dimensions (b) of 2-phenyl-
imidazole plotted as a function of pressure (black lines) and
temperature (red lines). These of compression and thermal-expansion
plots, superimposed here for their convenient comparison, are also
presented separately in the Supporting Information (Figures S4 and
SS).

nonlinear, and f, (1/V dV/dp) calculated at 0.10 MPa is 335
—0.12784 GPa™!, whereas, at 1.65 GPa, it is almost 4-fold 336
smaller in magnitude, —0.03444 GPa™!. Such a nonlinear 337
compression is characteristic of molecular crystals.*"** 338

The crystal compression is strongly anisotropic. The hardest 339
direction [«], along NH---N bonded chains, is clearly nonlinear: 340
initially, its linear compression is close to zero until about 0.6 341
GPa, when it monotonically increases. Also, the compression 342
along the softest direction [y] is clearly nonlinear above 1.0 343
GPa, where the plot of b as a function of pressure becomes 344
concave. Differently than in directions [x] and [y], the ¢ 345
parameter is most compressed at 0.1 MPa, where . = 1/c dc/ 346
dp is —0.10195 GPa™, and it is stiffer at higher pressure, . = 347
—0.0572 GPa™' at 1.65 GPa™'. This anomalous compression 348
within one phase of 2phIm can be correlated with the 349
compression of NH---N bonds and with other intermolecular 3s0
contacts (Figure 9), as well as with the dihedral angle 6 3s1

dx.doi.org/10.1021/jp501187v | J. Phys. Chem. C XXXX, XXX, XXX—XXX
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Figure 8. Temperature (red line) and pressure (black line)
dependence of the inclination angle of the planes fitted to the NH:--
N bonded molecular rings in the crystal. The inset shows two
molecules (green at 150 K and pink at 340 K) projected along [«].
Dihedral angle 6 is also indicated in the inset.

352 between the NH-N bonded molecules (Figure 8). In the
353 pressure range to about 0.6 GPa, the H-bonding distances N---
354 N and H:--N are compressed stronger than at higher pressure.
3ss It is also characteristic that, up to about 0.1 GPa, the dihedral
356 angle, shown in Figure 8, increases its opening, and above 0.1
357 GPa, it starts to decrease.

358 The coincidence of the NTE along [y] and of the strongest
359 compression along this direction in 2phIm is inconsistent with
360 the rule of inverse relationship between temperature and
361 pressure changes43_46 and with the role of elastic constants
362 presented by Munn.*” The molecular rearrangements in the
363 crystal structure are directly connected with its anisotropic and
364 nonlinear compressibility. Initially, the NH--N bonds are
365 compressed, which increases the interactions of atoms HS---H7
366 (symmetry codes in Figure 9) between NH--N bonded
367 molecules. This sterical hindrance can be released by increased
368 dihedral angle 6. This increase, in turn, acts against the
369 compression along [x] and [y], and hence the convex shape of
370 the compression plot of a and b in the 0.1 MPa to 0.6 GPa
371 range.

372 The dihedral 8 angle can increase because there are no strong
373 interactions between the molecules along [z]. However, this
374 direction is most compressed between 0.1 MPa and 0.3 GPa,
375 which increases the intermolecular interactions and reverses the
376 dependence of the dihedral angle on pressure (Figure 8).
377 Because of the compression between 0.1 MPa and about 0.4
378 GPa, small intermolecular voids are eliminated and the
379 structure becomes closely packed. The compression of this
380 closely packed structure above 0.4 GPa significantly differs from
381 the compression in the 0.1 MPa to 0.4 GPa range, and hence
382 the “adjustment” effects of strongly nonlinear compression and
383 its convex and concave pressure dependence. Similar adjust-
384 ment regions were observed in compressed ferrocene*® and 2-
385 (3'-chlorophenyl)-4,5-dihydro-1H-imidazole.*® This adjust-
386 ment effect can be quite common, and it can result either in
387 anomalous monotonic compression or in a phase transition, if
388 the adjustments proceed abruptly.
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Figure 9. Pressure (a) and temperature (b) dependence of the
shortest molecular contacts in 2phIm. The symmetry codes are: (i) 1
— %, —y,2 (i) 1 — x, 0.5 — , 0.5 + z; (iii) x, 0.5 + 3, 0.5 + z; (iv) 0.5 +
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and (viii) —0.5 + x, =y, 1 + z.

H CONCLUSION 389

The H-disorder in NH---N bonds in 2phIm is mainly static 390
within the entire temperature range investigated. Even at the 391
highest temperature limit of our study, at 360 K, no dynamics 392
of the proton in NH:-N bonds with relaxation time shorter 393
than 2 s was detected. These results are consistent with the 394
crystal model of neutral molecules NH---N bonded into chains, 395
with polar domains separated by disproportionated anions and 396
cations (Figure 1). Such domain walls can be moved, created, 397
and annihilated by H-transfers in the H-bonds. The NMR and 398
dielectric observations of molecular dynamics gradually 399
thermally activated above 200 K can be associated with the 400
H-transfers and intramolecular vibrations (of the phenyl and 401
imidazole rings) as well as with the stochastic transformations 402
of NH:--N bonds activated by lattice phonons. Despite several 403
structural analogies with ferroelectric 2meBzIm,”® the 2phIm 404
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crystal is not a ferroelectric. However, our presently reported
results for the 2phIm crystals provide new information about
the role of NH---N bonds and their transformations in the
mechanism of ferroelectricity in 2meBzIm.

The quasistatic behavior of NH---N bonds in 2phIm is
consistent with no transition to the paraelectric phase observed
in 2meBzIm.*® In this respect, the behavior of 2meBzIm is
different than that of polar pyrazole crystals, which, at high
pressure, transform to a centrosymmetric phase with the H-
atom disordered in NH:--N bonds. Moreover, a neutral-to-ionic
transformation due to disproportionation of pyrazole molecules
was observed. The H-atom disorder in NH---N bonds was also
found in 4-bromo-3,5-dimethylpyrazole,' and 3,4,5-trimethyl-
pyrazole.”® The polar benzimidazole phase a above 0.26 GPa
transforms into centrosymmetric phase f, and, above 2.26 GPa,
into another centrosymmetric phase y. However, in all phases
a, B, and y, the H-atoms remain ordered. Imidazole « is
centrosymmetric at ambient conditions, and in high pressure, it
crystallizes in a polar phase f. In both phases, the H-atoms are
ordered in NH:--N bonds. A similar situation is observed in the
majority of imidazole,**™>* and benzimidazole derivatives.>>™*°

The 2phIm crystal exhibits the NTE along the most
compressed [y] direction; however, its thermal expansion and
compression are inconsistent with the inverse relationship
rule.*™* The initial nonlinear 2phIm crystal compression
results from a tightening of crystal packing, when small
misadjustments of molecules, from their close packing induced
by directional interactions in the ambient-pressure structures,
are eliminated. The extent of the adjustment effects in
molecular crystals still requires further investigation in other
compounds.

B ASSOCIATED CONTENT

© Supporting Information

Detailed crystallographic information for temperature (Table
S4) and pressure (Table SS) measurements of 2phlm, and the
dimensions of NH--N hydrogen bonds for low-temperature
measurements (Table S6) and for high-pressure measurements
(Table S7). This material is available free of charge via the
Internet at http://pubs.acs.org.
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ABSTRACT: The prototypic ferroelectric KH,PO, (KDP) and o o 400 o

most other OH--O bonded ferroelectric crystals transform to o o

paraelectric phase above the critical temperature (T.), which < 300 < 300

decreases at high pressure. The negative 0T./dp in KDP and in 5 2

antiferroelectric squaric acid (C,H,0,, H,SQ) is generally & 200 o o 8 200 O O

connected to the compressed O--O distance. The ferroelectric § paraelectric §

croconic acid (CsH,0;) does not transform to the paraelectric 100 100 ferroelectric

phase until it decomposes at 450 K, and our high-pressure X-ray antiferroelectric

diffraction structural and Raman spectroscopy studies have not 0 o 1 2 3 a4 s L

detected the paraelectric phase up to 5.3 GPa, either. This Pressure /GPa Pressure /GPa
striking behavior of croconic acid can be explained by somewhat

longer OH---O bonds as well as by the damping correlations of H-sites with atomic displacements in the structure, preventing the
H-dynamics in hydrogen bonds. This structure—property relation combines the features of supramolecular aggregation and

ferroelectric ordering in OH--O and NH:---N bonded chemical compounds and reveals new structural factors significant in the

search for new functional materials.

B INTRODUCTION

Ferroelectric materials are essential for the development of
modern electronic equipment. Organic materials can supersede
the inorganic ones due to their flexibility, nontoxicity, ease of
manufacturing and disposal; however, no adequate substitutes
of the perovskite ceramic ferroelectrics have been found so far.
Presently mainly lead-doped perovskite ceramics are applied as
ferroelectrics and relaxors. A promising group of their
substitutes are hydrogen-bonded ferroelectrics,' the sponta-
neous polarization of which is reversed due to transformations
of bistable OH--O or NH---N bonds.”"® Such OH--O bonded
terroelectrics are often classified as KDP-type, after their first
representative KH,PO, (KDP). Above critical temperature (T.)
KDP-type ferroelectrics transform to the paraelectric phase,
where the H-atom becomes disordered.”~"! For example, KDP
becomes paraelectric above T, = 122 K; an analogous transition
of antiferroelectric squaric acid (C,H,0,, H,SQ) occurs at
395 K.'* The ferroelectric—paraelectric transitions can also be
induced by increasing pressure. High pressure lowers T, which
has been generally connected to the OH:--O bond compression
and lowering the potential-energy barrier between the proton
sites and to reduced atomic displacements.'®®™'* Tt was
demonstrated that even the crystals of LiH,(SeO,), """
melting in the ferroelectric phase, can be transformed to the
paraelectric phase at high pressure (Figure 1). Here we show
that croconic acid (C;H,O;, H,CR), a recently discovered
ferroelectric'® and a close analogue of squaric acid, does not
transform to the paraelectric phase even at high-pressure
conditions. The structural origin of this unexpected behavior
suggests that there is a distinct group of OH--O bonded

-4 ACS Publications  © 2013 American Chemical Society

ferroelectrics, which have no paraelectric phase at all. Two
isostructural ferroelectrics of guanidinium tetrafluoroborate and
guanidinium perchlorate (GHCIO,) were reported recently,'?
and for none of them was the paraelectric phase found. This is a
very desirable feature for possible applications, which extends
the temperature range of the ferroelectric properties and
eliminates the reduction of spontaneous polarization close to

T

c

B EXPERIMENTAL SECTION

Croconic acid was purchased from Aldrich (98% purity). Single
crystals were obtained by slow evaporation of the solution in
1 M hydrochloric acid. The single crystal was mounted in a
modified Merrill-Bassett diamond—anvil cell (DAC) and
topped up with hydrostatic fluid.*" Fluorinert was used for
measurements up to 1.36 GPa and a 1:1 iso-pentane/n-pentane
mixture for higher pressure. Pressure in the DAC was calibrated
by the ruby-fluorescence method, with a Photon Control Inc.
Spectrometer, with accuracy of 0.02 GPa.””** The single-crystal
data were measured with a KUMA KM4-CCD diffractometer.
The CrysAlis software was used for collecting data and their
preliminary reduction.”* After the intensities were corrected for
the effects of gasket shadowing and the DAC and sample—
crystal absorption, the reflections overlapped with diamond
reflections were eliminated.***® All carbon and oxygen atoms
were refined with isotropic thermal parameters. Hydrogen

Received: April 25, 2013
Revised:  June 11, 2013
Published: June 11, 2013

dx.doi.org/10.1021/jp404096¢ | J. Phys. Chem. C 2013, 117, 14213-14217



The Journal of Physical Chemistry C

550

500

decomposition point of H,CR

450 4.
400
350 A

300

Te (K)

250 4

200

150

100

50 T T T T T T
00 0.5 1.0 1.5 20 25 30

pressure (GPa)

Figure 1. Pressure dependence of T, in prototypic KDP-type
(anti)ferroelectrics and their deuterated analogues: KH,PO,;'!
KD,PO,;'' CsH,PO,;** CsD,PO,;'* H,C,0,*° D,C,0,;*°
LiH;(SeO5),;"” and LiD;(SeO;),."” The dotted lines extend the
OT./dp dependence to above the melting points in LiH;(SeO;), and
LiD5(SeO5),. Above 0.6 GPa, CsH,PO, transforms to another phase;
hence, its 0T./0p line is terminated at this pressure.

atoms were located by using command AFIX 83 of SHELXL">
at both sides of the H-bond, and their Uy, was equal to 1.2 U,
of their carries, but their site occupation factors (SOF) were
constrained according to equations

SOF(H1) + SOF(H4) = 1 and
SOF(H2) + SOF(H3) = 1 1)

These refinements of SOFs confirmed the location of H1 at O2
and H2 at O3 for all pressure points. The detailed
crystallographic information have been deposited in the CIF
form in the Cambridge Crystallographic Database Centre,
CCDC numbers 933518—933524. Their copies can be
obtained free from charge at www.ccdc.cam.ac.uk.

Raman spectra were collected with a 695.05 nm excitation
wavelength in the pressure range from 0.13 GPa up to 3.47 GPa
by a Renishaw InVia Raman Microscope.

B RESULTS AND DISCUSSION

Croconic acid crystallizes in orthorhombic polar space group
Pca2,, but its structure approximates centrosymmetric space
group Pcam.'®*® This higher symmetry is broken by H-atoms
ordered off-center sites in the OH---O bonds, as illustrated in
Figure 2, and by small displacements of other atoms. It was
shown that generally the H-sites in OH---O bonds are coupled
to the orientation of OH--O bonded groups.”” The orientation
of H-bonded molecules/ions can be conveniently measured by
angles R—O---O’ and O---O’—R’, where R and R’ are the carries
of O atoms, e.g. atom P in KH,PO, and C in H,SQ. The R—
O--O’ angles are also called Donohue angles. Below T the

X

y

Figure 2. H,CR structure projected down the [010] axis. The
symmetry codes are indicated in superscripts: (i) 1 —x,2 —y, 0.5 + z;
(i) 1.5 — %, 05 + z; (iii) 1.S —x,9,2 —05;and (iv) 1 —x,2 — 3, 2
- 0.S.

angle R—O--O’ on the H-donor side is smaller than angle
O-:O’=R’ on the side of the H-acceptor, which is due to
different electronic structure of O atoms in —OH and =O
groups. This difference in R—O--O’ angles diminishes with
rising temperature and disappears at T.. In other words, the R—
OH:--O’—R’ hydrogen bond is asymmetric not only because of
the acentric H-site but also because of the displacements of the
R—O groups. When these displacements disappear and the H-
atom disorders, the crystal acquires additional symmetry
elements and transforms to a higher-symmetry paraelectric
phase.

Differently than in most ferroelectrics, the spontaneous
polarization of H,CR increases with increasing temperature
until it decomposes at 450 K.'* Our high-pressure structural
study shows that no H,CR transition to paraelectric phase
occurs up to 5.3 GPa either. Thermodynamic properties of
H,CR contrast with the properties of KDP-type ferroelectrics,
in particular with the analogous antiferroelectric crystal of
H,SQ. The dT./dp of H,SQ is —106 K/GPa, and this crystal
transforms to the paraelectric phase at 0.7 GPa and 295 K,* as
illustrated in Figure 1.

The volume and cell compressions of H,CR, shown in Figure
3, are monotonic without anomalies, which could be associated
with a phase transition. There are two independent hydrogen
bonds in each of these structures: in H,SQ O1H--O3 and
O2H--04%; and in H,CR O2H--OS§' and O3H---O4". The
hydrogen bonds in H,CR are longer by 0.07 A than those in
H,SQ_(Figure 4). In H,CR and H,SQ, the O---O distance is
compressed in a similar rate. The O---O distances in H,CR are
compressed from about 2.62 A at 0.1 MPa to 2.48 A at 5.3 GPa,
and they become shorter by 0.04 A than that in paraelectric
H,SQ at 0.7 GPa. The average H---O distance in H,CR at 5.30
GPa is compressed to 1.49 A, which is the same as in H,SQ at
critical pressure (Figure 4). There are no signs of anomalous
pressure dependence of any of the OH:--O dimensions in
H,CR to 5.3 GPa. In particular, no sudden decrease in O---O
H-bond distances in H,CR has been observed, as would be
induced by H-disordering.”® The comparison of OH:--O bond
dimensions suggests that the crystal of H,CR would approach
paraelectric phase at a higher temperature than H,SQ at 0.1
MPa and in the pressure range between 3.5 — 5.3 GPa at room
temperature.

The displacements of molecules, from the positions required
by paraelectric phase, can be measured by Donohue angles C—
O-:0 and O--O—C. In our study, instead of the carbon atoms,
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Figure 3. Compression of croconic acid volume (a) and unit cell
dimensions (b). The standard deviations are smaller than the symbols
used.

the ring centroids have been used, in order to increase the
accuracy of the measured angles (Figure S). The angle on the
H-donor side is smaller than that on the acceptor side. In
H,CR, the difference between Donohue angles for hydrogen
bond O3H2--O4" initially increases with pressure and remains
equal to about 2° at 5.3 GPa. The difference between Donohue
angles for hydrogen bond O2H1--O5' is smaller, and at about
3.6 GPa, they become equal within error. The large difference
for bond O3H2:--O4" is consistent with the absence of
transition of H,CR up to 5.3 GPa.

However, it appears that the coupling between H-sites and
molecular displacements in H,CR, significantly different than in
other ferroelectrics, can be critical for the absence of
paraelectric phase in H,CR. This effect can be illustrated by
comparing the structures of H,SQ and H,CR. In the
terroelectric phase, the Donohue angles on the H-donor side,
C2—02---05' and C3—03---04" in H,CR and C1-01--03
and C4—04--02" in H,SQ, are smaller than those on the

N
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-
o
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Figure 4. Pressure dependence of OH--O and H:-O distances in
hydrogen bonds O,—H;Os (green) and O;—H,O,' (red) in
croconic acid (cf. Figure 2). The corresponding dimensions in squaric
acid®®™ are shown in blue. The positions of H-atoms have been
standardized to neutronic diffraction dimension (O—H of 1.030 A).*!
The horizontal dashed lines indicate the O---O and H:--O dimensions
of the hydrogen bonds in squaric acid when it transforms to the
paraelectric phase.”
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Figure 5. Pressure dependence of Donohue angles involving the
molecule centroid—O-+O in croconic acid.

acceptor side, in H,CR 02--05'=CS' and 03:-04"—C4" and
in H,SQ O1:+03—C3/ and 04---02'—C2", respectively.”’ In
H,SQ, the H-transfers in all OH---O bonds are coupled to the
molecular displacements in such a manner that the shifts of two
pairs of oxygen atoms cannot be compensated by the molecular
reorientation, as shown in Figure 6. Thus, in H,SQ, the H-
hopping forces the molecule to assume a mean position, and
molecular dimensions are averaged between bonds C—OH and
C=0, as well as between C—C and C=C, which become
indifferent to the instantaneous H-locations in H-bonds. In
other words, the H-transfers in OH:-O bonds become
decoupled of the molecular dimensions. Hence, in H,SQ, the
H-dynamics can be coupled to the lattice mode vibrations,
mainly the molecular reorientations, which alternatively favor
one of two H-sites in each H-bond. By the way of contrast, in
H,CR, the H-transfers are coupled to the shifts of O-atoms all
in one sense around the molecule center (Figure 6).
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Figure 6. Schematic illustration of the coupling between H-site in
hydrogen bonds (red arrows) and the directions of changes in
Donohue angles (blue arrows) in (a) squaric acid and (b) croconic
acid. The symmetry codes for H,SQ indicated in superscripts: (j) x, y,
z= 1 Gj) x = Ly z (i) % 5 1+ z and (v) 1+ %, 2>

Consequently, the strain in Donohue angles induced by H-
transfers can be accommodated by molecular rotations. Owing
to this coupling of the rotations of molecules with the H-sites,
the H-hopping is damped in the crystal structure. Furthermore,
the coupling of H-sites and Donohue angles is further
transmitted to the molecular orientation and prevents the
molecular ring from becoming parallel to the [001] axis, as
required by the symmetry of centrosymmetric space group
Pcam. The inclination of O2H1--OS' (cf. Figure 2) bonded
H,CR molecules is of 4.19° at 0.1 MPa and decreases to 3.37°
at 0.75 GPa, to 3.05° at 1.70 GPa, and to 2.64° at 5.30 GPa. In
the hypothetical paraelectric phase, the O2H1--OS" bonded
molecules would be related by the inversion center, and hence,
they should be parallel. The measured inclination of the
hydrogen-bonded molecules are hardly conclusive with respect
to the approximation of the pressure, when the molecules could
become parallel. Between 0.1 MPa and 5.3 GPa, the dihedral
angle decreased by 2.55; so, by assuming the linear dependence
of this inclination angle, another 5 GPa would be needed before
the angle approaches 0°. However, most unsaturated molecules
polymerize at about 10 GPa.*®

The frequencies and intensities of vibrational modes in the
Raman spectra of H,SQ_in its antiferroelectric and paraelectric
phases were analyzed by Moritomo et al.'> He investigated the
Raman signal in the frequency range of 100—2000 cm™ and,
on the transition to paraelectric phase, observed disappearing
peaks at 161, 313, 859, 1056, 1305, and 1516 cm ™, ascribed to

in-plane CO bending, ring twisting, CC stretching, in-plane OH
bending, and CO stretching. We have observed no such
changes in high-pressure Raman-spectra measured for H,CR up
to 5.3 GPa (Figures S2 and S3, Supporting Information).

B CONCLUSION

It can be concluded that several structural features of H,CR
hinder its transformation to the paraelectric phase. These are
(i) hydrogen bonds OH:--O longer than in analogous H,SQ;
(ii) the molecular displacements weakly dependent on
pressure; and (iii) the damping type of coupling between the
H-sites and molecular displacements. The OH:--O bond length
(i) and molecular/ionic displacements (ii) were extensively
discussed in the literature in relation to the T, values of
terroelectric-to-paraelectric phase transition.””** However,
these parameters have not been correlated in KDP materials
with the functional properties of ferroelectrics, such as the
magnitudes of spontaneous polarization or coercive field. For
example, it was recently shown that there are ferroelectrics” and
relaxors®® with hydrogen bonds NH---N much longer than in
OH:--O bonded ferroelectrics. In the ferroelectrics, the
molecular displacements are very small. However, the coupling
type between H-site and molecular/ionic displacements (iii) is
a significant factor controlling the properties of OH:--O bonded
ferroelectrics. It appears that the structures with the damping
type of coupling between H-sites and displacements are quite
rare. The absence of paraelectric phase can be highly desirable
for applications of ferroelectrics. For example, owing to the
positive coupling between the H-dynamics and atomic
displacements, the spontaneous polarization (p,) in H,CR
does not decrease with rising temperature, but even a positive
dp,/dT is observed. It can be useful for counteracting a negative
dp,/dT of other ferroelectrics approaching the paraelectric
phase.

B ASSOCIATED CONTENT

© Supporting Information

Temperature dependence of unit cell volume and dimensions
for H,CR (Figure S1); Raman spectra vs pressure (Figures S2
and S3); crystal data of H,CR vs pressure (Table S1) and vs
temperature (Table S2); hydrogen bond dimensions in H,CR
at high pressure (Table S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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7. Zalacznik B: Obrazy dyfrakcyjne warstwic
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Summary

I conducted high-pressure study of molecular crystals with NH--:N and OH---O
hydrogen bonds, showing their new properties. High pressure has different impact
on the structure and it can cause various structural transformations.

My research on pyrazole revealed that it is a mixture of neutral and ionic
molecules at ambient conditions. I also discovered new high-pressure phase of
pyrazole.

Study on 4-bromo-3,5-dimethylpyrazole indicated that the chains of NH-:--N
bonded molecules at high pressure can transform into cyclic trimmers.

In contrary to pyrazole and 4-bromo-3,5-dimethylpyrazole, trimers of 3,5-
dimethylopyrazole, which occur at ambient pressure, are stable up to 3.2 GPa.
Crystals of 2-phenylimidazole demonstrate similar structure stability at high
pressure. Results of dielectric and NMR study revealed that except for neutral
molecules there are domains with disproportionated molecules, cations and
anions.

Analysis of the data collected for croconic acid helped to understand why
ferroelectric crystals do not create the paraelectric phase.

To sum up, my thesis provided new experimental information, which allowed the
introduction of novel properties and transformation of NH---N hydrogen bonds in
molecular crystals. In addition, the research regarding croconic acid allowed me to
suggest a new class of ferroelectric crystals, which do not transform into the

paraelectric phase.



