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1. Wprowadzenie

1.1.  Streszczenie w jezyku polskim

Niniejszag rozprawg doktorska stanowi spdjny tematycznie cykl pigciu publikacji
naukowych, ktore taczy tematyka wpltywu kationow amoniowych, bedacych metylowymi
pochodnymi hydrazyny, na wiasciwosci fizykochemiczne materiatéw hybrydowych zaliczanych do
grup perowskitow i perowskitoidow. Teksty publikacji opatrzono komentarzem wprowadzajgcym
w ich tematyke, przedyskutowano najwazniejsze Wyniki, a takze zestawiono wnioski wyciagnigte
z ich analizy.

W ramach badan zsyntezowano siedem nowych, nieopisanych wczesniej w literaturze
zwiagzkow hybrydowych. Nastepnie dokonano charakterystyki ich wiasciwosci strukturalnych,
termicznych, dielektrycznych, magnetycznych, fononowych oraz spektroskopowych. Duzy nacisk
potozono na badanie ich wlasciwosci optycznych w zakresie UV-Vis, a takze charakterystyke ich
wiasciwo$ci fononowych metodami spektroskopii w podczerwieni (IR) oraz ramanowskiej. Dla
wigkszosci krysztatdéw wykonano analiz¢ grupy faktorowej (ang. factor group analysis), dokonano
przypisania pasm IR i Ramana oraz przedyskutowano zmiany widm w funkcji temperatury i/lub
ci$nienia. Szczegdlng uwage zwrocono na badanie mechanizmoéow przejs¢ fazowych otrzymanych
zwigzkdw z wykorzystaniem metod dyfraktometrycznych oraz spektroskopii oscylacyjnej. Ponadto
dla czasteczki 1,1-dimetylohydrazyny oraz kationu 1,1-dimetylohydrazyniowego (DMHy*)
wykonano optymalizacje geometrii oraz symulacje widm IR i Ramana metodami DFT (ang. density
funcional theory).

Wrhasciwosci fizykochemiczne otrzymanych zwigzkow zestawiano pomiedzy sobg oraz
Z opisanymi wczesniej podobnymi materiatami réznigcymi si¢ parametrami takimi jak rozmiar
i rodzaj jondw amoniowych, ze szczegblnym uwzglednieniem alkilowych pochodnych hydrazyny,
a takze rozmiar i rodzaj pozostatych jonéw tworzacych strukture materiatu. Na tej podstawie
przeanalizowano wptyw ilo$ci grup metylowych w kationach bedacymi metylowymi pochodnymi
hydrazyny na wilasciwosci fizykochemiczne perowskitowych i perowskitoidowych materiatow
hybrydowych z grup mréwczandéw metali przejSciowych, halogenkow otowiu oraz metali
przejsciowych.

Poznanie wiasciwosci nowych zwigzkow oraz przeanalizowanie wplywu zawady
przestrzennej kationu na wlasciwos$ci otrzymanych materiatdéw stanowi przyczynek do lepszego
zrozumienia fizykochemii materialow perowskitowych w kontekscie potencjalnych zastosowan

w optoelektronice.



1.2.  Streszczenie w jezyku angielskim

This doctoral thesis consists of a thematically consistent series of five scientific publications
connected by the subject of the influence of ammonium cations, that are methyl derivatives of
hydrazinium, on the physicochemical properties of hybrid materials classified as perovskites and
perovskitoids. The texts of the publications have been provided with an introductory commentary
on their subject, the most important results have been discussed, and the conclusions drawn from
their analysis have been put together.

During the research, seven novel hybrid compounds were synthesized that had not been
published before. Therefore, characterizations of their structural, thermal, dielectric, magnetic,
phonon, and spectroscopic properties have been performed. Huge attention has been paid to the
investigation of optical properties in the UV-Vis range, as well as characteristics of their phonon
properties using infrared (IR) and Raman spectroscopy. For the majority of crystals, factor group
analysis has been performed. IR and Raman bands have been assigned, and changes in the spectra
as a function of temperature and/or pressure have been discussed. Special attention has been devoted
to the study of phase transition mechanisms utilizing X-ray diffraction (XRD) and vibrational
spectroscopy methods. Moreover, geometry optimization and simulation of IR and Raman spectra
using DFT (density functional theory) methods have been carried out for the 1,1-dimethylhydrazine
molecule and the 1,1-dimethylhydrazinium cation (DMHy™").

The physicochemical properties of obtained compounds have been compared with each
other and with similar materials described before, varying in parameters such as size and type of
ammonium cation, with particular emphasis on alkyl hydrazinium derivatives, and size and type of
other ions creating the structure of the material. Based on that, the influence of the number of methyl
groups in hydrazinium derivatives on the physicochemical properties of hybrid materials from the
group of transition metal formates and lead and transition metal halides has been analyzed.

Studies on the properties of novel compounds together with a thorough analysis of the
influence of steric hindrance of the ammonium cation on the properties of obtained materials
contribute to a better understanding of the physical chemistry of perovskite-type materials in the

context of further optoelectronic applications.
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1.3. Motywacje i cele pracy

Celem niniejszej pracy doktorskiej jest zrozumienie wptywu stopnia metylowania kationu
hydrazyniowego na wiasciwosci fizykochemiczne i mechanizmy przemian fazowych w wybranych
hybrydowych organiczno-nieorganicznych perowskitach oraz perowskitoidach, ze szczegdlnym
uwzglednieniem mrowczandw metali przejsciowych, halogenkéw otowiu oraz halogenkéw metali
przejsciowych, ktorych wartosci wspolczynnika tolerancji przekraczaja lub zblizaja si¢ do wartosci
granicznych dla tréjwymiarowych materiatéw typu perowskitu.

Motywacja do podjecia tematu pracy byla che¢ lepszego zrozumienia wtasciwos$ci tych
zwigzkow oraz poszukiwanie nowych materiatbw z grupy hybrydowych organiczno-
nieorganicznych perowskitow, ktéore w ostatnich latach zdobywaja rosnaca popularnos¢ jako
obiecujace materiaty do zastosowania w szeroko rozumianej optoelektronice. w zwigzku
Z niewielka ilo$cig znanych materiatow tréjwymiarowych tworzacych struktury typu perowskitu,
uwaga srodowiska naukowego skupia si¢ silnie na materiatach 0 nizszej wymiarowosci. Zwiazki
warstwowe i tancuchowe, pomimo nieco gorszych parametrow optoelektronicznych,
charakteryzuja si¢ wigkszg odporno$ciag chemiczng na wilgo¢ i trwatoscia, co zwigksza ich
potencjat aplikacyjny.

Kation hydrazyniowy oraz jego pochodne zostaty wybrane jako czasteczki modelowe ze
wzgledu na fakt, ze tworza kilka metylowych pochodnych rdéznigcych si¢ zawada przestrzenng,
rozmiarem i promieniem jonowym. w zwiagzku z tym podjg¢to probe zsyntezowania wybranych
materiatbw z grupy organiczno-nieorganicznych hybryd i scharakteryzowania ich wtasciwosci
strukturalnych, dielektrycznych, fononowych, luminescencyjnych oraz magnetycznych. Duzy
nacisk, ze wzgledu na specjalizacj¢ Doktoranta, polozono na analiz¢ widm IR oraz Ramana
w funkcji temperatury dla wigkszosci z materialow oraz cisnienia dla jednego z badanych
zwigzkéw. Analiza zmian widm oscylacyjnych zostata wykorzystana do okreslania mechanizmow
zachodzacych przemian fazowych.

Dodatkowo w ostatnich latach ukazato si¢ kilka interesujacych prac dotyczacych
niezwyktych wiasciwosci materiatow perowskitowych opartych na pochodnych hydrazyny oraz ich
potencjalnego zastosowania w optoelektronice. Doktadne zrozumienie wiaSciwosci oraz
przeanalizowanie ich zaleznosci strukturalnych pozwoli na wypetnienie luk w dotychczasowej
wiedzy.

Na material badawczy wybrano [DMHy]Mn(HCOO)3; — mréwczan manganu z Kationem
1,1-dimetylohydrazyniowym (DMHy"), gdyz znane sa podobne analogi zawierajace kation
hydrazyny (Hy") oraz metylohydrazyny (MHy"). Poniewaz opisane dotychczas w literaturze

zwigzki posiadaja wiasciwosci ferroelektryczne lub multiferroiczne, podjeto probe okreslenia
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wlasciwo$ci  strukturalnych,  dielektrycznych, fononowych, luminescencyjnych  oraz
magnetycznych zmienianych w wyniku zmiany liczby grup metylowych.

Druga grupg badanych zwiazkéw stanowia chlorki metali przejSciowych opisanych
ogbélnym wzorem [MHy]M'"Cl; (M" = Mn?, Co?", Ni?*, Cu?* oraz Cd?"), ktorych wilasciwosci
fizykochemiczne nigdy wczesniej nie zostaly opisane. Zastgpowanie metali cigzkich w zwigzkach
hybrydowych mniej szkodliwymi metalami jest zabiegiem zmniejszajacym ich toksycznosc,
dlatego poszukiwanie hybrydowych halogenkow metali przej$ciowych jest tak wazne.

Ostatnim zwigzkiem, ktory zostal zsyntezowany na potrzeby niniejszej pracy jest
perowskitoid — jodek otowiu z kationem 1,1,1-trimetylohydrazyniowym (MesHy*) o wzorze
[MesHy]PDbls. Badania nad tym krysztalem zostaty podjete ze wzgledu na niezwykte wlasciwosci
optyczne i elektryczne znanych ferroelektrykow [MHy]PbXs (X = CI-, Br), bardzo nielicznych
przedstawicieli trojwymiarowych perowskitow hybrydowych, oraz ich dwuwymiarowych

analogow 0 ogolnym wzorze [MHy].PbXs (X = Br, I).

Przeprowadzone badania oraz ich wyniki opisano w nastepujacych publikacjach:

[D1] J.A. Zienkiewicz", D.A. Kowalska, K. Fedoruk, M. Stefanski, A. Pikul, M. Ptak, Unusual

isosymmetric  order—disorder phase transition in a new perovskite-type

dimethylhydrazinium manganese formate exhibiting weak ferromagnetism and
photoluminescence properties, J. Mat. Chem. C 2021, 9 (21), 6841-6851, doi:
10.1039/d1tc01014j.

[D2] J.A. Zienkiewicz, E. Kucharska, M. Ptak”, Mechanism of unusual isosymmetric order-

disorder phase transition in [dimethylhydrazinium]Mn(HCOO); hybrid perovskite probed
by vibrational spectroscopy, Materials 2021, 14 (14), 3984, doi: 10.3390/ma14143984.

[D3] J.A. Zienkiewicz", M. Ptak, D. Drozdowski, K. Fedoruk, M. Stefanski, A. Pikul, Hybrid
organic-inorganic crystals of [methylhydrazinium]M"Cl; (M" = Co, Ni, Mn), J. Phys.
Chem. C 2022, 126 (37), 15809-15818, doi: 10.1021/acs.jpcc.2c04893.

[D4] J.A. Zienkiewicz®, D.A. Kowalska, D. Drozdowski, A. Pikul, M. Ptak”, Hybrid chlorides
with  methylhydrazinium cation:[CHsNH;NH;]CdCl; and Jahn-Teller distorted
[CH3NH2NH2]CuCls, Molecules 2023, 28 (2), 473, doi: 10.3390/molecules28020473.

[D5] J.A. Zienkiewicz", K. Kaldunska, K. Fedoruk, A.J. Barros dos Santos, M. Stefanski, W.
Paraguassu, T.M. Muziot, M. Ptak, Luminescence and dielectric switchable properties of a
1D (1,1,1-trimethylhydrazinium)Pbls hybrid perovskitoid, Inorg. Chem. 2022, 61 (51),
20886-20895, doi: 10.1021/acs.inorgchem.2c03287.
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1.4.  Perowskity

1.4.1. Pochodzenie nazwy

Historia badan perowskitow zaczyna si¢ w roku 1839, kiedy niemiecki mineralog Gustav
Rose w gorach Ural odkryt minerat bedacy tytanianem(IV) wapnia, CaTiOs. Nazwa tego mineratu
— perowskit — upamigtnia Lwa Aleksiejewicza Perowskiego, rosyjskiego arystokrate i mineraloga,
ktory w latach 1841-1852 petnit funkcj¢ ministra spraw wewnetrznych w administracji cara
Mikotaja .

Struktura perowskitu zostala po raz pierwszy zaproponowana w roku 1926 przez
norweskiego mineraloga, Viktora Moritza Godschmidta [1]. Doktadna struktura analogicznego
zwiazku BaTiOs, wyznaczona na podstawie pomiarow dyfrakcyjnych, zostata nastepnie
opublikowana w roku 1945 przez irlandzka krystalograf Helen Megaw [2].

Pomimo, ze termin ,,perowskit” odnosi si¢ W $cistym znaczeniu do opisanego powyzej
zwigzku, powszechnie jest on takze stosowany do nazywania zwigzkow 0 podobnej budowie, ktore
poprawnie powinny by¢ nazywane ,,zwigzkami 0 budowie typu perowskitu”. Bioragc pod uwage
powszechnos$¢ tego uproszczenia W literaturze naukowej, w dalszych rozdziatach oba te terminy

traktowano zamiennie.

1.4.2. Rodzaje perowskitow

(a) (b) (c)
tlenek CaTiOs halogenek [MA]PbIs mrowczan [DMA]JMn(HCOO);

4 { 4

) ——

¢ . . :
Ca?* Ti** ok MA* Pb?* - DMA* Mn?* HCOO-

Rysunek 1. Poréwnanie schematycznej struktury trojwymiarowych perowskitéw — tlenkowego
CaTiOs (a), hybrydowego halogenkowego [MA]Pbl; (MA™ = kation metyloamoniowy) (b) oraz
hybrydowego mréwczanowego [DMA]Mn(HCOO); (DMA™ = kation dimetyloamoniowy) (c).
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Struktura nieorganicznego tlenkowego perowskitu 0 wzorze ogélnym ABOgs, gdzie A'i B
sg kationami, przy czym A jest wickszy od B, sktada si¢ z trojwymiarowej sieci oktacdrow BOg
potaczonych wierzchotkami. Kationy A, ktére kompensujg tadunek ujemny sieci, zajmuja luki 0

sze$ciennym ksztatcie powstate w podsieci BOs (Rysunek 1a). Idealna struktura perowskitu jest

struktura regularng (Pm3m), ktérej kazda deformacja wynikajaca z niedopasowania kationow A
oraz B, powoduje obnizenie symetrii poprzez znieksztatcenie lub odchylenie oktaedrow oraz
przechylenia lub przesunigcia catych ich kolumn.

Wspolczesnie mianem perowskitow lub zwigzkami typu perowskitu okresla si¢ wigksza
grupe zwigzkoéw chemicznych, opisanych za pomoca wzoru ogdlnego ABXs, gdzie X jest prostym
anionem lub wigkszym ligandem, najcz¢$ciej jednoujemnym.

Ze wzgledu na sktad chemiczny, perowskity mozna podzieli¢ na dwa glowne rodzaje —
nieorganiczne oraz hybrydowe organiczno-nieorganiczne HOIP (ang. hybrid organic-inorganic
perovskites). w przypadku tych drugich, co najmniej jeden z jonow (zazwyczaj a lub X) jest
zastgpiony przez jon organiczny w pozycji a znajduja si¢ wowczas zazwyczaj kationy amoniowe
(protonowane aminy) zwiazane z podsiecia BXs wigzaniami wodorowymi, w pozycji B kationy
metalu (zwykle dwuwartosciowe), zas w pozycji X jednoujemne aniony (ligandy), takie jak
halogenkowy (CI-, Br-, I) (Rysunek 1b), mréowczanowy (HCOO") (Rysunek 1c), fosforanowy(l)
nazywany réwniez zwyczajowo podfosforynowym (H.PO;"), cyjankowy (CN°), rodankowy
(SCN), itp. [3]. Interesujacym jest, ze znane sg rowniez halogenkowe perowskity nie zawierajace
w swojej strukturze jonéw metalu (ang. metal-free organic halide perovskites), ktore w pozycji
B zawierajg kation amonowy NH4* [4,5].

Jednym z wazniejszych parametrow charakteryzujacych perowskity jest tzw. wspotezynnik
tolerancji TF (ang. tolerance factor), zaproponowany przez Goldschmidta w 1926 r. [1]. Okresla

on wzajemng relacje rozmiarow kationow a oraz B i jest wyrazony roéwnaniem (1):

_ ra+ry
TF= V2(rg+ry)’ (1)

gdzie ra, s 0raz rx oznaczajg odpowiednio promienie jonowe jonéw obsadzonych w pozycjach A,
B oraz X.
Nieregularna geometria kationow i anionéw organicznych (A oraz X) wymusita

modyfikacje wyrazenia na TF, ktorg zaproponowat Gregor Kieslich w 2014 r. (2):

T'Aeff+TX eff
TF = =~ 28 2
\/Z(I‘B+0,5hx'eff) ( )
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gdzie raeft i xeff 0znaczaja promienie efektywne jondw znajdujacych sie w pozycjach a oraz X, za$
hxef 0znacza efektywng wysoko$¢ jonu X definiowang jako wysoko$¢ sztywnego cylindra,
w ktorym ligand si¢ miesci [6,7].

Zazwyczaj uznaje si¢, ze warunkiem koniecznym do uzyskania archetypicznego
trojwymiarowego (3D) perowskitu krystalizujacego W uktadzie regularnym konieczne jest, aby
warto$¢ TF zawierata si¢ pomiedzy 0,8 a 1,0. w przypadku, kiedy warto§¢ wspotczynnika nie miesci
si¢ W tym zakresie, trojwymiarowe podsieci BXs prostych perowskitow nieorganicznych ulegaja
znieksztatceniu, ktore powoduje obnizenie symetrii. w przypadku HOIP efekt jest zgota rozny, gdyz
zbyt wysoka lub zbyt niska warto§¢ TF moze rowniez powodowaé, ze zwigzek hybrydowy
krystalizuje w uktadach 0 nizszej rzgdowosci (0D-2D). Zakresy przyktadowych parametrow TF
wraz ze skladem chemicznym oraz uktadami krystalograficznymi, w ktoérych krystalizujg

przyktadowe zwigzki HOIP o budowie perowskitu, zestawiono w Tabeli 1.

Tabela 1. Zestawienie zmiennych chemicznych, uktadow krystalograficznych oraz wartosci TF dla

wybranych HOIP opracowano na podstawie zrédia literaturowego [3].

Kation Uklad
rlotl? A B X krystalograficzny Ul
rombowy
MA*iFA*  Pb?, Sn?,Ge>* I, Br,Cl trygonalny ~0,912-1,142
tetragonalny
Halogenki regularny
jednoskosény
PIP*, DABCO*  Cs* K*, Rb* cI- rombowy ~0,922-1,037
trygonalny
Cst K* NHa* jednoskoény
MA*, FA*, Mg2*, MnZ, t:omobnoa"l‘;y ~0,784-1,001
Mréwczany GUA* EA*,  Fe?, Co?, Ni?*, HCOO teti’g Onalg’
DMA*, AZE*,  Cu?, Zn?*, Cd?* tré.gkoén y
IM*, Hy* JSKOSy ~0,897-1,040
trygonalny
+ + trojskosny
Azydki T'm APM\':‘A; Mn2*, Cd2*, Ca2* N3~ jednoskosny ~ ~0,786-1,023
' regularny
+ + 2+ 2+
Dicyjanoamidy ~ CioA, BTEAT, M’ Fe™, [N(CN)s] rombowy ~1,142-1,166

SPhs*, TPrA* Co?, Ni% tetragonalny

Legenda: kation AZE®", azetydyniowy; BTBA®, benzylotributyloamoniowy; BTEA®,
benzylotrietyloamoniowy; DABCO", 1,4-diazabicyklo[2.2.2.]oktaniowy; DMA®,
dimetyloamoniowy; EA*, etyloamoniowy; FA*, formamidyniowy; GUA", guanidyniowy; Hy",
hydrazyniowy; IM*, imidazoliowy; MA®, metyloamoniowy; PIP*, piperazyniowy; SPhs,
trifenylosulfoniowy; TMA®*, tetrametyloamoniowy; TrMA”, trimetyloamoniowy.

W trakcie realizacji pracy doktorskiej skupiono si¢ szczegdlnie na wiasciwosciach
zwiazkow hybrydowych o wartosciach parametréw TF przekraczajacych graniczng wartosé 1 lub
bliskich  przekroczenia granicznych  wartoSci  charakterystycznych dla  perowskitow

jednowymiarowych, w tym chlorkéw metali przejSciowych (Mn?*, Co?", Ni?*, Cu* oraz Cd?")
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z kationem metylohydrazyniowym (MHy"), jodku otowiu z kationem trimetylohydrazyniowym
(MesHy") oraz trojwymiarowego mrowczanu manganu z kationem dimetylohydrazyniowym
(DMHy*).

1.5. Zwiazki hybrydowe typu perowskitu

Hybrydowe perowskity stanowig interesujaca rodzing zwigzkow, gdyz ze wzgledu na swojg
unikalng strukture moga w nich zachodzi¢ zjawiska prowadzace do pozadanych cech
nowoczesnych materiatdéw. Zwigzki typu HOIP ze wzgledu na rodzaj liganda oraz wymiarowos¢,
posiadaja mniej lub silniej elastyczna strukture zdolng do tworzenia kilku faz pod wpltywem
temperatury lub ci$nienia [8]. Przemiany fazowe w zwigzkach HOIP mogg mie¢ r6zny mechanizm,
czasem dotycza one wylacznie kationu wewnatrz luki, innym razem wywotuja tez wplyw na
wlasciwosci strukturalne szkieletu. Najciekawsze sa takie przemiany, podczas ktérych organizacja
trojwymiarowa kationu a i/lub podsieci nieorganicznej lub metal-ligand pozwala na pojawienie si¢
porzadku polarnego lub nawet zjawiska ferroelektrycznosci [9].

W wyniku przemian fazowych w zwiazkach typu HOIP moga wystepowac przesuniecia
kationow A w lukach lub kationow B wewnatrz oktaedréw. Najczesciej jednak obserwuje sie
przemiany typu porzadek-nieporzadek kationu a wewnatrz luk, gdyz jest stabo zwigzany siecia
wigzan wodorowych ze szkieletem [8,10]. Wigzania tego typu moga by¢ tatwo zerwane lub kation
moze po prostu sie przekonfigurowaé i dopasowaé¢ do dostepnej przestrzeni. Czasem
porzadkowaniu ulegaja réwniez ligandy taczace oktaedry [10].

Na skutek przemian fazowych mozna réwniez obserwowaé przesunigcia catych kolumn
wzgledem sasiednich, a takze skrecenia oktaedrow lub ich catych kolumn. Wszystkie te zjawiska
zmieniajg ksztatt luki dostepnej dla kationu A i modyfikujg wzajemne oddziatywania pomigdzy
kationami a ligandami [11]. Zachodzgce zmiany strukturalne prowadzg do modyfikacji pozostatych
wlasciwosci zaleznych od struktury, tj. optyczne, dielektryczne, fononowe, itp. Dlatego tak
niezbednym jest zrozumienie mechanizméw przemian fazowych oraz wpltywu jak najwigkszej
ilosci parametréow strukturalnych, dzieki czemu W przysztosci mozna bedzie przewidywac
charakter przemian oraz projektowac materiaty 0 dedykowanych wtasciwosciach. Ponadto tak duza
réznorodno$¢ sktadnikéw strukturalnych i motywow architektury chemicznej, a takze fatwosc¢ ich
modyfikacji stanowia, ze hybrydowe zwiazki sa praktycznie nieograniczonym zrodiem
nowoczesnych materiatow dla inzynierii molekularnej. Silnym impulsem dla ich doskonalenia sg

coraz nowsze doniesienia literaturowe o ich coraz lepszych wtasciwosciach i zastosowaniach.
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15.1. Zwiazki trojwymiarowe (3D)

Mréwczany

Mréwczany metali zawierajagce W swojej budowie protonowane aminy sg bardzo szeroka
grupa trojwymiarowych materiatow typu perowskitu (Rysunek 1c). Zaliczane sg rowniez do grupy
zwigzkéw typu MOF (ang. metal-organic framework) [12]. Wickszo$¢ z nich przyjmuje typowsa
dla perowskitow stechiometri¢ AB(HCOO)s, w ktorej B oznacza dwuwarto$ciowy kation metalu
[3,13,14]. w literaturze jest opisanych wiele mréwczanowych perowskitow hybrydowych
wykazujacych witasciwosci ferroelektryczne [15], ferroelastyczne [16], magnetyczne [17],
luminescencyjne [18] czy dielektryczne [16]. Bardzo duza uwage po$wigcono poszukiwaniom
nowych materiatow wykazujacych wiasciwosci multiferroiczne [13,15,16], ze szczegdlnym
uwzglednieniem tych, dla ktorych uporzadkowanie zarowno magnetyczne jak i elektryczne
wspotwystepuja W tej samej fazie [19].

Wigkszos¢ z wymienionych wilasciwosci zwigzana jest z wystepowaniem W tych
materiatach przemian fazowych indukowanych temperaturg lub ci$nieniem. Ferroelastyczne
i ferroelektryczne przejscia fazowe w mrowczanach sa wywotywane gtownie przez zmiane stopnia
uporzadkowania kationu W pozycji a (przejscia typu porzadek-nieporzadek) [16]. Zmiana
uporzadkowania jonu amoniowego silnie wplywa réwniez na zmian¢ wlasciwosci dielektrycznych,
co w przypadku odwracalnych przejs¢ fazowych powigzane jest z wlasciwoscia nazywang
przetaczaniem dielektrycznym (ang. dielectric switching) [16].

Pomiary spektroskopowe w podczerwieni oraz ramanowskie s3a pot¢znym narzgdziem
w okreslaniu mechanizméw przej$¢ fazowych typu porzadek-nieporzadek ze wzgledu na wysoka
czuto$¢ na zmiany dynamiki molekularnej, szczegdlnie fragmentow lub grup funkcyjnych zdolnych

tworzy¢ sie¢ wigzan wodorowych [20].

Halogenki ofowiu

Hybrydowe perowskity z grupy halogenkow otowiu sg szeroko znane z ich zastosowania
do produkcji warstw pochtaniajagcych $wiatlo w perowskitowych ogniwach stonecznych. Ze
wzgledu na konieczno$¢ dopasowania do rezimu rozmiarowego opisanego przez TF, istnieje bardzo
niewielka grupa kation6w amoniowych mogacych spelni¢ warunki strukturalne pozwalajgce na
utworzenie tréjwymiarowych struktur perowskitowych HOIP.

Najszerzej znanymi i wykorzystywanymi sa kationy metyloamoniowy (MA™) [3,21-25]
oraz formamidyniowy (FA") [21,26—-30]. Halogenki otowiu zawierajace MA* oraz FA* przechodza
szereg przemian fazowych zwigzanych z uporzadkowaniem kationéw w lukach. Ponadto wykazuja

one pewne wilasciwosci, takie jak wysokie wspotczynniki absorpcji, niskie wartosci przerw
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energetycznych i wigzan ekscytonow oraz diugie drogi dyfuzji no$nikow, ktore sg pozadane
w technologiach optoelektroniki [31]. Najlepiej zbadanymi perowskitami z tej grupy sa [MA]PbIs
[3,21-25] (Rysunek 1b) i [FA]Pbl; [21,26-30]. w ostatnich latach otrzymano réwniez
trojwymiarowe analogi zawierajagce kation metylohydrazyniowy (MHy") [32,33] oraz
azyrydyniowy (AZ*) [34-36].

Duzo uwagi poswigcono takze wptywowi domieszkowania réznymi kationami W pozycji
a oraz réoznymi ligandami na wilasciwosci fizykochemiczne, glownie optyczne [37]. Dzigki
otrzymywaniu materialdw 0 mieszanym skladzie, mozliwe jest sterowanie wlasciwosciami
optoelektronicznymi, w szczegoélnosci szerokoscia przerwy energetycznej oraz barwa emisji
[38,39].

Trojwymiarowe halogenki otowiu z kationami AZ*, MA* oraz FA™ maja jednak pewne
wady, ktore utrudniajg lub uniemozliwiajg ich aplikacje, sg to m. in. niska odpornos¢ na wilgoc¢
oraz niska stabilno$§¢ w przypadku nawet §ladowych ilo$ci zanieczyszczen. Najbardziej stabilne
i odporne sg halogenki otowiu z kationem MHy*, gdyz zwigzek ten zdolny jest tworzy¢ gestsza sie¢

wigzan wodorowych z podsiecia PbXs ze wzgledu na obecno$¢ dwoch grup aminowych.

1.5.2. ZwigzKi 0 nizszej wymiarowosci

(b)

(@)

(©)

4 ‘0

L ool 0?0 ¢ o

Rysunek 2. Schematyczne poréwnanie struktury trojwymiarowej 3D (a), dwuwymiarowej

3D

(warstwowej) 2D (b), jednowymiarowej (faricuchowej) 1D (C) oraz zerowymiarowej (d).

Wymiarowo$¢ jest kluczowym parametrem opisujacym struktury typu HOIP. Pomimo iz
termin perowskit powinien by¢ zarezerwowany jedynie dla materiatow trojwymiarowych, jest on
powszechnie stosowany do niemalze wszystkich zwigzkéw hybrydowych.

Zdecydowana wigkszo$¢ materiatow HOIP to zwigzki zbudowane z wigkszych kationow
A, a tym samym krystalizujace W strukturach o0 nizszej wymiarowos$ci: 2D — materiaty glownie
warstwowe, 1D — materiaty fancuchowe z pojedynczymi lub podwdjnymi tancuchami oktaedrow
BXs, OD — materialy, w ktorych oktaedry nie sg polaczone pomiedzy sobg (Rysunek 2).
W materiatach 2D oraz 1D oktaedry mogg si¢ taczy¢ pomigdzy sobg narozami, krawedziami lub
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$cianami, a tancuchy moga by¢ pojedyncze, podwdjne, zygzakowate, itd. [40]. w kazdym z tych
przypadkoéw, w dostgpnych przestrzeniach podsieci BXs znajduja si¢ kationy amoniowe A
stabilizujace strukturg za pomoca wigzan wodorowych.

Molekularna wymiarowo$¢ materiatdéw perowskitowych moze by¢ tatwo zmodyfikowana
poprzez dobor odpowiednich substratow na etapie syntezy. Wykorzystanie wigckszych kationow
amoniowych skutkuje zazwyczaj utworzeniem perowskitow 0 nizszej wymiarowosci. Warto dodac,
ze pomigdzy perowskitami tréjwymiarowymi a warstwowymi istnieja tez materialy
0 wymiarowos$ci posredniej (quasi-2D), ktore sktadajg si¢ ze stosow kilku warstw perowskitowych
z wbudowanymi matymi kationami (MA*, FA") odseparowanych od siebie wigkszymi kationami
separujacymi (z ang. spacer). Struktury tego typu mozna otrzymaé¢ modyfikujac warunki reakcji
oraz sktad mieszaniny reakcyjnej. Do najbardziej znanych przedstawicieli nalezg uktady typu
Diona-Jacobsona oraz Ruddlesdena-Poppera [41].

Wraz z wymiarowoscig zmieniajg si¢ takze wlasciwosci optoelektroniczne otrzymanych
materiatlow. Szczegdlne znaczenie ma odwrotna zalezno$¢ pomigdzy wymiarowoscig materiatu,

a szerokoS$cig przerwy energetycznej oraz energia wigzania (ang. binding energy) [40].

1.5.3. Perowskitoidy

Termin ,,perowskitoid” (ang. perovskitoid) pojawit si¢ w literaturze po raz pierwszy w 2017
roku. Zostal on wykorzystany do opisania zwigzkow 0 wzorze ogolnym ABXs3 krystalizujacych

w uktadzie heksagonalnym, np. [TMA]Snls (Rysunek 3) [42].

(@) (b)

Rysunek 3. Schemat tancuchowej heksagonalnej struktury P63/m typu perowskitoidu na podstawie
danych krystalograficznych zwigzku [TMA]Snls zaprezentowany wzdtuz kierunku [001] (a) oraz
[010] (b) [42]; nieuporzqdkowane kationy tetrametyloamoniowe (TMA™) narysowano bez

atomow H.
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Krysztaly perowskitoidow sktadaja sie¢ z jednowymiarowych struktur tancuchowych
utworzonych przez potaczone krawedziami oktaedry BXs. Wiasciwosci fizykochemiczne tych
zwigzkow (w nomenklaturze tlenkowej nazywanych politypem 2H) znaczaco roznig si¢ od
archetypicznych perowskitow, zbudowanych z oktaedrow potaczonych narozami (polityp 3C) [42].
Wraz z popularyzacja pojecia perowskitoid, terminem tym zaczgto nazywaé rowniez inne, podobne
do archetypicznych perowskitow zwiazki, zbudowane z tancuchéw oktaedrow BXg polaczonych
$cianami lub krawedziami [43], a same tancuchy mogg by¢ pojedyncze lub podwojne.

Podobnie jak perowskity trojwymiarowe i ich dwuwymiarowe odpowiedniki,
perowskitoidy sg zwigzkami 0 znaczacym potencjalne aplikacyjnym na polu wspotczesnej
optoelektroniki [42—44].

1.5.4. Kation hydrazyniowy i jego metylowe pochodne

Hydrazyna (diazan) jest zwigzkiem nieorganicznym O wzorze ogélnym NoHs. Jej
czasteczka zbudowana jest z dwoch grup aminowych potaczonych ze sobg pojedynczym wigzaniem
N-N. Ma wtasciwosci stabo zasadowe i zdolna jest do przytaczania jednego lub dwoch protondw.
Zaréwno hydrazyna, jak i jej pochodne, takie jak metylohydrazyna, czy 1,1-dimetylohydrazyna
(DMHYy), sa bezbarwnymi, lotnymi, fatwopalnymi cieczami 0 zapachu amoniaku. Substancje te sa
silnymi reduktorami, dlatego znajdujg zastosowanie W produkcji paliw rakietowych oraz
materialdéw wybuchowych.

W Tabeli 2 przedstawione zostaly wzory strukturalne oraz rozmiary kationow
hydrazyniowego (Hy*), metylohydrazyniowego (MHy"), 1,1-dimetylohydrazyniowego (DMHy")
oraz 1,1,1-trimetylohydrazyniowego (MesHy"), ktore zostaly wykorzystane do syntezy zwigzkow

opisanych w niniejszej pracy.

Tabela 2. Wzory strukturalne, oznaczenia oraz promienie jonowe metylowych pochodnych kationu

hydrazyniowego.

Kation Hy* MHy* DMHy* MesHy*
CH, CH,
Wzor . H,N—NH, ./ l,
H3N_NH2 2 \ 2 H3N—N HZN_N_CH3
strukturalny CH, \ |
CH, CH,
Promien "
. 217 [7 264 [32 296 [45 302
jonowy (pm) 71 [32] [45]

“ rozmiar obliczony na podstawie danych krystalograficznych [46] za pomocq metody opisanej
wezesniej W literaturze [7]
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Kation hydrazyniowy oraz jego metylowe pochodne sg niezwykla grupa, cho¢ przez dtugi
czas niedoceniang. W poréwnaniu do najszerzej badanych zwigzkéw hybrydowych z relatywnie
matymi kationami, takimi jak MA* czy FA®, na chwilg obecna liczba znanych analogdw materiatow
zawierajacych pochodne hydrazyny pozostaje niewielka.

Ze wzgledu na wiele mozliwosci podstawiania kationu hydrazyniowego grupami
alkilowymi, uktady te moga zosta¢ wykorzystane jako czasteczki modelowe w badaniach wptywu
zmieniajacych si¢ wlasciwosci strukturalnych, takich jak promien jonowy czy zawada przestrzenna,
na wlasciwosci otrzymanych hybrydowych perowskitow i perowskitoidow. Metylowe pochodne
Hy" wykazuja ponadto rézng zdolno$¢ do tworzenia sieci wigzan wodorowych ze wzgledu na

zmienng liczbe donorowych atomow wodoru.
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1.5.5. Materialy hybrydowe z pochodnymi kationu hydrazyniowego

Mréwczany metali przejsciowych zawierajgee kationy Hy* i MHy*

W literaturze dostepne sg dane dotyczace mrowczanow metali podstawionych kationami
Hy* o architekturze opartej na kationach Mn?*, Co?*, Zn%", Mg?* i Fe?* [47-49]. Ze wzgledu na
relatywnie niewielki rozmiar kationu hydrazyniowego, zwigzki [Hy]M'"(HCOO)s; gdzie
M" = Mn%, Zn?" i Fe*", mogg wystgpowaé zarbwno W formie tréjwymiarowych perowskitow,
z sze$ciennymi przestrzeniami pomiedzy oktaedrami oraz w formie chiralnej, z heksagonalnymi
kanatami, w ktérych osadzone sg kationy. Analogi zbudowane z kationéw Co?* i Mg?* znane s3
jedynie w formie chiralnej [47-49].

Powyzsze zwiazki typu perowskitu w temperaturze ok. 350 K ulegaja przejsciu fazowemu
typu porzadek-nieporzadek z niskotemperaturowej ferroelektrycznej fazy Pna2; do
wysokotemperaturowej paraelektrycznej i nieuporzadkowanej fazy Pnma. Analogi posiadajace
strukture chiralng przechodza natomiast z niskotemperaturowej fazy ferroelektrycznej P2:2:2; do
wysokotemperaturowej fazy ferroelektrycznej P6s w zakresie temperatur 336-380 K. Wyjatkiem
jest zwigzek z kationami Mn?, ktory w fazie niskotemperaturowej przyjmuje symetrie P2,
a przejscie fazowe zachodzi w temperaturze 296 K [47—49].

Obecnos¢ grupy metylowej w kationie MHy* znaczaco wpltywa na wlasciwosci
strukturalne otrzymanych analogow. w zwigzku z tym, dla zwigzkoéw [MHy]M"(HCOO)s, gdzie
M" = Mg?, Zn?*, Mg* i Fe?, preferowana jest wylacznie architektura perowskitowa [50].
W przypadku wszystkich wymienionych przedstawicieli z wbudowanymi kationami MHy*
obserwowane sa dwa przejScia fazowe zwigzane ze stopniem uporzadkowania kationu
organicznego [50]. Pierwsze z nich zachodzi w zakresie temperatur 168-243 K, z fazy polarnej
0 symetrii P1 do posredniej ferroelektrycznej i czeSciowo nieuporzadkowanej fazy o symetrii R3c,
ktéra z kolei w zakresie temperatur ok. 310-327 K przechodzi do nieuporzadkowanej
wysokotemperaturowej fazy paraelektrycznej R3c (Rysunek 4). Wysokotemperaturowe przejscie
fazowe zwigzane jest z dalszym nieuporzadkowaniem kationéw MHy*, natomiast obserwowanej
przemianie fazowej w nizszych temperaturach towarzysza rowniez zmiany prowadzace do
znieksztalcenia szkieletu metalowo-mrowczanowego [50]. Analogi z kationami Mn?* oraz Fe?*
wykazuja ponadto magnetyczng przemian¢ fazowa prowadzaca do uporzadkowania

magnetycznego ponizej odpowiednio 9 oraz 21 K [50].
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Rysunek 4. Schemat przemian fazowych obserwowanych dla [MHy]Mn(HCOO)s, atomy H zostaly
pominiete [50].

Halogenki ofowiu zawierajgce kationy Hy" i MHy"

Sposrod halogenkow otowiu podstawionych wytacznie kationem Hy*, w literaturze znane
sa wylacznie dwa zwiazki jodkowe, prosty o wzorze [Hy]Pbls (polimorfy o i B) oraz bardziej
ztozony [Hy]isPbsloi [51]. Pierwszy z nich, pomimo charakterystycznej dla perowskitow
stechiometrii ABXs, nie wykazuje archetypicznej struktury tréjwymiarowej typu perowskitu.
Zwiazek o-HyPbls krystalizuje w uktadzie rombowym, w grupie przestrzennej Pnma. Jego
struktura krystaliczna zbudowana jest z podwojnych tancuchoéw Pbyls propagujacych w kierunku
[001]. Lancuchy te sa otoczone kationami Hy* [51]. Drugi z polimorfow tego zwigzku — B-[Hy]Pbls
— opisywany jest przez symetric heksagonalna i grupe przestrzenng P6s/mmc. Jego
jednowymiarowa struktura rowniez sktada sig¢ z tancuchéw propagujacych w tym samym kierunku.
Jednak w odréznieniu od polimorfu o, sg to pojedyncze tancuchy oktaedréw Pbls potaczonych
scianami [51]. Ten typ struktury jest charakterystyczny dla perowskitoidow [42].

Drugi ze zwigzkow, [Hy]isPbslz1, ma bardziej skomplikowang budowe, gdyz sklada sie z
dwoch rodzajow tancuchéw — podwdjnych oraz pojedynczych. Ponadto czgs¢ jondw jodkowych
wykazuje nieporzadek i kazdy z nich moze zajmowaé dwie pozycje [51].

Badania optyczne wskazuja, ze oba zwigzki posiadajg relatywnie niskg przerwe
energetyczng wynoszacg 2,34 eV dla polimorfow a- i B-HyPbls oraz 2,70 eV dla [Hy]isPbsls.
Ponadto zwiazek 0 bardziej skomplikowanej budowie wykazuje emisj¢ ponizej 50 K z maksimum

energii przy ok. 650 nm w zakresie $wiatta czerwonego [51].
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Kation MHy* ma niewiele wiekszy promien jonowy (264 pm) od podobnego strukturalnie
kationu FA*™ (253 pm) [52], dlatego oczekiwatoby si¢, ze zwigzek [MHy]Pbls, podobnie do
[FA]PDIs, bedzie rowniez tworzy¢ strukture trojwymiarows. Przeprowadzone badania wskazuja
jednak, ze stabilny jest wytacznie zwigzek jednowymiarowy [MHy]Pbls krystalizujacy W symetrii
jednosko$nej, w grupie przestrzennej P2i/c. Podobnie do a-[Hy]Pbls, sktada si¢ on z podwojnych
lancuchéw potaczonych krawedziami oktaedrow Pble, pomiedzy ktorymi znajduja sie kationy
MHy*. w 367 K zachodzi przemiana fazowa do metastabilnej fazy wysokotemperaturowej P2:/m
bedacej nadstrukturg fazy P2:/c w temperaturze pokojowej. Co cickawe powrdt do fazy P2i/c po
ochtodzeniu jest bardzo wolny i trwa ok. 50 minut [53]. Badania optyczne wskazuja, ze przerwa
energetyczna dla metylowanej pochodnej jest wyzsza i wynosi 3,11 eV [53].

W przeciwienstwie do [MHy]Pbls, analogiczne zwigzki zbudowane z mniejszych ligandow
[MHy]PbX; (X = CI7, Br) zdolne sg wytworzy¢ stabilne trojwymiarowe fazy o0 strukturze typu
perowskitu [32,33]. Oba zwigzki zsyntezowano w 2020 r., dlatego sg one relatywnie nowymi
przedstawicielami tej niezwykle rzadkiej grupy tréjwymiarowych zwigzkéw HOIP. Na uwage
zastuguje fakt, ze ich wlasciwosci optyczne oraz elektryczne odbiegaja od najbardziej dotychczas
poznanych analogdéw z kationami MA* oraz FA*.

[MHy]PbBr; krystalizuje w temperaturze pokojowej w uktadzie jednoskosnym, w polarnej
grupie przestrzennej P21 i w 418 K ulega przejsciu fazowemu do wysokotemperaturowej fazy
regularnej charakterystycznej dla perowskitow (Pm3m), w ktorej kationy organiczne sg silnie
nieuporzadkowane a oktaedry Pbls sa mniej zdeformowane (Rysunek 5). Ze wzgledu na rozmiar
kationu MHy*, podsie¢ nieorganiczna oktaedréow Pbls jest w tym materiale ekstremalnie
znieksztalcona w temperaturze pokojowej, co znacznie wptywa na pozostate wilasciwosci
fizykochemiczne. w przeciwienstwie do analogéw zawierajacych kationy MA™ i FA*, [MHy]PbBr3
charakteryzuje si¢ silnie niecentrosymetryczng strukturg juz w temperaturze pokojowej, co
bezposrednio potwierdzono generacja drugiej harmonicznej SHG (ang. second harmonic

generation) [32].
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faza faza
niskotemperaturowa wysokotemperaturowa
[MHy]PbBr;

P2; Pb2:m

Rysunek 5. Fazy nisko- i wysokotemperaturowe tréjwymiarowych perowskitow [MHy]PbXs, gdzie
X=Br, CI".

Analog chlorkowy, [MHy]PbCls, réwniez krystalizuje w temperaturze pokojowej
W polarnej jednoskosnej strukturze P21, jednak w przeciwienstwie do [MHy]PbBrs;, w temperaturze
342 K przechodzi do rowniez polarnej fazy rombowej (Pb2:m) z uporzadkowanymi kationami
organicznymi (Rysunek 5). Ze wzgledu na silng zmiang polarno$ci W obu fazach, zwigzek
[MHy]PbClz wykazuje zjawisko przetgczania optycznego pomiedzy dwoma stanami réznigcymi
si¢ intensywnoscia sygnatu generacji drugiej harmonicznej [33].

Niezwykle interesujacy jest fakt, ze we wszystkich fazach [MHy]PbXs (X = CI, Br)
oprocz fazy regularnej Pm3m, co druga warstwa oktaedrow Pb(2)Xs (X = Cl, Br) jest znacznie
silniej znieksztalcona niz warstwy Pb(1)Xs (Rysunek 5). Zjawisko to wyjasniono rozmiarem
kationow MHy" oraz ich asymetria prowadzaca do powstawania dodatkowego wigzania
koordynacyjnego pomiedzy jonami Pb?" a atomem azotu z terminalnej i obojetnej grupy aminowe;j
[32,33]. Tego typu znieksztalcenie ma znaczacy wplyw na wielko$¢ przerwy energetycznej
wynoszacej dla [MHy]PbCls oraz [MHy]PbBr; odpowiednio 3,4 oraz 2,58 eV.

Ze wzgledu na tak znaczne roznice, podjeto rowniez probe syntezy materiatow mieszanych
0 sktadzie [MHy]PbBrCls (x = 0,40, 0,58, 0,85, 1,33, 1,95, 2,25 oraz 2,55) [54]. Ustalono ze, dla

zwigzkow 0 wspotczynniku X < 1,33 zachodzi jedno przejscie fazowe P2; — Pb2:m, podobnie do
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niedomieszkowanego [MHy]PbCls. Dla x > 1,95 ze wzrostem temperatury zaobserwowano
sekwencje dwoch przemian fazowych, P2; — Pb2ym — Pm3m [54]. Wykazano, ze wraz ze
wzrastajagcg zawartoscig ligandow Br-, przerwa energetyczna si¢ zmniejsza a barwa emisji
przesuwa si¢ W kierunku nizszych energii.

W literaturze wystgpuje rowniez wzmianka 0 mieszanym zwigzku trojwymiarowym
[MHy]PbBr2glo2 [54]. Podobnie do niedomieszkowanego bromku wykazuje on bezposrednie
przejscie fazowe pomiedzy polarng fazg P2: oraz wysokotemperaturowa i nieuporzadkowang faza

Pm3m [54].

faza modulowana faza Faza
niskotemperaturowa posrednia wysokotemperaturowa

Pmn2; Pmmn Pmmn

Rysunek 6. Struktury poszczegdlnych faz 2D perowskitu [MHy],PbCls. Atomy H zostaly pominiete.

Poza tréjwymiarowymi halogenkami otowiu z kationami MHy", istnieja rowniez halogenki
warstwowe 0 sktadzie [MHy].PbXs (X = CI, Br~, I") nalezagce do tzw. faz Ruddlesdena-Poppera
[55-57]. [MHy].PbCl. w niskich temperaturach posiada polarng symetri¢ jednosko$na P2, ktora
przy 224 K transformuje do modulowanej fazy rombowej a nastepnie powyzej 338 K przechodzi
do nieuporzadkowanej rombowej fazy Pmmn. Faza niskotemperaturowa oraz posrednia sg fazami
polarnymi, co potwierdzono pomiarami SHG. Pomiary polaryzacji spontanicznej jednak nie
potwierdzity ferroelektrycznego charakteru [MHy].PbCls. Warto dodaé, ze zwigzek ten posiada
rekordowo krotkie odlegtosci pomigdzy warstwami oktaedrow wynoszace 8,79 A w 350 K, a jego
przerwa energetyczna wynosi 3,75 eV [57].

Zmiana liganda chlorkowego na bromkowy powoduje zmiane charakteru strukturalnych
przemian fazowych Pmn2; — faza modulowana — Pmnm, ktore zachodzg przy grzaniu w 351 oraz
371 K. w tym przypadku potwierdzono ferroelektryczny charakter fazy Pmn2; w temperaturze
pokojowej. Wartos¢ wyznaczonej przerwy energetycznej dla [MHy].PbBr. jest nizsza niz dla
chlorku i wynosi 3,02 eV [56].

Analogiczny jodek, [MHy].Pbls, wykazuje najnizszg warto$¢ przerwy energetycznej
wynoszaca 2,20 eV. w niskich temperaturach posiada strukture trojskosna P1, ktora powyzej 233 K

przechodzi do nieuporzadkowanej fazy o symetrii rombowej Pccn. w trakcie dalszego grzania jodek
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ulega transformacji do innej struktury rombowej Pmmn w 298 K oraz przechodzi izostrukturalng
przemiane fazowa w 320 K [55].

Kation MHy* zostal roéwniez wykorzystany do syntezy mieszanego dwuwymiarowego
zwigzku [BA][MHy].PbsBrio (BA* = kation butyloamoniowy), w ktorym kationy BA™ petnig
funkcj¢ separatorow warstw perowskitowych z wbudowanymi kationami MHy* w lukach [58].

W literaturze pojawita si¢ rowniez wzmianka dotyczaca kationu MesHy*, ktory zostat
wprowadzony do trojwymiarowej struktury [MA]PbI; uzytej do wytworzenia ogniwa stonecznego
[59]. Dodatek tego typu o stezeniu 7.5 mol% spowodowat wzrost stabilno$ci ogniwa, zmniejszenie
ilosci defektow, chropowatosci powierzchni warstwy oraz wydajnosci konwersji energii,
najbardziej kluczowego parametru charakteryzujacego ogniwa. Wyjasniono to sila wigzania
kationu MesHy* z jonami Pb?*, ktéra zapobiega redukcji jondéw otowiu, CO przyjeto za poczatkowe
stadium rozpadu [MA]PbI3 [59]. Jakiekolwiek wtasciwosci zwigzku [MesHy]Pbls pozostaja jednak

nieznane.

Fosforany(l) manganu(ll) zawierajgce kationy MHy"

Jedng z nowszych grup hybrydowych perowskitow sa fosforany(l) manganu podstawione
kationami amoniowymi po raz pierwszy opisane w 2017 r. [11]. Jak do tej pory znane s3 co najmnie;j
dwa zwigzki nalezace do tej grupy, ktore zawierajg kation MHy™. Sa to [MHy]Mn(H2PO,); [60,61]
oraz jego analog wspotdomieszkowany anionami mrowczanowymi,
[MHyIMn(H2PO2)2,63(HCOO)o,17 [60].

Niedomieszkowany uktad krystalizuje w uktadzie rombowym, w grupie przestrzennej
Pnma. w przeciwienstwie do analogéw mrowczanowych, kationy MHy* w sieciach metalowo-
fosforanowych pozostaja uporzadkowane W catym zakresie badanych temperatur i tworzg wigzania
wodorowe $redniej mocy z atomami tlenu reszt fosforanowych(l). Warto dodaé, ze w tych
oddziatywaniach biora udziat obie grupy aminowe kationow MHy", podczas gdy w przypadku
mrowczanowego analogu [MHy]Mn(HCOQ); wigzania wodorowe tworzyly jedynie srodkowe
grupy aminowe [60].

Cechg wspoélng fosforanow(I) sg nietypowe przesunigcia kolumnowe w strukturze oraz
pochylenia oktaedrow MnOs spowodowane wigksza elastyczno$cig szkieletu W poréwnaniu do
zwiazkow mrowczanowych oraz ich silniejsza deformacja (Rysunek 7). Efektem tego zjawiska sa
rzadko obserwowane przemiany fazowe. [MHy]Mn(H:PO2);s wykazuje uporzadkowanie

antyferromagnetyczne ponizej 6,5 K [60].

27



[MHy]Mn(HCOO); [MHyIMn(H2PO2)3

Rysunek 7. Porownanie znieksztalcenia szKieletu manganowo-mréwczanowgo (a) oraz

manganowo-podfosforynowego (b). Atomy H zostaly pominigte.

Niewielka domieszka anionu mrowczanowego nie ma znacznego wplywu na strukture.
Sprawia natomiast, Ze nieznacznie zmniejsza si¢ objeto$¢ komorki elementarnej, co ma wptyw na
wlasciwosci optyczne, takie jak zmniejszenie czasu zaniku luminescencji w 77 K oraz energii

aktywacji luminescencji [60].

1.6.  Zastosowanie materialow hybrydowych typu perowskitu

Wiele zwiazkéw 2z rodziny perowskitow hybrydowych sg wielofunkcjonalnymi
materialami ~ wykazujacymi  szereg = wspoOlwystepujacych  wilasciwosci  optycznych,
[18,32,55,60,62,63], przetaczalnych dielektrycznych [55,64,65], magnetycznych [17,45,66],
ferroicznych [13,15,65,67-72] oraz multiferroicznych [13,15,19,67,73]. Predysponuje je do
aplikacji w réznych aspektach przemystu wysokiej technologii (ang. high tech), ze szczegdélnym
uwzglednieniem optoelektroniki [74,75], jako diody LED (ang. light emitting diode) [76-80],
fotodetektory [81,82], tranzystory [83,84] lub lasery [85,86].

W ostatnich latach sporg popularno$¢ zdobyly halogenki otowiu podstawione kationami
MA* i FA*, ktore znane sg ze swoich wilasciwosci fotowoltaicznych [22,87]. Wydajnos¢ konwersji

energii ciggle wzrasta poprzez doskonalenie ogniw perowskitowych i osiggneta juz 25.7% [88,89].

1.7.  Zastosowanie spektroskopii IR oraz Ramana w badaniach przemian fazowych
zwigzkéw hybrydowych

Poniewaz metody spektroskopii oscylacyjnej sg gtéwnymi technikami badawczymi
wykorzystywanymi do realizacji badan na potrzeby niniejszej pracy doktorskiej i w nich
specjalizowalem si¢ w trakcie studiow doktoranckich, warto wyjasni¢ znaczenie i umotywowac

wykorzystanie tychze metod dla badania mechanizméw przemian fazowych w zwiazkach
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hybrydowych. Zaréwno spektroskopia IR oraz Ramana, pomimo réznych podstaw fizycznych, sg
metodami dajacymi wglad do dynamiki molekularnej czasteczek lub ich fragmentow. Obie metody
pozwalajg na okreslenie struktury chemicznej i sa uzyteczne w analizie jako$ciowej oraz ilo§ciowe;.

Metody spektroskopii oscylacyjnej sa bardzo czute na niewielkie zmiany strukturalne
w otoczeniu lokalnym atomow lub ich grup, dlatego pozwalaja na zaobserwowanie nawet
subtelnych zmian strukturalnych wywotanych zmiang temperatury lub ci$nienia. Ponadto
w przeciwienstwie do metod dyfrakcyjnych, ktore obrazuja uporzadkowanie dalekiego zasiegu,
czuto$¢ spektroskopii IR i Ramana nie zmniejsza si¢ W przypadku ruchow molekularnych atomow
lekkich, takich jak wodor. Pomiary dyfrakcyjne dostarczaja usrednionej informacji, dlatego nie
zawsze sa tak dobre w okreslaniu zmian dynamicznych w okre§lonych warunkach
termodynamicznych [8,90,91]. w zwiazku z tym metody spektroskopii oscylacyjnej stanowia
wazne narzedzie W badaniu na przyktad stabych oddzialywan molekularnych takich jak wigzania
wodorowe. Metody dyfrakcyjne oraz spektroskopii oscylacyjnej sg technikami doskonale sig
uzupehniajacymi. Ponadto pomiary spektroskopowe wymagaja mniej przygotowywan probki oraz
sa znacznie szybsze. Wysoka czulos¢ na niewielkie zmiany strukturalne pomaga rowniez
W okresleniu zmian symetrii W wyniku zachodzacych przemian fazowych oraz okreslaniu liczby

nierdwnocennych czasteczek lub jonow w strukturze, a tym samym sily rozszczepienia Davydova.

- - T
[MHy]PbBr, — faza wysokotemperaturowa Pm3m :{ l |
— faza niskotemperaturowa P2, Al (N

Intensywnosc

1800 1800 1400 1200 1000 800 600 400 200

Liczba falowa (cm™)
Rysunek 8. Zmiany na widmie Ramana zaobserwowane dla [MHy]PbBrz w wyniku przemiany
fazowej porzgdek-nieporzqdek; niebieski kolor oznacza niskotemperaturowq faze uporzqdkowang

P21, natomiast czerwony nieuporzqdkowang, wysokotemperaturowq faze Pm3m.
W przypadku zwigzkow typu HOIP, za pomoca metod spektroskopii molekularnej

najczgséciej bada si¢ uktady, w ktorych wystepuja przemiany fazowe typu porzadek-nieporzadek.

Zmieniajgca si¢ dynamika, najczgséciej kationu A, jest doskonale widoczna na widmach IR
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i Ramana jako poszerzenia lub zwezenia pasm. Ponadto w efekcie przemian fazowych widaé
réwniez przesunigcia i/lub rozszczepienia zwigzane ze zmianami symetrii (Rysunek 8). Co wiecej
obie metody spektroskopowe pozwalaja niekiedy na rozroéznienie nieporzadku dynamicznego oraz
statycznego [8,90,92-96].

Doktadna analiza zmian parametrow pasm, takich jak potozenie i szeroko$é potowkowa
w funkcji temperatury lub cisnienia, pozwala na doktadne zrozumienie mechanizmow przemian
fazowych. Do tego niezbgdne jest wykonanie jak najdoktadniejszego przypisania obserwowanych
pasm do odpowiednich drgan molekularnych. Pomocna w tym zakresie jest analiza poréwnawcza
podobnych zwigzkéw, podstawienia izotopowe oraz obliczenia kwantowo-chemiczne. Do
zrozumienia przemian fazowych przydatna si¢ rowniez analiza grupy faktorowej oraz wykonanie
diagramow korelacyjnych pozwalajacych na okreslenie regut wyboru dla poszczegdlnych faz lub
zrozumienie rozszczepien pasm 0 okreslonych symetriach.

Dla wigkszosci spektroskopistow zajmujacych si¢ pomiarem widm IR i Ramana,
najwazniejszy jest zakres drgan wewnetrznych. Dostarczajg one cennych informacji na temat drgan
poszczegblnych grup funkcyjnych w czasteczkach. Dla spektroskopistow zajmujacych sig
fizykochemig ciala stalego rownie waznym zakresem jest zakres drgan sieciowych (zewnetrznych)
— najczesciej ponizej 200-300 cm™. Zakres ten dostarcza informacji na temat dalekozasiegowego
uporzadkowania W Kkrysztatach. Ponadto probkuje on dynamike molekularng drgan zwigzanych
z ruchami jonéw metali i ich najblizszego otoczenia, co pozwala na okre$lenie zachowania si¢
podsieci metal-ligand. Ogromne znaczenie ma to dla HOIP zbudowanych z oktaedréw halogenkéw
otowiu (PbXs, gdzie X = ClI-, Br, I"), gdyz to wtasnie zmiany strukturalne podsieci nieorganicznej
(pochylenia, skr¢cenia i deformacje) sa odpowiedzialne za istotne wiasciwosci zwigzane
z parametrami optoelektronicznymi [94,95,97,98].

Rownie wazna role petnig badania cisnieniowe, poniewaz sa one prostsze do wykonania
oraz analizy w porownaniu z eksperymentami dyfrakcyjnymi. Cisnienie hydrostatyczne ma
znaczacy wplyw na dynamike kationow w lukach oraz na znieksztalcenie podsieci metal-ligand,
dlatego pozwala na poznanie wlasciwosci materiatdw w ekstremalnych warunkach. Najczesciej
wykonuje si¢ pomiary widm Ramana w podwyzszonym cis$nieniu, ale pomiary widm IR sg rowniez
mozliwe [99-103]. Oczywistym jest, ze najwicksze zmiany na widmach sg otrzymywane dla silnie
anizotropowych materiatow jedno- oraz dwuwymiarowych z wyraznymi kierunkami, w ktorych

kompresja struktury jest najsilniejsza [104,105].
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2. Materialy i metody

2.1. Synteza materialow

W tym rozdziale opisane zostang metody otrzymywania perowskitow wykorzystane
podczas syntez zwigzkow omawianych w pracy. Bazuja one na wykorzystaniu metod chemii

mokrej a ogolny przebieg reakcji mozna przedstawi¢ za pomoca roéwnania (3)

A;—olv + Bszzj-lv +3 s_olv - ABXS ‘l': (3)

gdzie A}, B2, i X;o1 0znaczaja odpowiednio solwatowane jony amoniowy, dwuwarto$ciowy

jon metalu i anion reszty kwasowej.

Metoda powolnego odparowania z roztworu

W najprostszym ujeciu, metoda powolnego odparowania (ang. slow evaporation method)
polega na otrzymaniu nasyconego (lub bliskiego nasycenia) roztworu substratow
w rozpuszczalniku, a nastepnie powolnego jego odparowywania az do pojawienia si¢ odpowiednich
rozmiar6w krysztatdéw produktu. Proces ten moze by¢ przeprowadzany zarowno w warunkach
atmosferycznych, atmosferze gazu ochronnego, pod zmniejszonym ci$nieniem lub
W podwyzszonej temperaturze. Mozna réwniez zastosowaé kombinacje tych parametrow.

Istnieje réwniez wariant tej metody, W ktorym zamiast jednego rozpuszczalnika,
wykorzystuje si¢ uklad dwoch rozpuszczalnikéw rézniacych sie lotno$cia, polarnoscia oraz
temperaturg wrzenia. Roznice te sprawiajg, ze wystepuja réoznice W rozpuszczalnosci produktu
pomiedzy uzytymi rozpuszczalnikami. Rozpuszczalniki nalezy dobra¢ tak, zeby oczekiwany
produkt lepiej rozpuszczat si¢ w bardziej lotnym z nich. Odparowanie bardziej lotnego
rozpuszczalnika spowoduje powstawanie produktu, natomiast zanieczyszczenia  (hp.
nieprzereagowane resztki substratow) pozostang rozpuszczone W mniej lotnym rozpuszczalniku.
Metoda ta daje mozliwo$¢ duzej kontroli nad procesem wzrostu krysztaldéw poprzez szybkosc
odparowywania dzieki regulacji temperatury i cisnienia a takze mozliwosci czeSciowego zakrycia
naczynia, w ktéorym prowadzony jest proces.

Metoda powolnego odparowywania z roztworu zostata wykorzystana podczas syntezy
[MHy]M"Cl5 (M" = Mn?*, Co?*, Ni?*, Cu?* oraz Cd?®").



Metoda przeciwrozpuszczalnikowa

Metoda przeciwrozpuszczalnikowa (ang. antisolvent method) bazuje na wykorzystaniu
uktadu dwoch wzajemnie mieszalnych rozpuszczalnikow, przy czym produkt reakcji rozpuszcza
si¢ tylko w jednym z nich. Podczas tej metody substraty rozpuszcza si¢ w niewielkim naczyniu,
ktore pozostaje niecatkowicie zamknigte, aby umozliwi¢ transport par rozpuszczalnika. Naczynie
to umieszcza si¢ wewnatrz zamknietego naczynia z drugim rozpuszczalnikiem (Rysunek 9a). Opary
przeciwrozpuszczalnika rozpuszczaja si¢ W roztworze substratow, powodujac zmniejszenie
rozpuszczalnos$ci produktu, co prowadzi do wzrostu krysztatow. Metoda ta zostala wykorzystana

podczas syntezy [MesHy]Pbls.

roztwor prekursora roztwor A

przeciwrozpuszczalnik

roztwor B

(@) (b)

Rysunek 9. Schemat syntezy z wykorzystaniem metody przeciwrozpuszczalnikowej (a) oraz

dyfuzyjnej (b).

Metoda strgceniowa

Metoda straceniowa polega na wytraceniu z roztworu nierozpuszczalnego produktu.
Procedura syntezy polega na zmieszaniu przygotowanych wczesniej dwoch stezonych roztwordw
w metanolu. Jeden z roztwordéw (A) zawiera rozpuszczong sol metalu (zwykle chloran(VII) lub
chlorek), natomiast drugi odpowiednig amine z dodatkiem nadmiaru odpowiedniego kwasu (B). Ze
wzgledu na potencjalne wybuchowe wilasciwosci chloranow(VII), wykorzystuje si¢ niewielkie

iloci soli metalu. Metoda ta zostata wykorzystana do syntezy [DMHy]Mn(HCOO)s.
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Metoda dyfuzyjna

Metoda dyfuzyjna (ang. diffusion method) jest wariacja metody straceniowej. Polega ona
na krystalizacji produktu na granicy dwoch ciektych faz stanowionych przez roztwory A i B,
ktorych przygotowanie opisano powyzej. Reakcje prowadzi si¢ w dtugich (ok. 50 cm) probowkach
0 $rednicy 8-10 mm umozliwiajacych wlanie roztworu o wigkszej gestosci (B) na dno probowki,
a nastgpnie powolne dodanie po $ciankach roztworu 0 mniejszej gestosci (A) tak, aby roztwory nie
ulegly zmieszaniu i wytworzyla si¢ granica faz (Rysunek 9b). Metoda ta powoduje powolny wzrost
krysztatdow i prowadzi do matej iloSci produktu. Pozwala jednak na otrzymanie wigkszych
krysztatow w poréwnaniu do metody straceniowe;.

Metode dyfuzyjng stosowano rownolegle z metodg straceniowg do otrzymania
[DMHy]Mn(HCQOO)s.

2.2. Metody pomiarowe

Metody dyfrakcyjne

Pomiary dyfraktometrii rentgenowskiej XRD (ang. X-ray diffraction) na monokrysztatach
[MHy]M"Cl; (M" = Mn?*, Co?*, Ni%*, Cu?* oraz Cd?*) oraz [DMHy]Mn(HCOO)s wykonano przy
uzyciu dyfraktometru czterokotowego Xcalibur Atlas oraz promieniowania MoKo, (A =0,71073 A)
(INTiBS PAN). Pomiary dyfrakcyjne na monokrysztatach [MesHy]Pbls wykonano na
Uniwersytecie im. M. Kopernika (UMK) w Toruniu przy uzyciu czterokotlowego dyfraktometru
XtaLAB Synergy-S oraz promieniowania MoKa.

Proszkowe pomiary dyfraktometryczne zwigzkow [MHy]M'Cl; (M" = Mn?*, Co?*, Ni#,
Cu?* oraz Cd?*") oraz [DMHy]Mn(HCOO); wykonano przy uzyciu dyfraktometru proszkowego
X’Pert PRO oraz promieniowania CuKol (A = 1,54056 A) (INTiBS PAN). Temperaturowe
dyfraktogramy proszkowe dla zwigzku [MesHy]Pbls zmierzono stosujac dyfraktometr Rigaku
XtaLAB Synergy-S system roéwniez wyposazony W katode miedziowa (UMK).

Metody cieplne

Pomiary skaningowej kalorymetrii réznicowej DSC (ang. differential scanning
calorimetry) wykonano na Politechnice Wroctawskiej (PWTr) stosujac kalorymetr Mettler Toledo
DSC-1 o rozdzielczosci 0,4 uW oraz szybkos$¢ grzania/chlodzenia 5 K/min.

Analizg termograwimetryczng TGA (ang. thermogravimetric analysis) dla [MeszHy]Pbls
wykonano w INTIBS PAN przy uzyciu urzadzenia PerkinElmer TGA 4000 i zastosowaniu

szybkosci grzania/chtodzenia rownej 5 K/min.
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Pomiary dielektryczne

Widma szerokopasmowej spektroskopii dielektrycznej BDS (ang. broadband dielectric
spectroscopy) wykonano na PWr stosujac analizator impedancyjny Novocontrol Alpha oraz
napiccie 1 V 0 czestotliwosci w zakresie 1-10° Hz w zalezno$ci od probki. Temperature
kontrolowano przy wuzyciu kriostatu Novocontrol Quattro. Pomiary wykonywano na

zorientowanych monokrysztatach lub pastylkach.

Pomiary magnetyczne

Pomiary magnetyzacji od 2 K do temperatury pokojowej zostalty wykonane w INTiBS PAN
przy uzyciu magnetometru Quantum Design MPMS XL w polu magnetycznym do 70 kOe.

Pomiary optyczne

Pomiary widm rozproszonego odbicia w zakresie UV-Vis-NIR (200-2500 nm) wykonano
stosujac spektrometr Agilent Cary 5000 oraz przystawke PryingMantis™,

Pomiary widm emisji wykonano stosujac wielokanatowy analizator Hamamatsu PMA-12
oraz zrodta wzbudzenia 266, 375, 405 lub 450 nm w zaleznosci od probki. Temperaturg probki
kontrolowano za pomoca kriostatu THMS600 (Linkam).

Czasy zaniku luminescencji zmierzono przy pomocy cyfrowego oscyloskopu Lecroy ze
wzbudzeniem Nd:YAG (1064 nm) lub femtosekundowego lasera Coherent Model Libra. Wszystkie
pomiary optyczne wykonano w INTiBS PAN.

Pomiary widm oscylacyjnych

Widma Ramana w zakresie 3500-50 cm™ zmierzono przy uzyciu spektrometrow Bruker FT
100/S oraz Bruker FT MultiRAM ze wzbudzeniem Nd:YAG (1064 nm) lub w zakresie 4000-50
cm™ za pomocg spektrometru Renishaw inVia Raman sprzezonego z mikroskopem konfokalnym
DM2500 Leica stosujac wzbudzenie 488 nm.

Temperaturowe widma Ramana w zakresie 4000-50 cm™ mierzono przy uzyciu
spektrometru Renishaw inVia Raman stosujac wzbudzenie 488 nm. Temperatur¢ probki
kontrolowano za pomocg kriostatu THMS600 (Linkam).

Pomiary widm Ramana w zakresie 200-50 cm™ w podwyzszonym ci$nieniu dla krysztatu
[MesHy]Pbls zmierzono na Uniwersytecie Federalnym Para w Belem (Brazylia) stosujac
spektrometr Horiba Labram Evolution oraz zrédto wzbudzenia 514,5 nm. Wykorzystano

diamentowa komor¢ cisnieniowg Diacell pScopeDAC-RT(G) Almax easylLab ze stalows
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uszczelkg. Jako medium cisnieniowe wykorzystano Nujol (olej mineralny). Warto$¢ cisnienia
oszacowywano na podstawie przesunigc¢ linii emisyjnych R; oraz R» rubinu.

Widma w zakresie $redniej podczerwieni (mid-IR, 4000-400 cm™) zmierzono w formie
pastylek w KBr, pasty w Nujolu lub Fluorolube (fluorowany olej mineralny) stosujac spektrometr
FTIR (ang. Fourier-transform infrared) Nicolet iS50. Dla probki [DMHy]Mn(HCOO); wykonano
dodatkowe widma technika ATR (ang. attenuated total reflection) na tym samym spektrometrze
z zastosowaniem diamentu jako krysztatu, w ktorym nastepuje catkowite wewnetrzne odbicie.

Temperaturowe widma w zakresie mid-IR w zakresie 3500-650 cm™ zmierzono stosujgc
mikroskop FT-IR Nicolet iN10. Temperatur¢ kontrolowano za pomoca kriostatu THMS600
(Linkam).

Pomiary widm w zakresie dalekiej podczerwieni (far-IR, 650-50 cm™) wykonano w formie
pasty w Nujolu przy uzyciu spektrometr FT-IR Nicolet iS50. Wszystkie pomiary widm IR oraz
Ramana za wyjatkiem pomiaréw cisnieniowych widm Ramana wykonano w INTiBS PAN.

Obliczenia DFT

Optymalizacj¢ geometrii czasteczki dimetylohydrazyny (DMHy) oraz kationu DMHy*
wykonano przy uzyciu programu Gaussian 03 [106] z zastosowaniem funkcjonatu B3LYP [107—
109] oraz bazy 6-311G(2d,2p) [110,111]. Ponadto obliczono teoretyczne widma IR oraz Ramana
W przyblizeniu harmonicznym oraz anharmonicznym ze wspotczynnikami skalowania 0,96 oraz
0,98. Obliczenia wktadow PED (ang. potential energy distribution) do drgan obliczono
w programie BALGA [112]. Wizualizacje drgan oraz obliczenia intensywnosci pasm Ramana
zostaly wykonane przy uzyciu programu Chemcraft [113]. Obliczenia zostaly wykonane nha

Uniwersytecie Ekonomicznym we Wroctawiu.
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3. Opis najwazniejszych wynikéw

Wyniki zawarte w pracy zawarte zostaty w cyklu publikacji [D1]-[D6]. Prace [D1] i [D2]
zostaly poswigcone wynikom badan nad nowym mrowczanem z kationem DMHy*,
[Me:Hy]Mn(HCOO)s;. Motywem przewodnim publikacji [D1] byto zbadanie wlasciwosci
fizykochemicznych otrzymanego zwigzku, a takze okre$lenie, W jaki sposéb zmiana zawady
przestrzennej kationu amoniowego wptywa na modyfikacje wtasciwosci otrzymanego materiatu.
Wyniki badan przedstawione w pracy [D1] zostaty rozszerzone 0 pracg [D2], ktora jest poswigcona
mechanizmowi izostrukturalnego przejscia fazowego, ktoremu ulega badany zwigzek. Wyniki
zawarte w publikacjach [D3] i [D4] dotycza serii hybrydowych chlorkéw metali przej$ciowych
zawierajacych kationy MHy*™ w swojej budowie. W tej pracy przedyskutowano wptyw kationu
metalu na wlasciwosci strukturalne oraz zalezne od struktury.

Publikacja [D5] poswigcona zostala wiasciwosciom fizykochemicznym perowskitoidu
[MesHy]Pbls ze szczegolnym uwzglednieniem badania mechanizmow przemian fazowych, ktorym
ulega. Tabela 3 zawiera list¢ otrzymanych zwigzkow wraz ze wskazaniem metody otrzymywania,

danymi krystalograficznymi na temat przemian fazowych oraz temperatur, w ktérych zachodza.

Tabela 3. Zestawienie otrzymanych zwigzkow, metod syntezy oraz przemian fazowych, ktorym

ulegajq W temperaturach T.

Metoda

Zwiazek . Fazy® T(K)®
syntezy
[MHy]MnCls [D3] MO P21/n — P2:/m 242/243
[MHy]CoCls [D3] MO P21/n — P2:/m 227/229
[MHyY]NiCls [D3] MO P2:/n — P2y/m 223/224
[MHy]CuCl3 [D4] MO P2i/c -
[MHy]CdCl; [D5] MO P1 -
DMHy]Mn(HCOO), 244,4/283,0
[ [E/)]l], [%2] ) MS/MD P24/n — P24/n
[MesHy]Pbl; [D5] MP Pbca — P6J/m — P6i/mmc  202/207, 320/322

& MO, metoda powolnego odparowywania roztworu, MS, metoda strqceniowa;, MD, metoda
dyfuzyjna; MP, metoda przeciwrozuszczalnikowa;  od niskich do wysokich temperatur, pogrubiona
jest faza w temperaturze pokojowej; ¢ chtodzenie/grzanie

3.1.  Mréwczan manganu(ll) z kationem DMHy*

Pierwszy z wybranych do badan uktadow, zwiazek hybrydowy [DMHy]Mn(HCOO)s,
otrzymany metodami straceniowg oraz dyfuzyjna, krystalizuje w uktadzie jednosko$nym, w grupie
przestrzennej P2i/n. Podczas chlodzenia w 244,4 K ulega on nietypowej dla mrowczandow
izosymetrycznej przemianie fazowej, jednak ze znaczacymi zmianami strukturalnymi. Faza

wysokotemperaturowa jest faza, w ktorej kationy DMHy" sa nieuporzadkowane pomigdzy trzema

36



stanami (Rysunek 10). Ponizej temperatury przemiany fazowej nastgpuje ich porzadkowanie,
czemu towarzyszy znieksztatcenie szkieletu manganowo-mrowczanowego [D1]. Jest to pierwszy
mréwczanowy polimer koordynacyjny, dla ktérego opisano zjawisko izosymetrycznego przejscia
fazowego typu porzadek-nieporzadek. Ponadto znaleziono ujemny wspotczynnik rozszerzalnosci
cieplnej w kierunku [001] w fazie uporzadkowanej. Warto zaznaczy¢, ze kation DMHy™* jest do tej
pory najwickszym kationem, jaki udato si¢ wykorzysta¢ do otrzymania trojwymiarowych
mroéwczandw 0 skltadzie [A]M"(HCOO)s. Obliczono wielko$é promienienia efektywnego kationu
DMHy* (296 pm w 300 K), co pozwolito stosujac wzor (2) wyznaczyé wspotczynnik TF dla
badanego zwiazku wynoszacy 1,01 [D1].

faza niskotemperaturowa faza wysokotemperaturowa

Rysunek 10. Porownanie nieuporzqdkowanej fazy wysokotemperaturowej oraz uporzgdkowanej

fazy niskotemperaturowej w [DMHy]Mn(HCOO); !

Badania DSC dowiodly, ze przemiana fazowa ma charakter pierwszego rodzaju oraz
charakteryzuje sie¢ znaczng histerezg termiczng (38,6 K). Oszacowana wartos¢ zmiany entropii jest
nizsza niz przewidywana, CO wskazuje na jej bardziej ztozony mechanizm niz przewiduje model
Boltzmanna [D1]. Wykonane pomiary dielektryczne wykazaty skokowy charakter zmian, CO
charakteryzuje [DMHy]Mn(HCQOO)s jako tzw. przetacznik dielektryczny.

! odtworzono z pracy [62] za zgoda Krolewskiego Towarzystwa Chemicznego (Reproduced from Ref. [62]
with permission from the Royal Society of Chemistry) [D1]
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Praca [D2] stanowi kontynuacje publikacji [D1] i koncentruje si¢ na doktadnym
zrozumieniu mechanizmu obserwowanej przemiany fazowej. w tym celu wykonano pomiary widm
IR oraz Ramana w temperaturze pokojowej, wyznaczono reguty wyboru dla obu faz w oparciu o
uzyskane dane krystalograficzne. Dzigki obliczeniom DFT dla czgsteczki DMHy oraz jej kationu
zostaty zaproponowane doktadne przypisania obserwowanych na widmie pasm do odpowiednich
drgan [D2]. Szczegélnie istotne byto to dla dwoch réznych grup aminowych, kationu MHy*.
Dodatkowo przeprowadzone obliczenia DFT pozwolily na okreslenie najsilniejszego wptywu

wewnetrznego anharmonizmu dla drgan rozciagajacych grup metylowych oraz grup aminowych.
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Rysunek 11. Temperaturowo-zalezne widma Ramana w zakresie drgan rozciggajgcych C—H oraz

N-H (@) oraz zmiany potozenia wybranych pasm W funkcji temperatury dla zwigzku [MHy]MnCls
(b).

Zrozumienie natury powstawania obserwowanych pasm pozwolito zanalizowa¢ ich
temperaturowy charakter zmian, dzigki czemu potwierdzono przemiang typu porzadek-nieporzadek
o silnie dynamicznym charakterze (Rysunek 11). Ponadto stwierdzono, ze konformacja kationé6w
DMHy"* jest zachowana w obu fazach. Silne rozszczepienie pasm pochodzacych od drgan
sieciowych dowiodlo znieksztalcenia szkieletu manganowo-mroéwczanowego. Sg one wywolane
zawadg przestrzenng relatywnie duzego kationu DMHy*. Obserwowane zmiany na widmach
wskazaly rowniez na zmiang sieci wigzan wodorowych i ich sity w wyniku przemiany fazowe;j.
Oba typy grup aminowych maja znaczaca rolg¢ W mechanizmie zachodzacej przemiany fazowej

[D2]. Deformacj¢ oktaedrow w fazie niskotemperaturowej potwierdzono réwniez za pomoca
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parametréw strukturalnych obliczonych na podstawie danych krystalograficznych w publikacji
[D1].

Wykonano réwniez pomiary magnetyczne, ktére wskazaly, ze w badanym zwiazku
wystepuje stabe porzadkowanie ferromagnetyczne ponizej 8,4 K [D1].

Wyznaczona przerwa energetyczna [DMHy]Mn(HCOO); wynosi 4,63 eV. W zakresie
temperatur ponizej 200 K, pod wplywem wzbudzenia promieniowaniem o dlugosci fali 266 nm,
material emituje promieniowanie o rézowej barwie z energig termicznego wygaszania rowng 62
meV. Wyznaczone czasy zaniku luminescencji wynosza W 80 K 1, = 42,8 us i 1. = 157,6 us [D1].

W publikacji [D1], dla szeregu zwiazkéw [A]Mn(HCOO)sz (A = Hy*, MHy*, DMHy"),
przedyskutowano  rowniez ~ zmiany  wybranych  parametrow  strukturalnych  oraz
termodynamicznych, m.in. TF, parametry znieksztalcenia oktaedrow MnQs, odlegtosci Mn—Mn,
sit¢ wigzan wodorowych, liczbe mikrostanow w fazie nieuporzadkowanej N, itp. Znaleziono
liniowa korelacj¢ pomigdzy wspodtczynnikiem TF, parametrem nieporzadku N, promieniem
efektywnym kationu w pozycji A, odlegtoscia Mn—Mn oraz masg molowa kationu w funkcji
sredniej warto$ci temperatury przemiany fazowej [D1].

Na podstawie tych parametréw okreslono, Ze rosngca zawada przestrzenna, a tym samym
rosnaca liczba grup metylowych, powoduje spadek liczby mozliwych mikrostanéw N oraz wptywa
na zmiang entropii uktadu. Wartosci wyznaczonych parametrow dowodzg, ze kation Hy* jest
najluzniej zwigzany ze szkieletem manganowo-mrowczanowym, dlatego przemiana fazowa
w [Hy]Mn(HCOOQ); zwigzana jest niemalze jedynie z porzadkowaniem kationu. Zwigkszenie
liczby grup metylowych powoduje wzrost udziatu deformacji szkieletu w trakcie przemiany
fazowej, az do jego silnego znieksztatcenia w przypadku [DMHy]Mn(HCOO)s, czego nastepstwem
jest niska symetria jednoskosna. Efekt ten jest odpowiedzialny za zanik porzadku

ferroelektrycznego w badanym mroéwczanie.

3.2. Halogenki metali przejsciowych z kationem MHy*

W publikacjach [D3] oraz [D4] skoncentrowano si¢ na serii chlorkow metali przejsciowych
zawierajgcych w strukturze kationy MHy*, 0 wzorze ogdlnym [MHy|M"Cls, gdzie M" = Mn?*, Co?*
Ni%*, Cu?* oraz Cd?®*. w pracy [D3] skoncentrowano si¢ na analogach z kationami Mn?*, Co?* oraz
Ni** wykazujgcymi przejscia fazowe oraz opisem ich wiasciwosci fizykochemicznych. Natomiast
W pracy [D4] opisano analogi zawierajgce W swoim skladzie kationy Cu?* oraz Cd®*
i skoncentrowano si¢ na wyjasnieniu przyczyn braku przemian fazowych.

Wszystkie wymienione w obu pracach zwiagzki otrzymane zostaly metoda powolnego
odparowania. Analogi manganowy, kobaltowy i niklowy krystalizuja w temperaturze pokojowej
w uktadzie jednosko$nym, w grupie punktowej P2:/m. Nalezg do struktur jednowymiarowych i sa

one zbudowane z tancuchéw oktaedrow M'"CIsN polaczonych krawedziami, w ktérych atom azotu
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w pierwszej sferze koordynacyjnej kationu metalu pochodzi z terminalnej grupy NH: kationu
MHYy*. Po ochtodzeniu ponizej 223-242 K zwiazki te ulegaja przemianie fazowej drugiego rodzaju,
przechodzac do niskotemperaturowej jednoskos$nej faze o symetrii P2:/n [D3].

Podobna budowa ma tez niewykazujacy przej§¢ fazowych analog miedziowy,
krystalizujacy rowniez W strukturze o symetrii jednoskosnej, w grupie punktowej P2:/c. w jego
przypadku, oktaedry CuClsN budujace tancuchy sa wyrazniej znieksztatcone ze wzgledu na efekt
Jahna-Tellera przyczyniajacy si¢ do braku strukturalnych przemian fazowych [D4].

Wrhasciwoscei strukturalne zwigzku [MHy]CdCls zdecydowanie réznig si¢ od opisanych
powyzej analogow. W przeciwienstwie do nich, atomy azotu kationow MHy" nie wchodza w sktad
sfery koordynacyjnej. Ponadto zwiagzek ten, w przeciwienstwie do pozostatych badanych chlorkow,
jest zbudowany z podwdjnych, zygzakowatych tancuchéw [CdCls].. Krystalizuje on w nizszej
symetrii trojskosnej opisywanej grupa przestrzennag P1. Pomiedzy tancuchami znajduja sa
uporzadkowane kationy MHy", ustabilizowane sieciag wigzan wodorowych [D4]. Typy struktur
prezentowanych przez opisane analogi przedstawiono na Rysunku 12.

[MHy]M"Cl; [MHy]CuCls [MHy]CdCls
(% Q.
223 — 242K o
“-e
.
[ Q.
P21/n P21/m P21/C Pi

Rysunek 12. Struktury zwigzkéw [MHy]M"Cls, gdzie M" = Mn?*, Co** Ni?*, [MHy]CuCls, oraz
[MHY]CdCls. Atomy H zostaly pominiete.

Wsparcie pomiaréw krystalograficznych metodami spektroskopii IR i Ramana pozwolito
na uzyskanie szeregu informacji dotyczacych struktur otrzymanych zwigzkéw, co z kolei
przyczynito si¢ do lepszego zrozumienia wystepowania przemian fazowych oraz ich mechanizmow
W badanej serii zwiazkow. Dobrze znanym faktem jest, ze potozenie pasm pochodzacych od drgan
rozciagajacych grup NHo/NH," jest silne zalezne od mocy wigzan wodorowych pomiedzy kationem
amoniowym a anionami; im wyzej obserwowane jest dane pasmo, tym stabsze wigzania wodorowe.
Na tej podstawie stwierdzono, ze sposrod czterech analogow 0 koordynacji M"CIsN, najstabsze
wigzania wodorowe wystepujg dla analogu Mn?', za$ najsilniejsze dla Cu®*. Jest to w dobrej
zgodnosci z danymi krystalograficznymi, wedtug ktorych dtugos¢ kontaktow Cl---H maleje w tej

samej kolejnosci. Widma oscylacyjne analogu [MHy]CdCls znaczgco r6znig si¢ od pozostatych. Ze

40



wzgledu na to, ze atom azotu nie wchodzi w sktad pierwszej sfery koordynacyjnej metalu, kation
MHy* ma wigcej swobody wewnatrz podsieci tancuchow kadmowo-chlorkowych, co prowadzi do
utworzenia bezposrednich, krotkich i silnych wigzan wodorowych N—H-N pomig¢dzy dwoma
sgsiednimi kationami MHy*. Warto doda¢, ze tego typu wigzanie dla zwigzkow zawierajacych
kationy MHy* w swojej budowie zostato zaobserwowane po raz pierwszy.

Obecnos¢ silniejszych wigzan wodorowych ttumaczy brak przemian fazowych analogéw
zawierajgcych kationy Cd?* i Cu?*. Dodatkowo, zwigzek [MHy]CuCls wykazuije silny efekt Jahna-
Tellera, ktory powoduje znieksztalcenie oktaedrow CuClsN tak silne, ze na widmie absorpcji
w zakresie UV-Vis zamiast pasm typowych dla koordynacji oktaedrycznej (On) pojawiajg si¢ pasma
charakterystyczne dla koordynacji ptaskiej kwadratowej CuCls (Dan).

Z sita wigzan wodorowych nie zalezy tak mocno temperatura przemian fazowych analogow
zawierajacych jony Mn?*, Co?" i Ni%*, ktorych uszeregowanie pod wzgledem elektroujemnosci jest
odwrotnie proporcjonalne do temperatur przejs¢ fazowych tych zwiazkéw, a zatem wprost
proporcjonalne do udziatlu wigzania jonowego w ukfadzie M"-Cl. Przejscie fazowe w tej serii
zwigzkdéw wigze sie z niewielkim znieksztalceniem tancuchow metalowo-chlorkowych, zmiang
rozmiaru komoérki elementarnej oraz z zanikiem plaszczyzny lustrzanej w  fazie
niskotemperaturowej. Niewielkie zmiany geometrii oktaedrow M'"CIsN wptywajg na organizacje
wigzan wodorowych, ich wzmocnienie oraz zwigkszenie ich liczby w fazie niskotemperaturowe;j.
Ustalono, ze nie wigze si¢ to jednak ze zmiang konformacji kationow MHy".

Warto doda¢, ze dla analogdbw Mn?*, Co?* i Ni?* zaobserwowano rowniez wyrazne liniowe
zalezno$ci pomigdzy promieniem jonowym i elektroujemnoscia, a parametrami sieci, objgtosciag
komorki elementarnej, katem jednoskoénym P, odlegtoscig M''-N, temperaturg przejscia fazowego,
wspotczynnikiem tolerancji, przenikalnoscia dielektryczna oraz potozeniem wybranych pasm
IR/Ramana.

Ponadto dla zwigzkow z kationami Mn?* i Ni?* zaobserwowano czerwong oraz zottozielong
przechodzaca do pomaranczowej luminescencje pod wptywem energii naswietlania odpowiednio
450 oraz 375 nm. Oszacowane na podstawie pomiaréw optycznych szerokosci pasma
wzbronionego wynoszg odpowiednio 5,57, 5,34, 3,96, 3,64 oraz 2,62 eV dla krysztatow
zbudowanych z kationow Cd?*, Mn?*, Ni?*, Co?" i Cu?*,

Przeprowadzone pomiary magnetyczne wykazaly, ze analogi zawierajace kationy Ni?*
i Co?* wykazuja uporzadkowanie antyferromagnetyczne ponizej temperatury Néela ok. 3,7 K,
natomiast analogi zbudowane z kationow Mn?* i Cu? wykazuja rozmyte uporzadkowanie

antyferromagnetyczne ponizej 5,0 K [D3, D4].
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3.3.  Jodek olowiu z kationem MezHy"*

W pracy [D5] skupiono si¢ na syntezie i analizie wlasciwosci fizykochemicznych
perowskitoidu [MesHy]Pbls. Wykazuje on typowa dla perowskitoidow jednowymiarowg budowe,
ztozong z polaczonych $cianami tancuchow oktaedrow Pbls. Zwigzek ten krystalizuje
w heksagonalnej fazie o symetrii P6s/m, w ktorej kationy MesHy* sg nieuporzadkowane (Rysunek
13a). Powyzej 321 K transformuje do innej heksagonalnej fazy P6s/mmc, dla ktorej obserwowane
zmiany strukturalne sg niewielkie, co potwierdza relatywnie niska zmiana entropii. Przemiana ta

ma charakter drugiego rodzaju.

high dielectric state (ON) (510 k
nnnnooNonNnn

JUUUUUUUU ek

low dielectric state (OFF)

2 3 4 5 6 7 8 9 10 11
Cykle przelaczania

Rysunek 13. Poréwnanie struktur fazy nieporzqdkowanej W temperaturze pokojowej i
uporzqdkowanej niskotemperaturowej (a) oraz 10 cykli tzw. przelgczania dielektrycznego

indukowanego temperaturq; rysunek opracowany na podstawie rysunkéw 3 i 4 z pracy [D5].

Ponizej 205 K w wyniku przemiany fazowej pierwszego rodzaju nastgpuje porzadkowanie
kationow MesHy*, ktoremu towarzyszy przeorganizowanie wigzan wodorowych oraz niewielkie
znieksztatcenie tancuchow oktaedrow. Ponadto przemiana ta jest powigzana ze skokowa zmiang
przenikalno$ci dielektrycznej, co sprawia, ze [MesHy]Pbls jest potencjalnym przetacznikiem
dielektrycznym (Rysunek 13b). Przemiana do rombowej fazy niskotemperaturowej Pbca jest
powigzana ze zmiang entropii AS, ktora jest dwukrotnie wigksza niz wynikatoby z prostego modelu
porzadek-nieporzadek, co wskazuje na bardziej ztozony charakter tej przemiany.

W celu dokladnego =zrozumienia mechanizméw tych przemian wykorzystano
komplementarne do XRD metody spektroskopii oscylacyjnej, tj. IR oraz Ramana. Zaproponowano
przypisanie pasm na widmach do odpowiednich drgan, a nastepnie wykonano pomiary

temperaturowo-zalezne. Widma dopasowywano krzywymi Lorentza, a nastepnie wykreslono
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zalezno$ci potozenia pasm od temperatury. Tak jak oczekiwano widma IR i Ramana podczas
przemiany do fazy wysokotemperaturowej zmieniaty si¢ W niewielkim stopniu i znaczaco podczas
przemiany zwigzanej Z uporzadkowaniem kationéw MesHy" oraz zmiang symetrii na rombowa

(Rysunek 14a).
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Rysunek 14. Ewolucja widm Ramana zwigzku [MesHy]Pbls W funkcji temperatury (a) oraz cisnienia
(b); symbol D w czesci (b) oznacza widmo zmierzone W trakcie dekompresji; rysunek opracowany

na podstawie rysunkow 8 i S10 z pracy [D5].

Wykazano, ze podczas przemiany P6s/m — P6is/mmc sie¢ wigzan wodorowych jest
zachowana oraz ze przemiana jest gownie zwigzana ze zmianami rozmiaréw komorki elementarnej
i subtelnymi ograniczeniami kation6w MesHy* w przestrzeniach pomigdzy tafcuchami.
W przeciwienstwie do tego, druga z przemian (Pbca — P63/m) ma bardziej dynamiczny charakter,
podczas ktorej wzrastajagca moc wigzan wodorowych prowadzi do uporzadkowania kationow
organicznych w fazie niskotemperaturowej. Wykazano obecnos¢ nierdwnocennych wigzan Pb—I,
co wskazuje na znieksztatcenie tancuchow oktaedrow.

Dodatkowo wykonano pomiary widm Ramana w podwyzszonych ci$nieniach. Ze wzgledu
na silng luminescencje¢, pomiar mozliwy byt jedynie w zakresie drgan sieciowych. Przeprowadzony
eksperyment wykazat obecnos¢ dwodch cisnieniowych strukturalnych przemian fazowych,
pierwszej w zakresie 2,8 i 3,2 GPa oraz drugie pomig¢dzy 6,4 i 6,8 GPa (Rysunek 14b). Wykazano,
ze przemiana fazowa przy nizszych ciSnieniach zwigzana jest z obnizeniem symetrii,
porzadkowaniem kationéw MesHy* oraz dystorsja tancuchéw nieorganicznych. Druga z przemian
wigze sie najprawdopodobniej z czeSciowa i odwracalng amorfizacjg. Ustalono, ze obie przemiany

sg odwracalne do wartos$ci ciSnienia 10 GPa.
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Przerwa energetyczna wyznaczona na podstawie pomiarow optycznych wynosi 3,20 eV.
Ponizej 250 K zwigzek wykazuje szerokopasmowa czerwono-pomaranczowa luminescencje
zwigzang Z obecno$cia defektow. Stwierdzono, ze emisja pochodzi od ekscytonu sputapkowanego
na defektach (ang. self-trapped exciton, STE). Wyznaczona energia termicznego wygaszania emisji
jest réwna 65 meV. Obliczone czasy zycia pikow emisyjnych przy 520 oraz 700 nm wynosza
odpowiednio 260 ns oraz 725 ns.

Ponadto dla [MesHy]Pbl; wykonano analiz¢ TGA i ustalono prawdopodobng $ciezke
rozktadu termicznego. Wykazano, ze zwiazek pozostaje stabilny do relatywnie wysokich

temperatur jak na zwigzki hybrydowe, do 300°C.
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4. Whioski

W ramach badan zsyntezowano siedem nowych, niecopisanych wczesniej w literaturze
zwigzkow hybrydowych. Badania zestawione w publikacjach [D1]-[D5] stanowia wktad
W zrozumienie relacji pomiedzy struktura a wilasciwosciami fizykochemicznymi zwiazkow
opartych na metylowych pochodnych kationu hydrazyniowego. Materiaty tego typu stanowia
bardzo interesujaca grupe ze wzgledu na mozliwos¢ indukowania porzadku polarnego. Dlatego
hydrazyna i jej zwiazki hybrydowe majg szansg sta¢ si¢ waznym elementem sktadowym materiatow
dla nowoczesnej optoelektroniki.

Przeprowadzona analiza dotyczyta wybranych trzech typéw  materiatow,
[DMHy]Mn(HCOOQ)s, [MHy]M'CI3 (M" = Mn?*, Co?*, Ni?*, Cu?* i Cd?*) oraz [MesHy]Pbls. W
oparciu 0 uzyskane dane eksperymentalne, przeprowadzone analizy oraz dostgpne dane
literaturowe, dla kazdej z grup przeanalizowano wptyw rodzaju i wielko$ci kationu na wlasciwosci
strukturalne, na wystgpowanie I charakter strukturalnych przemian fazowych badz ich brak, na
wiasciwosci fononowe, dielektryczne, luminescencyjne oraz cieplne. Postawione cele pracy
doktorskiej zostaty zrealizowane a spos$rod najwazniejszych osiagnig¢ pracy nalezy wymienic:

e Opracowanie metody syntezy monokrysztatow [DMHy|Mn(HCOO)s metodg straceniowa
oraz dyfuzyjng umozliwiajacych wykonanie pomiaréw rentgenowskich, dielektrycznych
oraz optycznych. DMHy" jest to najwickszym kationem, jaki do tej pory uzyto do syntezy
trojwymiarowych mrowczanow 0 strukturze typu perowskitu.

e Scharakteryzowanie rzadko obserwowanej oraz izosymetrycznej strukturalnej przemiany
fazowej typu porzadek-nieporzadek w zwigzku [DMHy]Mn(HCOO);, wyznaczenie
struktury uporzadkowanej fazy niskotemperaturowej oraz nieuporzadkowanej fazy
wysokotemperaturowej, okreslenie charakteru nieporzadku.

e Wyjasnienie mechanizmu przemiany fazowej dla zwiazku [DMHy]Mn(HCOO)s na
podstawie danych krystalograficznych oraz uzyskanych za pomoca spektroskopii IR
i Ramana. Wykazanie, ze porzadkowaniu kationow DMHy" towarzyszy znieksztalcenie
szkieletu manganowo-mrowcznowego W fazie niskotemperaturowe;.

e Wyznaczenie aktywnych drgan dla obu faz [DMHy]Mn(HCOO)s, wykonanie obliczen
DFT dla czasteczki DMHy oraz jej kationu, wyznaczenie najsilniejszego anharmonizmu
dla drgan rozciaggajacych C—H oraz N-H, zaproponowanie przypisania obserwowanych
pasm na widmie IR oraz Ramana.

o Okreslenie wpltywu liczby grup metylowych w Kkationach pochodnych hydrazyny na
wybrane parametry i wtasciwosci strukturalne oraz termodynamiczne.

e Znalezienie stabego porzadku ferromagnetycznego dla [DMHy]Mn(HCOO);s ponizej 8,4
K.
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Scharakteryzowanie wiasciwosci optycznych [DMHY]Mn(HCOQ)s, okre$lenie przerwy
energetycznej (4,63 eV), zarejestrowanie emisji 0 rézowej barwie ponizej 200 K, okreslenie
energii wygaszania termicznego (62 meV).

Opracowanie metody syntezy monokrysztatow [MHy]M'"Cls, gdzie M" = Mn?*, Co?*, Ni?*,
Cu?* oraz Cd?* metoda powolnego odparowania, umozliwiajacych wykonanie pomiaréw
rentgenowskich.

Wyjasnienie przemiany fazowej zachodzacej w analogach [MHy]M"Cls, gdzie M" = Mn?*,
Co?* oraz Ni%", na podstawie danych krystalograficznych oraz uzyskanych za pomocg
spektroskopii IR i Ramana.

Okreslenie wptywu kationéw M'" = Mn?*, Co?* oraz Ni** wiasciwosci strukturalne,
termiczne oraz fononowe w [MHy]M''Cl5.

Wyjasnienie przyczyn braku przemian fazowych w analogach [MHy]M'Cls;, gdzie
M" = Cu?* oraz Cd*".

Wyznaczenie regul wyboru oraz drgan aktywnych na widmie IR i Ramana dla faz
[MHy]M!'"Cls;, gdzie M" = Mn?*, Co?*, Ni?", Cu?* i Cd?*.

Scharakteryzowanie wilasciwosci optycznych analogow [MHy]M'Cls, okre$lenie energii
przerwy wynoszacej 5,34 (Mn?*), 3,96 (Ni?*), 3,64 (Co?*), 2,62 (Cu?*) oraz 5,57 eV (Cd?").
Opisanie temperaturowo-zaleznej czerwonej fotoluminescencji zwiazku zawierajacego
kationy Mn?" oraz przejscia zottozielonej fotoluminescencji analogu opartego na jonach
Ni?* w pomaranczowg pod wptywem temperatury.

Wykrycie antyferromagnetycznego uporzadkowania w zwigzkach [MHy]CoCls oraz
[MHy]NICl; ponizej tej samej temperatury Néela wynoszacej 3,7 K oraz rozmytego
uporzadkowania antyferromagnetycznego W [MHyY]MnCl; ponizej ok. 5,0 K oraz
w [MHy]CuCls ponizej ok. 4,8 K.

Opracowanie metody syntezy monokrysztatlow perowskitoidu [MesHy]Pbls metoda
przeciwrozpuszczalnikowa. Okreslenie stabilnosci zwiazku pod wplywem temperatury

i ci$nienia.

Wykrycie oraz scharakteryzowanie wilasciwosci termodynamicznych dwoch przemian
fazowych, wyznaczenie struktur wszystkich faz oraz okreslenie charakteru nieporzadku
kationu MesHy" w dwoch z nich.

Okreslenie wlasciwosci dielektrycznych dla [MesHy]Pblz jako tzw. przetacznika
dielektrycznego podczas przemiany fazowej z uporzadkowanej fazy niskotemperaturowej
do nieuporzadkowanej fazy posrednie;.

Wyjasnienie mechanizméw obu strukturalnych przemian fazowych zwiagzku [MesHy]Pbls
indukowanych temperaturg W oparciu o dane rentgenograficzne oraz pomiary widm IR

i Ramana w funkcji temperatury.



Wykonanie pomiar6w widm Ramana w zakresie drgan sieciowych W funkcji cisnienia do
10 GPa, znalezienie dwoch przemian fazowych oraz zaproponowanie ich mechanizmow.

Scharakteryzowanie wilasciwosci optycznych perowskitoidu [MesHy]Pbls, okreslenie
przerwy energetycznej (3,20 eV) oraz scharakteryzowanie emisji 0 czerwono-
pomaranczowej barwie ponizej 250 K zwigzanej z obecno$cig defektow, okreslenie energii

wygaszania termicznego (65 meV).
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5.

Publikacje [D1]-[D5] wchodzace w sklad rozprawy doktorskiej

Publikacja [D1]

1,1-dimethylhydrazinium cation

B cooling N
—— .

A A «

heating ‘
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anng disorder
Pain 200 250 300 350 P2yn
T(K) 2

J.A. Zienkiewicz", D.A. Kowalska, K. Fedoruk, M. Stefanski, A. Pikul, M. Ptak

Unusual isosymmetric  order—disorder phase transition in a new perovskite-type

dimethylhydrazinium manganese formate exhibiting weak ferromagnetism and photoluminescence

properties
J. Mat. Chem. C 2021, 9 (21), 6841-6851
doi: 10.1039/d1tc01014j IF =7,059 140 pkt.

Udzial Doktoranta w powstanie pracy:

Synteza monokrysztatow [DMHy]Mn(HCOO)s metoda straceniowsa i dyfuzyjna;
Koncepcja badan oraz okreslenie metodologii;

Analiza dyfraktogramu proszkowego;

Analiza widma rozproszonego odbicia;

Dyskusja wynikéw oraz okre$lenie wptywu metylowania kationu Hy* na wlasciwosci
strukturalne, cieplne oraz na mechanizmy przemian fazowych w grupie zwiazkow
[A]MNn(HCOO); (A = Hy*, MHy"*, DMHy");

Analiza izosymetrycznych przemian fazowych w zwiazkach hybrydowych;

Przygotowywanie manuskryptu, rysunkoéw oraz tabel.

2 Odtworzono z [62] za zgoda Krolewskiego Towarzystwa Chemicznego (Reproduced from Ref. [62] with
permission from the Royal Society of Chemistry).
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Unusual isosymmetric order—disorder phase
transition in a new perovskite-type
dimethylhydrazinium manganese formate
exhibiting weak ferromagnetism and
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We report the synthesis and investigation of the physicochemical properties of a novel hybrid organic—
inorganic formate perovskite templated by the unsymmetrical 1,1-dimethylhydrazinium (DMHy*) cation,
[DMHyIMn(HCOO)s. This compound undergoes a first-order structural phase transition (PT) at 244.4 K
(283.0 K) on cooling (heating) and both phases have the same monoclinic (P2;/n) symmetry. Such
isosymmetric PT is very unusual in the family of metal-formate frameworks and the X-ray diffraction
and dielectric studies reveal that the PT is associated with ordering of the DMHy* cations,
re-arrangement of hydrogen bonds and strong distortion of the manganese—formate framework. The DMHy™*
cation is the largest cation used so far for the synthesis of formate-based 3D perovskites. The comparison
with other derivatives of hydrazinium-based analogues reveals that the increased steric hindrance,
triggered by an increased number of methyl groups in the hydrazinium cation, affects the temperature
and mechanism of the observed order—disorder PTs. We show that the temperature of the order—disorder
PTs in this subgroup of compounds depends linearly on the effective ionic radius of organic cations,
tolerance factor and number of disordered states. Magnetic studies indicate that [DMHyIMn(HCOO)s is a weak
ferromagnet with the ordering temperature of 8.4 K. [DMHyIMn(HCOQO)s exhibits pinkish photoluminescence
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Accepted 24th April 2021

DOI: 10.1039/d1tc01014;j under 266 nm excitation with the low activation energy of 62 meV. The emission lifetime reaches 157.6 ps at
80 K. The low activation energy and strong temperature-dependent photoluminescence suggest a potential

rsc.li/materials-c application of [DMHy]Mn(HCOO)s for non-contact temperature sensing below 200 K.

luminescent,” ferroelastic,®” ferroelectric,® switchable dielectric,”

Introduction

Metal formates templated by protonated amines are a subclass
of metal-organic frameworks (MOFs). Most of them adopt a
perovskite-like architecture, described by general formula
AB(HCOO);, where A and B sites are occupied by a protonated
amine and metal ion (eg Mn*, Co**, Ni** or Zn*"),
respectively.'® Therefore, they are also classified as hybrid
organic-inorganic perovskites (HOIPs).” In the literature, there
are many described examples of formate HOIPs that exhibit

magnetic’ or multiferroic™*®® properties, depending on their
composition and crystal symmetry.'® Most of the reported studies
concern metal formates templated by small ammonium cations,
such as methylammonium (MA")," dimethylammonium
(DMA"),"*"*  hydrazinium (Hy"),'*"® and methylhydrazinium
(MHy"),'® among others.

The physicochemical properties of formate MOFs depend on
the size and shape of organic cations embedded in the cavities
of the framework. Particularly interesting seems to be a series
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temperature dependence of the dielectric loss ¢”, relaxation times as a function of 1000/7, the result of determining the energy band gap (E,) using the Kubelka-Munk
theory, the dependence of activation energy of the thermal quenching as a function of 1/kT, the luminescence decay profile of crystals excited at 266 nm and monitored
at 725 nm recorded at 77 K, hydrogen-bond geometry and selected geometric parameters, and the temperature-dependent isosymmetric PTs reported for single and
double 3D hybrid perovskites (pdf). Crystal structures at 100 and 300 K. CCDC 2064864 and 2064865. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/d1tc01014j
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of ammonium cations that differ in the number of methyl
groups since an increased number of these groups lead to the
increased steric hindrance of an organic cation and affects its
ability to form hydrogen bonds (HBs) with the metal-formate
framework. As a result, the accommodated cations differently
fit into the voids and influence the crystal symmetry. For
instance, [MAJMn(HCOO); crystallizes in the orthorhombic
Pnma system,"” while the [DMA]Mn(HCOO);] analogue adopts
the trigonal R3¢ space group.'” The former compound does not
exhibit any structural PT, whereas the latter one undergoes an
order-disorder transformation below 185 K."® Both compounds
reveal magnetic ordering below 7.8 and 8.6 K, respectively.
Moreover, it was reported that [DMAJMn(HCOO); exhibits
multiferroic properties.*?

The Hy' cation has nearly the same ionic radius as MA"
(217 pm)™® but it creates crystal structures possessing different
thermal and ferroic properties. In particular, [Hy]Mn(HCOO);
crystallizes in the orthorhombic Pra2; space group, exhibits
multiferroic properties and undergoes PT at 355 K to the Pnma
centrosymmetric phase.'® Its analogue comprising larger MHy"
cations (ionic radius of 264 pm),'® ie. [MHy]Mn(HCOO);,
experiences two PTs at 310 K from the dynamically disordered
high-temperature (HT) R3¢ phase to the partially ordered
intermediate (IT) R3c phase and at 224 K to the ordered
low-temperature (LT) P1 phase. The ferroelectric nature of the HT
and LT phases was confirmed by pyroelectric measurements."®

Recently, it was shown that the MHy" cation is an interesting
agent that can be used either as a templated cation or spacer
cation in the design of novel non-centrosymmetric 3D or 2D lead
halide perovskites.?®*! Taking into account unique properties
observed for the Hy'- and MHy'-based HOIPs, we decided to
employ the unsymmetrical 1,1-dimethylhydrazinium cation
(H,N-HN'(CH;),, DMHy") for construction of a novel formate-
based MOF, namely [DMHyMn(HCOO);. We would like to
emphasize that this cation has never been used as a templating
agent in any MOF.

The aim of this work is understanding the effect of increased
number of methyl groups on the structural, dielectric, thermal,
magnetic and luminescence properties of formate-based MOFs.
A better understanding of the structural properties that decide/
determine whether or not a PT will occur in this class of
formate MOFs is of particular interest. Since most of the
observed PTs are of an order-disorder type, it is of particular
interest to determine how the increased steric hindrance,
followed by different ability to create HBs, limits the dynamics
of the cation accommodated in the metal-formate voids. For this
purpose, a novel tightly-packed [DMHy|Mn(HCOO); perovskite
was synthesized and subjected to detailed investigations.

Materials and methods

Materials and synthesis

1,1-Dimethylhydrazine (Sigma-Aldrich), formic acid (85%,
Avantor Performance Materials), anhydrous methanol (MeOH)
(Sigma-Aldrich) and manganese() perchlorate hexahydrate
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(Sigma-Aldrich) were purchased from commercial sources and
used without further purification.

In order to grow [DMHy|Mn(HCOO)3, 1,1-dimethylhydrazine
(40 mmol, 3.04 ml) was dissolved in 10 ml of MeOH. Then, an
excess of formic acid (160 mmol, 7.25 ml) was added to form
1,1-dimethylhydrazinium formate. In the next step, a solution
of Mn(Cl0O,),-6H,0 (1 mmol, 0.3619 g) dissolved in 10 ml of
methanol was added to the solution of 1,1-dimethyl-
hydrazinium formate. The mixture was sealed in a plastic vessel
and left undisturbed for slow crystallization. After three days,
cubic shaped transparent crystals were separated from the
mother liquid, washed a few times with methanol and air
dried. The phase purity of the bulk sample was confirmed by
a good match of its powder XRD pattern with the simulated one
based on the single crystal structure (Fig. S1, ESIt).

Single-crystal and powder X-ray diffraction

The Oxford X’Calibur four-circle single-crystal diffractometer,
equipped with a CCD camera and graphite-monochromated
MoKu. radiation (1 = 0.71073 A), was used to examine a single
crystal of dimensions 0.45 x 0.37 x 0.25 mm. The data
collection and reduction were performed with CrysAlis PRO
software (1.171.38.46 (Rigaku OD, 2015)). Absorption was corrected
based on Gaussian integration over a multifaceted crystal model.
Crystal structures were solved by direct methods and refined at
350, 325, 300 K (HT phase), 280, 260, 240, 220, 200, 180, 160,
140, 120 and 100 K (LT phase) using the SHELX-2014 crystal-
lographic software package (Sheldrick, 2015). The hydrogen
atoms were introduced at calculated positions and refined with
constrained parameters. All non-hydrogen atoms, except for the
disordered atoms in amine in the HT phase, were refined
anisotropically. The LT phase was nonmerohedrally twinned
and the refinement was performed for the dominated twin
domain (94% of separated peaks). Additionally, the pseudo-
merohedral twinning occurred and the LT structure was refined
from two domains related by [-1 0 0 0 —1 0 0 0 1] rotation.
The powder XRD pattern was measured in reflection mode
using an X'Pert PRO X-ray diffraction system equipped with a
PIXcel ultrafast line detector and Soller slits for CuKa, radiation
(/. = 1.54056 A). The X-ray tube settings were 30 mA and 40 kv.

Differential scanning calorimetry (DSC)

Heat capacity was measured using a Mettler Toledo DSC-1
calorimeter with a high resolution of 0.4 pW. Nitrogen was
used as a purging gas. The temperature scanning rate was
chosen to be 5 K min~', and the DSC thermograms were
measured for both cooling and heating cycles. The sample
weight was 17 mg. The excess heat capacity associated with
the phase transition was calculated by subtraction from the
data the baseline representing the system variation in the
absence of the phase transitions.

Broadband dielectric spectroscopy

The dielectric measurements were performed using the Novo-
control Alpha impedance analyser. Measurements were made
on two oriented single-crystal samples (along the [001] direction

This journal is © The Royal Society of Chemistry 2021
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and perpendicularly to the [001] direction) with the following
dimensions 2.3 x 1.9 x 0.65 and 1.7 x 1.5 X 0.4 mm,
respectively. For comparison, additional measurements on a
polycrystalline pellet with diameter of 5 mm and thickness of
0.7 mm, were performed. Silver paste was coated on both parallel
surfaces of the sample to ensure a good electrical contact. A
sinusoidal voltage with amplitude of 1 V and frequency in the
range 10°~10° Hz was applied across the sample. The temperature
was controlled by the Novocontrol Quattro system by using a
nitrogen gas cryostat. The measurements were taken every 1 K in
the temperature range of 210-300 K in two cycles (cooling and
heating). The temperature stability of the samples was better
than 0.1 K.

Magnetic measurements

Magnetization of randomly oriented single -crystals of
[DMHy]Mn(HCOO); (about 50 mg in total) were measured
using a commercial magnetometer (Quantum Design MPMS
XL) in the temperature range of 2-300 K and in external
magnetic fields up to 70 kOe. The background coming from a
weakly diamagnetic sample holder (a plastic straw) was found
to be negligible in comparison to the signal coming from the
sample, and hence its subtraction was omitted.

Optical measurements

The room-temperature absorption spectrum (back-scattering
mode) in the UV-VIS range was measured using an Agilent Cary
500 spectrophotometer equipped with a PryingMantis™ diffuse
reflectance accessory. The temperature-dependent emission
spectra were measured with the Hamamatsu photonic multi-
channel analyzer PMA-12 equipped with a BT-CCD linear image
sensor. The laser diode operating under 266 nm was applied as
an excitation source. The temperature of the samples during
emission measurements was controlled by a Linkam THMS600
Heating/Freezing Stage. The low-temperature luminescent
decay profile was recorded using a Lecroy digital oscilloscope
and the Nd:YAG laser as an excitation source.

Results and discussion
DSC results

The DSC trace revealed a reversible anomaly occurring at
244.4 K and 283.0 K upon cooling and heating, respectively
(Fig. S2, ESIt). The change in heat capacity (AC,) and entropy
(AS) associated with the PT is shown in Fig. 1. The AC,, peak has
a strongly symmetric shape and AS exhibits sharp, step-like
change at 7. combined with the large thermal hysteresis
indicating the first-order character of PT.

The change in entropy AS associated with the observed PT
was experimentally estimated to be 7.7 ] mol ' K~* on heating
and 6.2 J mol ' K ! on cooling. The relatively large values
indicate a significant structural order change at T.. For an
order-disorder PT, the change of entropy can be correlated with
the number of disordered states N by a simple equation, AS =
RIn(N), where R is the gas constant. For N = 3, the theoretically

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The change in heat capacity (AC,) of [DMHyIMn(HCOO)z mea-
sured in heating (red) and cooling (blue) modes. The inset shows the
corresponding change of entropy (AS) in five cycles.

expected change in entropy should be 9.1 J mol " K. As can
be noticed, the experimental value of AS for [DMHy]Mn
(HCOO); is lower than the theoretical one, suggesting that the
mechanism of PT has a more complex nature than predicted by
an on order-disorder model.

X-Ray diffraction studies

The crystal data together with experimental and refinement
details for the two phases are presented in Table 1. HBs and
geometric parameters are given in Tables S1 and S2 (ESIt).

[DMHy|Mn(HCOO); crystallizes at RT in the monoclinic
system, in the P2,/n space group (HT phase). Upon cooling, a PT
occurs to another phase (LT phase) that has the same P2,/n space
group but with the switch of the crystal axes b and ¢ (Table 1). The
details of the crystal structures in both phases are presented in
Fig. 2. In the HT phase, the inorganic part of the structure consists
of two Mn** ions and three HCOO™ units that connect adjacent
metal ions (Mn1 and Mn2 in Fig. 2 and Fig. S3a, ESIt) in the [001],
[110] and [110] directions with C-O-Mn1 and C-O-Mn2 angles of
128° and 134°, 137° and 126°, and 132° and 135°, respectively
(see Table S2, ESIY). DMHy" cations, located in the voids of the
framework, are disordered over three positions, occurring due to
the presence of the pseudo three-fold axis in the DMHy" cation
(Fig. S3a, ESIt). They interact with the inorganic framework by a
net of the N-H-:--O and C-H:--O HBs.

The inorganic part of the unit cell of an LT phase contains
one symmetry independent metal centre and, similar to the HT
phase, three HCOO™ groups creating C-O-Mn angles of 130°
and 121°, 127° and 132°, and 134° and 131° in the [010], [101]
and [110] direction, respectively. The structure reorganizations
leads to ordering of the DMHy" cations.

The cavities housing the DMHy" cations change their geometry
during the PT: the distance between two opposite Mn>" ions
decreases from 8.55 A to 8.35 A in the [100] direction and
increases from 9.21 A to 9.39 A in the [010] ([001] in the LT phase)
direction. Especially interesting is the negative thermal expansion
along the latter direction (see Fig. 3). The octahedra distortion can

J. Mater. Chem. C
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Table 1 Experimental details for [DMHy][Mn(HCOO)s]
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LT phase

HT phase

Crystal data

Crystal system, space group
Temperature (K)

a, b, ¢ (A)

B ()

V(A%

Z/calculated density (g cm ™)
Absorption coefficient, u (mm™")
Data collection

Theta range

No. of measured, independent and observed
[T > 20(I)] reflections

Rint

(sin 0/ max (A1)

Refinement

R[F* > 20(F%)], wR(F?), S

Monoclinic, P2,/n

Monoclinic, P2,/n

100 300
8.345 (5), 12.124 (7), 9.387 (5) 8.554 (3), 9.207 (3), 12.387 (4)
90.144 (5) 94.432 (3)

949.7 (9) 972.6 (6)

4/1.756 4/1.715

1.40 1.37

2.7°-28.5° 2.8°-29.5°

15823, 2360, 2188

0.047
0.671

0.035, 0.093, 1.07

15551, 2510, 1861

0.027
0.693

0.032, 0.085, 1.03

Absorption correction Gaussian Gaussian
Data/restraints/parameters 2360/0/131 2510/1/135
APmaxs Apmin (€ A7) 0.60, —0.91 0.41, —0.33

Extinction coefficient
Absolute structure

Absolute structure parameter 0.38 (2)

Twinned by pseudo-merohedry [-1 000 —100 0 1] —

0.0193 (145)

For both phases: M, = 251.11 g mol '; H atom parameters constrained; crystal size: 0.45 x 0.37 x 0.25 mm.

(c)

by

Cir ar

Fig. 2 The details of the crystal structures in the LT phase at 100 K (a and
¢) and in the HT phase at 300 K (b and d). Dashed lines designate N-H- - -O
HBs. In the HT phase DMHy™ cations have three equivalent positions, and
disordered atoms are marked with grey and blue (Mn — magenta, O — red,
C - grey, N - blue, H — cyan).

be probed by various parameters, such as bond length distortion
(Ad), the distance between the manganese ion and the octahedra
centre of gravity (dg), the ° parameter, representing the sum of
deviations from 90° of the 12 cis angles in the coordination sphere
of the Mn** ion, and the octahedral angle variance (¢%). These
parameters, calculated for both phases at different temperatures,
are gathered in Table 2. Table 2 shows that all of them exhibit
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Fig. 3 Changes of the a, b and c lattice parameters as a function of
temperature. The subscripts designate the structure phase.

significant changes during PT. In particular, dg, 2 and o>
increase in the HT phase with lowering of the temperature, exhibit
a sudden and very large increase when going from the HT to the
LT phase and increase upon further cooling of the LT phase.
Different behaviour is, however, observed for Ad which increases
in HT phase with temperature lowering, decreases at the PT
temperature and then decreases upon further cooling of the LT
phase. The described changes of the framework on cooling lead to
increased amine-framework interactions, slowing down of the
DMHy" movements and freezing of these movements associated
with distortion of the framework at the PT temperature.

Dielectric properties

In order to check if the observed transition is related to any
dielectric permittivity anomaly and reveal the anisotropic

This journal is © The Royal Society of Chemistry 2021
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Table 2 Octahedral distortion parameters Ad, dg, =*, and angle variance
o® of [DMHyIMn(HCOO)s. In the disordered HT phase, the parameter
values are given for the more distorted octahedra

T (K) Ad[x107%]  dg[x107%]  ZH a®

HT phase 350 5.57 0.017 26.39 7.01
300 5.81 0.033 28.77 8.01
260 6.49 0.053 29.96 8.43

LT phase  240°  4.52 384.4 43.51  18.87
210 3.68 384.9 4442 1945
200 3.72 387.4 4451 19.54
140 3.42 390.9 4524 2021
100 3.22 392.0 4552 20.36

“ The phase transition is still not completed at this temperature.

properties, we performed the proper measurements using
broadband impedance spectroscopy. Three samples were
measured for comparison sake, i.e. a single crystal in the [001]
direction, a single crystal in the direction perpendicular to [001],
and a polycrystalline pellet. The temperature dependence of the
real (¢') and imaginary (¢”) parts of the dielectric permittivity are
presented in Fig. 4 and Fig. S4 (ESIY), respectively. The observed
spectra are characterized by a characteristic frequency
dispersion. Dielectric permittivity ¢’ increases dynamically with
increasing temperature and exhibits frequency dependence with
clear anomalies near 250 K and 280 K upon cooling and heating,
respectively. The anomalies on heating seem to be observed at
slightly lower temperature than in the DSC measurement and
this discrepancy can be attributed to the difference in the
dynamics of these measurements, characteristic for a first-
order phase transition.?* The step-like anomalies of the real part
(¢') of the dielectric permittivity and temperature hysteresis
observed around T, in the heating and cooling modes confirm
a first-order character of the PT. The observed frequency
dependence of ¢ and ¢’ implies some relaxation process. The
change in dielectric permittivity at T, for the cooling cycle is
equal to 30 for single crystals and 6 for the pellet, while no
differences can be seen in the values of the dielectric losses (¢")
(Fig. S4, ESIY). Such behaviour may indicate electrical anisotropy,
characteristic for complex structures.”>** Moreover, single-
crystalline measurements on heating revealed a decrease in value
A¢', most likely due to microcracks of the crystal at T.. The change
in the shape of the dielectric losses in the heating and cooling
mode is also affected by this effect, which is confirmed by the
measurements on the pellet by reducing the impact of
the microcracks. This sharp and large dielectric anomaly at T¢
classifies this compound as a switchable dielectric material
(see Fig. 4d).>>2"

The spectra reveal dipolar relaxation processes that can be
well approximated by the Havriliak Negami model. A quantita-
tive analysis of the frequency domain dielectric data allowed us
to obtain the activation energies E,. Their values for the
observed relaxation in a wide temperature range are estimated
upon cooling to 0.15 and 0.32 eV in the LT and HT phases,
respectively, and 0.52 eV upon heating (Fig. S5, ESIt). The
values obtained for analogues with Hy' and MHy" are in the
same order of magnitude,'>>*?®

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 The dielectric permittivity as a function of temperature upon
cooling (blue) and heating (red) in [DMHy]Mn(HCOO)3 performed on the
single crystal in the [001] direction (a), the single crystal in the direction
perpendicular to [001] (b), and the pellet (c). The representative curves are
plotted in frequency decades between 10° Hz and 10° Hz. The vertical
lines correspond to the PT temperatures obtained from the dynamic DSC
measurements. Panel (d) shows ten cycles of the temperature-induced
dielectric switching measured for a single crystal in the [001] direction at a
probing frequency of 0.7 MHz. The high- (ON) and low-dielectric (OFF)
states correspond to 240 and 290 K, respectively.

Magnetic measurements

Fig. 5 displays results of magnetic properties measurements
performed for [DMHyMn(HCOO);. As can be inferred from
panel (a) of that figure, the inverse susceptibility y~* of the
compound is linear in temperature down to about 30 K, being a
manifestation of the Curie-like paramagnetism. Least-squares
fit of the Curie-Weiss law y(T) = C/(T — 0,,) to the experimental
data (see the thick solid line in Fig. 5a, left axis) yielded the
Curie constant C = 4.29(1) emu mol ' K and the paramagnetic
Curie-Weiss temperature 0, = —12.8(2) K. The effective
magnetic moment ¢ derived from C as ur = v/8C is equal
to 5.86(1) ug and is very close to the theoretical value of 5.92 ug
calculated for a free Mn** ion (3d® shell) within the Russe-
Saunders coupling scheme (S = 5/2, L = 0, J = 5/2, g7 = 2;
et = &7/ S(S + 1)ug). The negative value of 0, indicates the
presence of predominantly antiferromagnetic coupling
between the magnetic moments of Mn>" in [DMHy]Mn
(HCOO);. The overall shape of the yT(T) curve confirms the
above findings. First, the value of T at 300 K (4.1 emu mol " K)
is very close to the experimental value of C and to the theoretical
value of the Curie constant expected for non-interacting Mn**

1
§5.922 =4.38 emu mol~! K. Second,

2T(T) decreases with increasing temperature (see Fig. 5a, right
axis), as expected for systems with antiferromagnetically coupled
magnetic moments.

A sudden change of the magnetization of [DMHyMn
(HCOO); below about 8.4 K (Fig. 5b) manifests magnetic
ordering of the compound. The shape of the anomaly in H =
20 Oe (which is reminiscent of the Brillouin function at
temperatures just below the Curie temperature) and its distinct
bifurcation upon measuring MH () in the zero-field cooling (ZFC)

. . 1
ions, ie. C= g/anPrz =
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Fig. 5 (a) Temperature dependence of inverse DC magnetic susceptibility
7~ of [DMHyIMNn(HCOO)3 measured in constant external magnetic field H
(left axis) and a product T (right axis). Thick solid lines are a fit of the
Curie—Weiss law to the experimental data (for details see the text). (b)
Magnetization M divided by H and measured at low temperature at various
fields in the ZFC and FC regime (bright and dark symbols, respectively); the
arrow marks the Curie temperature T, and thin solid lines serve as guides
for the eye. (c and d) Magnetization (expressed in units of magnetic
moment per formula unit) as a function of increasing and decreasing field
(bright and dark symbols, respectively) plotted in two different field ranges.

and field cooling (FC) regime clearly suggests ferromagnetic
character of the phase transition. On the other hand, in higher
fields the anomaly evolves towards a cusp-like shape without
difference between ZFC and FC curves, as expected for antiferro-
magnets and being in line with the postulated antiferro-
magnetic coupling of the magnetic moments.

The field dependence of the magnetization of [DMHy|Mn
(HCOO); is consistent with the above observations. In particular,
in low fields (Fig. 5¢) the M(H) curve exhibits distinct magnetic
hysteresis, which confirms the ferromagnetic character of the
phase transition. And above about 0.9 kOe the magnetization
increases linearly with H, achieving at the highest field applied
(70 kOe) about 2.3 ug (Fig. 5d), which is far from a value of the
saturated magnetic moment of Mn*" (ie. Ms = gy = 5 ug), as
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expected for antiferromagnets. If we also take into account a
very small remnant magnetization My of about 0.0018 pug and
coercivity H, of about 100 Oe, we can conclude that the magnetic
ordering observed in [DMHy]Mn(HCOO); below 8.4 K is weak
ferromagnetism, i.e. of canted antiferromagnetism with a very
small ferromagnetic component. The canting angle « estimated
from the relationship sina = My/M;s is as small as about 0.001
degree.

Optical properties

Fig. 6 presents the absorption spectrum of [DMHy|Mn(HCOO);
measured at RT. It can be observed that it contains a broad,
intense band in the 200-300 nm range and the tail above
300 nm ascribed to the overlapping host lattice absorption
and charge transfer (CT) transition (0>~ -Mn>"), respectively, as
well as several less intense bands typical for Mn>" ions in the
octahedral crystal field.>® Their peak maxima are located at 310,
342, 363, 403, 444 and 540 nm corresponding to the spin-
forbidden d-d transitions, *Ti4(*P), “Eo(*D), *T,(*D), “E4(*G)
and “A,("G), *Tpe('G) and "Ty4('G), respectively, from the
°A14(°S) ground state.’® The obtained results were used to
determine the energy band gap (E) of the [DMHy]Mn(HCOO);
crystals according to Kubelka-Munk theory using the following
equation:**

(1 - R)?

F(R) = (1)

where R represents reflectance. The E, of the studied compound
was calculated to be 4.63 eV (see Fig. S6, ESIT).

The luminescence properties of the [DMHy|Mn(HCOO);
crystals were investigated in the framework of temperature-
dependent (80-200 K) emission measurements under the
266 nm excitation line presented in Fig. 7a. It can be observed
that broad emission bands in the visible region with maxima at
725 nm assigned to the spin-forbidden “T;4(G) — °A;4(S) transition
of Mn®" ions were registered.”® The use of a laser diode operating
upon 266 nm shows that the [DMHy|Mn(HCOO); crystals exhibit
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Fig. 6 Absorption spectrum of [DMHy]Mn(HCOO)s.
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Fig. 7 The temperature-dependent emission spectra of [DMHy]Mn(H-
COO)s crystals recorded upon 266 nm (a) and their integral emission
intensities calculated for the 80-200 K range (b) together with the CIE
chromaticity diagram of the investigated compound determined for emis-
sion measured at 80 K (c).

efficient energy transfer between the host lattice and Mn>" activa-
tors at low temperatures. It was found that the investigated
compound revealed the most intense emission at 80 K, which
was completely quenched at 200 K (Fig. 7b). The presented
temperature behaviour can be attributed to the temperature-
dependence of the non-radiative process through the electron—-
phonon interactions.* It can be seen that the position of the band
maxima did not change during the measurements. In order to
visualize the recorded luminescence colour the chromaticity para-
meters were determined (x = 0.40, y = 0.32) and depicted on the CIE
diagram presented in Fig. 7c.

The thermal kinetics investigation of the emission presented
in Fig. 7a was carried out using the formula shown below:*?

Iy

1+ &efAE/kT’

v

1= (2)
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where I symbolizes the intensity, I, is the initial intensity at low
temperature, ', represents attempt rate for thermal quenching
and I, corresponds to the radiative decay rate and AE is
the activation energy for thermal quenching. After minor
mathematical treatments eqn (2) can be written as below, and
consequently AE can be calculated:**

AE 1y Iy

I
where ln<r—0>means a constant and AE is the slope of

In (% — 1> as a function of 1/kT. The absolute value of the AE

calculated for Mn>" emission upon 266 nm excitation is equal to
62 meV (see Fig. S7, ESIT).

The luminescence decay profile registered for [DMHyMn
(HCOO); crystals in liquid nitrogen temperature is demonstrated
in Fig. S8 (ESIT). It was found that it can be well fitted using a
double exponential function according to the below formula:

I(t) = Ay exp (—i) + Ay exp (—i), (4)
T1 T2
where I is the emission intensity, 4; and A, are constants, 7,, and
7, stand for fast and slow decay time components and ¢ means the
lifetime. The lifetimes of Mn>" emission at 80 K were determined
to be t; = 42.8 pus and 1, = 157.6 ps. The presence of the short
component may indicate some non-radiative processes.>’
Recently, Maczka et al. showed a possible pathway for energy
transfer in hypophosphite-based hybrid perovskites doped with
Mn>" ions after excitation into host absorption bands. It was
suggested that after irradiation of the material with a 266 nm
diode, non-radiative electron transfer from CT to Mn>" states
occurred followed by their radiative relaxation from the *Ty(G)
emission level.*

Influence of the hydrazinium cation methylation on the
structural properties

The comparison of experimental data for [A]Mn(HCOO); (A =
Hy', MHy', DMHy") compounds shows that they exhibit similar
interesting features. All three analogues undergo PTs that are
not associated with significant symmetry changes.'>"®
However, it should be noted that [MHy]Mn(HCOO); undergoes
two PTs associated with ordering of MHy', ie. a higher-
temperature one related to the weak change of symmetry, and
a lower-temperature one leading to a large change of crystal
symmetry. Table 3 lists a comparison of selected experimentally-
determined factors that are crucial for understanding the
influence of increased hydrazine methylation on the properties
of the final coordination polymer.

Kieslich et al. introduced a modified calculation method of
the tolerance factor (TF) for HOIPs as follows:*

T'dyr T 17X

TF =t ~ %
\/E(I‘B + O.thm)

(5)

where r, denotes the effective ionic radius of the protonated
amine A, rx is the ionic radius of the anion X, ry is the ionic
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Table 3 The comparison of the structure-related parameters for [AIMn(HCOO)s (A = Hy*, MHy*, DMHy™) compounds

Parameter

Hy+ 13

MHy+ 14

DMHy"

T, Té, TH® (K)
SG?

PT order

TS, Te, TS (K)
SG?

PT order

Ta,’ (pm)

TF*

Ad” (x1073)

Zcz‘s h
Ztrans i
Mn-Mn’ (&)

AS* (] mol ™' K1)
N

353, 357, 355
Pnma — Pna2,
2nd, PE - FE°

217
0.81

1.24 (400 K)
2.30 (290 K)
2.34 (110 K)

25.58 (400 K)
27.84 (290 K)
29.27 (100 K)

0 (400 K)
6.23 (290 K)
7.63 (110 K)

5.9392 (400 K)
5.9078 (290 K)
5.8796 (110 K)

10.8
3.7

309, 310, 309.5
R3¢ — R3c
ond, PE — FE°
213, 224, 218.5
R3¢ —» P1

1st, FE — FE°
264

0.92

0 (330 K)

5.62 (290 K)
5.13 (230 K)

8.38, 12.55¢ (100 K)

18.51 (330 K)
18.98 (290 K)
18.75 (230 K)

20.31, 21.68° (100 K)

0.11 (330 K)
1.58 (290 K)
4.75 (230 K)

4.27, 9.04% (100 K)

6.0975 (330 K)
6.0908 (290 K)
6.0822 (230 K)
6.0297 (100 K)
1.99, 3.00’
1.3, 1.4

244.4, 283.0, 263.7
P2i/n - P2,4/n
1st, PE — PE°

296
1.01

2.02, 5.65% (300 K)
3.22 (100 K)

18.27, 28.77% (300 K)
45.52 (100 K)

0, 0¢ (300 K)
21.75 (100 K)

6.1935 (300 K)
6.0925 (100 K)

6.95
2.11

Key: “ Temperatures of PTs upon cooling (C), heating (H) and average value (av). * Space group. ¢ From HT to LT phase, PE, FE denote paraelectric
and ferroelectric phase, respectively. ¢ The effective ionic radius of the protonated amine. ¢ Tolerance factor.’ Bond length distortion. £ For Mn1
and Mn2. " The sum of deviations from 90° of the 12 cis angles in the coordination sghere of the Mn** ion. * The sum of deviations from 180° of the

3 trans angles in the coordination sphere of the Mn®* jon.” The shortest distances.

Te,, respectively. ™ Calculated using the AS = RIn(N) formula.

radius of the divalent ion B, and %y denotes the effective
height of the organic anion X.**> The Ta,, Of the DMHy" cation
has not yet been reported, however, it can be calculated using
the following formula:

rAcﬁ = I'mass T Tions (6)

where .65 and rio, denote the distance between the center of
mass of the molecule and the atom with the largest distance to
the center of mass (except of H atoms) and the ionic radius of
this ion, respectively.”> Based on the X-ray data, the r, _ of
DMHy" is estimated to be 296 pm at 300 K and 290 pm at 100 K.
It is worth noting that this is the largest cation used so far for
the synthesis of formate-based 3D perovskites.

Thus, the corresponding TF for the [DMHy]Mn(HCOO);
compound is equal to 1.01. According to Kieslich et al.,* this
value is a borderline for hybrids with perovskite-like architecture
(0.81-1.01); therefore, the symmetry of [DMHyMn(HCOO); is
lower (monoclinic) compared to more perfectly fitted
[MHyMn(HCOO); with TF = 0.92 being in the middle of that
range and adopting trigonal symmetry.'® The lower (orthorhombic)
symmetry of [Hy]Mn(HCOO); with reported TF = 0.81 supports
the conclusion that Hy" and DMHy" cations are too small and
too high, respectively, to form high-symmetry perovskite-like
phases with the manganese-formate framework. The loosely or
tightly filled crystal voids in [Hy]Mn(HCOO); and [DMHy]
Mn(HCOO);, respectively, affect the distortion of the manga-
nese-formate framework, as evidenced by the bond distortion
(Ad) and X' parameters as well as the Mn-Mn distances in

J. Mater. Chem. C

The average value for heating and cooling runs. ’ For T, and

different phases (see Table 3). The Ad parameters for
[Hy]Mn(HCOO); are relatively small (1.24 x 10 °-2.34 x 10 ?)
in both HT and LT phases. The O-Mn-O cis angles in the MnOs
octahedra deviate moderately from 90° (25.58-29.27) in both
phases, while the trans angles are unaffected in the HT phase
and distorted in the LT phase (6.23-7.63). In the HT phase of
[MHy|Mn(HCOO); the MnOg units are less distorted compared
to the Hy' analogue. The PT to the IT phase does not involve
further significant changes in the manganese-formate frame-
work, however, in the LT phase the Ad parameter increases up
to 12.55 x 103, reflecting elongation of the octahedral units.
The corresponding X/ parameters remain similar as
calculated for [Hy]Mn(HCOO); at 100 K. The DMHy" cations
in the manganese-formate framework do not induce the
elongation of the MnOg units in both phases. The cis angles
are moderately distorted in the HT phase of [DMHyMn
(HCOO);, similarly to all phases of [Hy[Mn(HCOO); and
[MHy|Mn(HCOO);, but after transformation to the LT phase
they reveal the highest observed deviation from the perfect
octahedron with X°* = 45.52 (100 K). The strongest deformation
of the manganese-formate framework is also manifested by the
high value of the corresponding " parameter, which equals
21.75 at 100 K. A very interesting feature, confirming the
strongest distortion of the [DMHy|Mn(HCOO), framework, is
shrinking of the Mn-Mn distances when going from RT to
100 K temperature. This parameter equals 1.00% for [Hy]Mn(H-
COO0); and [MHy|Mn(HCOO)3;, while for [DMHy]|Mn(HCOO); it
reaches a higher value of 1.63%.
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Table S3 (ESIt) presents a detailed comparison of the HB
geometry in all considered analogues. In the HT phase of the
Hy' analogue, each H atom of the protonated amino group
creates one stronger (shorter with angle close to 180°) and one
weaker (longer with sharper angle) N-H---O bond, while the
second -NH, group is able to form only weaker HBs. Upon
cooling, all HBs become slightly shorter but the pattern of HBs
is preserved in the LT phase. The substitution of the H atom by
the methyl group in [MHy]Mn(HCOO); decreases the number
of protons and affects the arrangement of HBs. In the HT phase
of [MHyMn(HCOO); each H atom creates a similar pattern to
the Hy" analogue, however, the longer N-H- - -O interactions are
clearly weaker. Further methylation leads to disappearance of
the longer HBs for the NH' group in the HT phase of
[DMHy]Mn(HCOO);. However, due to the tightly fitted DMHy",
the free -NH, and -CH; groups create weak HBs and this
behaviour was not observed in the HT phase of [MHy]Mn
(HCOO);. In the LT phases of all three compounds the created
HB patterns are ordered and have similar arrangement. The
strength of HBs follows the order MHy' > Hy' > DMHy" and
Hy' > DMHy' > MHy' for the protonated and not protonated
ammonium groups, respectively.

All those effects reflect the fit of ammonium and Mn>*
cations in the formate 3D polymers. The Hy' cation is
small and has the highest freedom in the larger voids of
the manganese-formate framework (N = 3.7 and AS =
10.8 J mol™' K, see Table 3),"* while the DMHy" cation is
too large to create the ideal perovskite-type architecture,
and thus it is more tightly confined (N = 2.11 and AS =
6.95J mol ' K1)

In general, the increased steric hindrance affects the
mechanism of the observed PTs, ie. for the Hy' analogue the
main driving force of the PT is ordering of Hy" cations followed
by a weak deformation of the framework, for the MHy"
analogue there is a subtle interplay of the both effects, while
for the DMHy" analogue both the distortion of the manganese-
formate framework and the ordering of DMHy' contributed
strongly to the PT mechanism. Fig. 8a-f presents the depen-
dencies of a few selected factors as a function of the PT
temperature. The average temperature of the observed PTs
clearly and linearly correlates with the change of the Mn-Mn
distance observed near RT and 100 K (AMn?°°3%°_Mn'°%/*1%),
molar mass and r,  of the cation, TF and N calculated from
the experimental value of AS. These correlations indicate that
the increasing number of methyl groups and subsequent
steric hindrance cause a decrease in the number of disordered
states and thus change in the corresponding entropy. The
deviation from a linear character of AS as a function of the
PT temperature (Fig. 8f) suggests that vibrational entropy
significantly contributes to the mechanisms of the PTs in the
studied HOIPs comprising differently fitted hydrazinium
cations. Due to the relatively large size of the DMHy" cation,
the crystal symmetry of [DMHy|Mn(HCOO); is relatively low
(monoclinic) and a ferroelectric order is no longer preferred, in
contrast to ferroelectric [Hy[Mn(HCOO); and [MHy]Mn
(HCOO); analogues.>'®
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Fig. 8 The dependencies of (a) the change of the Mn-Mn distance
observed near room temperature and at 100 K (or 110 K), (b) molar mass,
(c) effective ionic radius, (d) tolerance factor, (e) number of disordered
states of cation and (f) change of entropy as a function of average PT
temperature.

Isosymmetric PTs in 3D hybrid perovskites

According to the phenomenological model, the type 0 PTs with
no change of space group or Wyckoff positions are certainly
first order.’® Such PTs are extremely rare among 3D hybrid
perovskites, and to the best of our knowledge, they were
reported for a few compounds so far (see Table S3, ESIT). Most
of them were classified as a first order type, however, for
perovskites and double perovskites with imidazolium cations
(Im") they were recognized as a continuous transformation.?”*
Almost all compounds exhibit temperature hysteresis of PT, but
the value obtained for [DMHy|Mn(HCOO); is significantly
larger.

PTs listed in Table S3 (ESIT) are mainly driven by ordering of
the templated cation; however, for some of them both, the LT
and HT, phases are ordered. The distortion of the metal-ligand
framework can be either a dominant or an accompanying
driving force. Among the listed compounds, the space group
and site symmetries are retained for [DMA],KM"™(CN)s (M™ =
Ccr’’, Co’" and Fe*)**™*? and [Im],KM™(CN)s (M" = Co*" and
Fe*") double perovskites.**** For [DMHy]Mn(HCOO); and
[MA]Mn(N;);,** the Mn*>* ions and middle N atoms in the N3~
ligands, respectively, change sites during PTs.** It should be
noted that despite the space group retainment for
[DMHy|Mn(HCOO);, two crystallographic axes, b and ¢, are
switched in the HT phase. Surprisingly, for the second formate
listed in Table S3 (ESIt), [Im]Mg(HCOO)s, the unit cell para-
meter ¢ is halved in the isostructural HT phase.?”

We also compared TFs for perovskites listed in Table S3
(ESIT). They were calculated for double perovskites using the
extended formula presented by Shi et al*® Most of them are
within the expected perovskite-architecture range, except of
[GAJ]SnCl; (GA" = guanidinium cation)*® and [Tz],KCo(CN)g
(Tz" = thiazolium cation)"” with TF = 1.185 and 1.07, respectively.

Since the presented isosymmetric PTs for hybrid perovskites
have a unique and complex nature, there is still no clear
correlation between observed structural features and their
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preference to occur. This subject, however, is worthy to be
studied in the future, especially taking into account other
structures, measurement techniques and different external
stimuli.

Conclusions

We reported the synthesis and properties of a novel perovskite-
like manganese-formate framework templated by the DMHy"
cation that, to the best of our knowledge, has not been
previously employed in the synthesis of any HOIPs.
[DMHy|Mn(HCOO); crystallizes in the monoclinic P2,/n system
and undergoes an order-disorder PT to the LT phase possessing
the same P2,/n symmetry but different arrangement of the
building blocks. Thus, the PT in [DMHy]Mn(HCOO); is the first
example of temperature-induced isostructural PT among the
large family of hybrid formates. The mechanism of the observed
PT is driven by a strong deformation of the metal-formate
framework and ordering of the organic cations that leads to
re-organization of the HB pattern. The DMHy' cation is the
largest cation used so far for the synthesis of formate-based 3D
perovskites. The comparison of the structural features of
[DMHy]Mn(HCOO); with experimental data reported previously
for Hy" and MHy" analogues indicates that the increased steric
hindrance, triggered by the increased number of methyl groups
in the hydrazinium cation, suppresses the ferroelectric order.
It also affects the PT temperature and the PT mechanism.
It has been found that the average PT temperature for the Hy",
MHy" and DMHy' analogues is linearly correlated with the
effective ionic radius of the cation, TF and number of disordered
states. We argue that the DMHy" cations are too large to adopt
high symmetry of perovskite-like topology. Thus, our results
show that the steric hindrance is another factor that should be
taken into account in designing novel hybrid perovskites.

Magnetic studies indicate that [DMHy]Mn(HCOO); is a weak
ferromagnet with the ordering temperature of 8.4 K. It is also a
wide-band gap material with the energy band gap of 4.63 eV.
Dielectric studies revealed that the PT is associated with a very
pronounced step-like anomaly, suggesting a prospective
application of [DMHy|Mn(HCOO); as a switchable dielectric
material. We have also shown that this perovskite exhibits
broadband photoluminescence with a maximum at 725 nm.
The intensity of this photoluminescence is strongly
temperature-dependent, making [DMHyMn(HCOO); a
potential material for non-contact temperature sensing
below 200 K.
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Fig. S2. Powder XRD pattern for the as-prepared bulk sample of [DMHy]Mn(HCOO)3 together
with the simulated one based on the single crystal structure refined at 300 K
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Fig. S4. The temperature dependence of the dielectric loss " of [DMHy]Mn(HCOO)3 measured
for (a) single crystal in the [110] directions, (b) single crystal in the perpendicular to [110]
direction, (c) a pellet. The representative curves are plotted in frequency decades between 103
Hz and 10° Hz. The vertical lines correspond to the phase-transition temperatures obtained from
the dynamic DSC measurements
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Fig. S5. Relaxation times as a function of 1000/T. The blue points correspond to the curves
obtained during cooling, and the red points during heating. The inset shows the frequency-
dependent dielectric loss measured at 250 K (on cooling) and 275 K (on heating).
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Fig. S6. The result of determining the energy band gap (Eg) using the Kubelka-Munk theory
for the [DMHy]Mn(HCOO)3 crystals
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Fig. S7. Activation energy of the thermal quenching of emission bands of [DMHy]Mn(HCOO)3
crystals excited at 266 nm
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Fig. S8. The luminescence decay profile of [DMHy]Mn(HCOO)s crystals excited at 266 nm
and monitored at 725 nm recorded at 77 K

\77 K Aerc=266 NM
Aem=725 NM

normalized intensity
o
e

1,=42.8 ps
1,=157.6 us

0.01 |

N N N
0.0 3.0x10* 6.0x10* 9.0x10*
time (s)



Tab. S1. Hydrogen-bond geometry for [DMHy]Mn(HCOO)s

D—H:---A D—H (A) H---A (A) D---A (A) D—H:---A (°)
HT phase (300 K)

N1I—H1A:---O2' 1.03 2.58 3.537 (10) 154
N1—H1B:--06" 1.03 2.16 3.040 (6) 143
N2—H2---05'" 0.98 1.84 2.811 (3) 173
C1—H1D---03V 0.96 2.57 3.432 (10) 149
C1—HI1E---04 0.96 2.37 3.265 (10) 154
N1A—H1AB---O1Y 1.03 2.55 3.412 (8) 140
N1A—H1AB---02" 1.03 2.44 3.207 (6) 131
C1A—HI1AC---03" 0.96 2.45 3.359 (7) 157
C1A—HI1AD:--04 0.96 2.51 3.428 (8) 161
C2A—H2AC---01 0.96 2.38 3.305 (12) 163
LT phase (100 K)

N1—HIA:--O6" 1.00 1.99 2.961 (3) 163
N1—HIB:---0O1"! 0.99 2.09 3.072 (3) 177
N1—HIB:--04 0.99 2.53 3.172 (4) 123
N2—H?2---04" 0.98 2.60 3.133 (3) 115
N2—H?2---05" 0.98 1.94 2.846 (3) 152
C2—H2A:---02"i 0.96 2.52 3.267 (4) 135
C2—H2B---05" 0.96 2.37 3.321 (4) 169
C2—H2C:--03V 0.96 2.55 3.456 (4) 157

Symmetry codes: ' —x+1/2, y+1/2, —z+3/2; " —x+3/2, y-1/2, —2+3/2; "' x-1/2, —y+3/2, 2-1/2; ¥ x+1,y,
7,V —x+1/2,y-1/2, =z43/2; ' x+1/2, —y+1/2, z-1/2; """ —x+1, —y+1, —z+1; "™ —x+1, —y+1, —z+2; %

X+1/2, —y+3/2, z+1/2.

All e.s.d.'s (except the e.s.d. in the dihedral angle between two |.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in
distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used when
they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is used for
estimating e.s.d.'s involving L.s. planes.

Tab. S2. Selected geometric parameters (A, °) in [DMHy]Mn(HCOO)s3

HT phase (300 K)

Mn1—O1
Mn1—O1!
Mn1—O2
Mn1—O2!
Mn1—O3
Mn1—O3!

2.1773 (16)
2.1773 (16)
2.1864 (16)
2.1864 (16)
2.1875 (17)
2.1875 (17)

01—C4
02—C5
03—C3
04—C4

O5—C5'f
06—C3"

1.225 (3)
1.224 (3)
1.233 (3)
1.229 (3)
1.256 (3)
1.229 (3)



Mn2—O04
Mn2—O04"
Mn2—O5
Mn2—O5"
Mn2—O06
Mn2—O6"

LT phase (100 K)

Mn1l—O4
Mn1—O5
Mn1—O3
Mn1—O6
Mn1—QO2
Mnl1—O1
04—C4

05—C5

HT phase (300 K)

0O1—Mnl—O1!
01—Mn1—0Q2!
01—Mn1—02
01—Mnl1—O2
01—Mn1—02
01—Mn1—03
01—Mn1—O03
01—Mn1—O03
01—Mn1—03
02'—Mn1—02
02'—Mn1—03
02—Mnl1—O3
02—Mn1—O3
02—Mn1—O03
03—Mn1—O03
04—Mn2—04i
04—Mn2—O05'
04 _Mn2—05
04—Mn2—05
04i_Mn2—O5'
04—Mn2—O06"
04 _Mn2—06
04—Mn2—06

2.1681 (16)
2.1681 (16)
2.2046 (15)
2.2046 (15)
2.1873 (16)
2.1873 (16)

2.173 (2)
2.199 (2)
2.190 (2)
2.180 (2)
2.188 (2)
2.181 (2)
1.246 (4)
1.267 (4)

180.0
89.44 (7)
90.56 (7)
90.56 (7)
89.44 (7)
90.64 (7)
89.36 (7)
90.64 (7)
89.36 (7)
180.0

93.37 (6)
93.37 (6)
86.63 (6)
86.63 (6)
180.0

180.0

85.91 (7)
85.91 (7)
94.09 (7)
94.09 (7)
91.06 (6)
91.06 (6)
88.94 (6)

N1—N2
N2—C1
N2—C2
N2—N1A
N2—C1A
N2—C2A
03—C3
06—C3"
N1—N2
02—C5v
01—C4Vi
N2—C2
N2—C1
06—Mn2—O05
06—Mn2—O05"
06'—Mn2—06
C4—01—Mn1
C5—-02—Mn1
C3—03—Mn1
C4—04—Mn2
C5'"—05—Mn2
C3V—06—Mn2
06'—C3—03
01—C4—04
02—C5—05'"
N1—N2—C1A
C1—N2—N1
Cl—N2—C2
C1—N2—N1A
C1—N2—C1A
C1—N2—C2A
C2—N2—N1
C2—N2—C1A
C2—N2—C2A
N1IA—N2—N1
N1A—N2—C2

1.482 (6)
1.398 (10)
1.476 (10)
1.428 (6)
1.538 (8)
1.538 (8)

1.251 (3)
1.256 (3)
1.447 (3)
1.252 (4)
1.248 (4)
1.488 (4)
1.490 (4)

87.93 (6)
92.07 (6)
180.0
133.92 (15)
136.81 (15)
127.76 (16)
134.89 (16)
126.38 (14)
132.23 (16)
128.4 (2)
127.6 (2)
1255 (2)
102.7 (4)
113.7 (5)
109.2 (6)
120.6 (5)
12.5 (5)
98.0 (6)
113.4 (5)
120.6 (5)
15.3 (6)
19.2 (3)
94.5 (5)



04" —Mn2—O06" 88.94 (6) NIA—N2—C1A 112.1 (4)
05—Mn2—O5" 180.00 (9) N1IA—N2—C2A 109.5 (5)
06'"—Mn2—O05" 87.93 (6) C2A—N2—N1 1285 (5)
06'"—Mn2—O05 92.07 (6) C2A—N2—C1A 110.2 (5)
LT phase (100 K)

04—Mn1—O05 81.16 (8) 01—Mn1—02  94.70 (10)
04—Mn1—O03 92.50 (8) C4—04—Mnl  130.7 (2)
04—Mn1—O06 90.94 (8) C5—05—Mnl  126.5(2)
04—Mn1—02 96.20 (9) C3—03—Mnl1  121.37 (16)
04—Mn1—01 168.79 (9) C3V—06—Mnl 129.81 (17)
03—Mn1—05 92.58 (8) C5"—02—Mnl1 1322 (2)
06—Mn1—05 94.38 (8) 02"_C5—05  125.0 (3)
06—Mn1—O03 172.64 (7) C4*—01—Mnl 134.1(2)
06—Mn1—02 87.41 (8) 04—C4—01* 124.4 (3)
06—Mn1—O01 92.14 (8) N1—N2—C2 109.0 (2)
02—Mn1—05 176.82 (8) N1—N2—C1 114.2 (2)
02—Mn1—03 85.75 (8) C2—N2—C1 111.2 (2)
01—Mn1—O05 87.86 (9) 03—C3—06" 125.1 (2)
01—Mn1—03 85.72 (8)

Br3—Pb1—Brl 92.973 (8)

Symmetry codes: ' =X, —y+1, =z+2; " —x+1, —y+2, —z+2; " —x+1, ~y+1, —z+2; ¥ —x+1/2, y+1/2, ~2+3/2;
Y x+1/2, y-1/2, —z2+3/2; " x+1/2, —y+312, z+1/2; " x+1/2, —y+3/2, 2-1/2; ™ x=1/2, —y+3/2, 2-1/2,
"x=1,y,Z;,*x=1/2, —y+3/2, z+1/2.

Tab. S3. The temperature-dependent isosymmetric PTs reported for single and double 3D
hybrid perovskites

Compound LT = HT T(K)? Order TF Ref.
Perovskites
[DMHy]Mn(HCOO); P2:/n — P24/n 250.9/281.9 1 1.01 b
[Im]Mg(HCOO); P2:/n — P2i/n 451/ 448 2nd 090 2
[MAIMnN(N3)3 © P2i/c = P2y/c 280/ 263 1 084 34
[GA]SnCl3 Pnma — Pnma 419/ 409 18 1'518 56
Double perovskite
[DMA];KCo(CN)s P4/mnc — P4/mnc 249 /241 1 0.96 7
[DMA]:KCr(CN)s P4/mnc — P4/mnc 218/ 215 18 0.95 8
[DMA].KFe(CN)g P4/mnc — P4/mnc 2281227 1 096 910
[Im]2KCo(CN)e R3m — R3m 198 d 093 U
[Im]2KFe(CN)s R3m — R3m 187 2 093 12
[Tz]:KCo(CN)s Cmem — Cmem 237 18 1.07 &

Key: 2 on heating/cooling, if given; ® this work; ¢ both (LT and HT) phases are ordered; ¢ not given;
¢ not calculated; Im*, imidazolium; MA*, methylammonium; GA*, guanidinium, DMA?*, dimethylammonium;
Tz*, thiazolium

1 M. Maczka, N. L. Marinho Costa, A. Gagor, W. Paraguassu, A. Sieradzki and J. Hanuza, Phys. Chem.
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Udziat Doktoranta W powstanie pracy:

e Synteza monokrysztatdw [DMHy]Mn(HCOO)s metoda straceniowa i dyfuzyjna;

e Koncepcja badan oraz okreslenie metodologii;

e Analiza geometrii zoptymalizowanej czasteczki DMHy oraz kationu DMHy* z danymi
eksperymentalnymi;

e  Wyznaczenie regul wyboru oraz wykonanie analizy grupy faktorowe;j;

e Zaproponowanie przypisania pasm IR i Ramana;

e Analiza anharmonizmu na podstawie uzyskanych obliczen;

e Pomiar widm Ramana oraz IR, rowniez w funkcji temperatury;

¢ Analiza zachowania pasm IR i Ramana w funkcji temperatury, dekonwolucja widm oraz
dopasowywanie krzywych Lorentza do danych eksperymentalnych;

e Dyskusja ~ wynikbw  oraz  okre§lenie = mechanizmu  przemiany  fazowej
w [DMHy]Mn(HCOO);

e Przygotowywanie manuskryptu, rysunkow oraz tabel.
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Abstract: [DMHy]Mn(HCOO); (DMHy* = dimethylhydrazinium cation) is an example of an organic—
inorganic hybrid adopting perovskite-like architecture with the largest organic cation used so far in
the synthesis of formate-based hybrids. This compound undergoes an unusual isosymmetric phase
transition at 240 K on heating. The mechanism of this phase transition has a complex nature and
is mainly driven by the ordering of DMHy™" cations and accompanied by a significant distortion
of the metal-formate framework in the low temperature (LT) phase. In this work, the Density
Functional Theory (DFT) calculations and factor group analysis are combined with experimental
temperature-dependent IR and Raman studies to unequivocally assign the observed vibrational
modes and shed light on the details of the occurring structural changes. The spectroscopic data
show that this first-order phase transition has a highly dynamic nature, which is a result of balanced
interplay combining re-arrangement of the hydrogen bonds and ordering of DMHy™" cations. The
tight confinement of organic cations forces simultaneous steric deformation of formate ions and the
MnQOg octahedra.

Keywords: hybrid perovskite; phase transition; order-disorder; dimethylhydrazinium cation

1. Introduction

3D hybrid metal-formate perovskites, a class of multifunctional materials described by
the general formula [AIMI{(HCOO)3, where A is an ammonium cation and M denotes a di-
valent metal cation, caught the attention of materials scientists in a few recent years because
of their unusual luminescent, [1,2] ferroelastic, [3,4] ferroelectric, [5-7] dielectric, [2,4,8]
magnetic [2,9,10] or multiferroic [3,11-13] properties. These properties originate from order-
disorder phase transitions (PTs) that enable utilizing them as molecular switches [14-16].

Up to date, hydrazine and its derivatives were used only a few times as templating
agents in the synthesis of formate-based hybrids. Since the hydrazinium cation (Hy™") has a
small size, [Hy]M(HCOO)3 compounds with M!! = Mn?*, Zn?* and Fe?* can adopt two
types of structure, namely 4'2-6% perovskite-like with cubic cavities or 4°-6> chiral with
hexagonal channels [17-19]. Analogues comprising Co?" and Mg?* ions were found to
adopt only chiral architecture. [Hy]M(HCOO); perovskites undergo an order-disorder
PT near 350 K from the LT ferroelectric Pna2; to the high-temperature (HT) paraelectric
Pnma phase. However, chiral analogues transform from the ferroelectric P21212; LT to the
ferroelectric P63 HT phase in the 336-380 K range. The chiral [Hy]Mn(HCOO); adopts
exceptionally the P2; LT symmetry and exhibits lower PT temperature, 296 K [17-19].

The increased size of the methylhydrazinium cation (MHy") affects the crystal struc-
ture, and only perovskite-like architecture is preferred for [MHy]M(HCOO); (M" = Mn?*,
Mg?*, Fe?*, Zn?*) [20]. All MHy* analogues experience two PTs. The first one occurs in
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the 168-243 K range from the LT polar phase of P1 symmetry to the intermediate polar R3c
phase, whereas the second one, near 310-327 K, to the paraelectric HT R3¢ phase [20].

Further increase in the cation size caused by the presence of the second methyl group
leads to complete suppression of non-centrosymmetric structures in [DMHy]Mn(HCOO)s,
(DMHy* denotes 1,1-dimethylhydrazinium cation). This crystal, recently synthesized
by us, exhibits unusual order-disorder PT among metal-formate hybrids [2]. In fact,
[DMHy]Mn(HCOOQO); is the first example of a formate-based perovskite that does not
change the space group symmetry as a result of LT ordering. Therefore, it is of great impor-
tance to elucidate the mechanism of this PT in detail and focus on the hydrogen bond (HB)
interactions. Furthermore, DMHy™ cation is the largest organic cation successfully used in
the synthesis of formate-based hybrids. The tolerance factor of [DMHy]Mn(HCOO)3 per-
ovskite is at the theoretically predicted limit by Kieslich et al. [21], making this compound
an interesting model for structure-stability considerations.

It is well-known that vibrational spectroscopy, as a support for X-ray diffraction meth-
ods, is commonly used to shed some light on the dynamical properties and mechanisms of
PTs occurring in hybrid organic-inorganic perovskites. A great advantage of Raman and
IR spectroscopy is its high sensitivity to local structural changes involving dynamics of
light atoms that are responsible for the formation of HBs. Since the arrangement of HBs is
usually strongly affected during PTs, detailed studies of phonon properties can give access
to structural information not available using other probing techniques.

IR and Raman studies were used to understand PT mechanisms observed in Hy™*
and MHy™" analogues [18,20]. Therefore, we have decided to undertake similar studies for
[DMHy]Mn(HCOO)3 and compare its phonon properties to former compounds. Detailed
temperature-dependent studies with small temperature increments allowed to obtain
deeper insight into structural changes occurring in this compound at 244.4 K (283.0 K)
on cooling (heating) [2] and to elucidate the main driving force of the PT. It is worth
adding that the P2, /n—P2; /n isosymmetric PT is also interesting from the spectroscopic
point of view because weak changes of vibrational selection rules are expected in spite of
significant structural changes and the associated high change of entropy [2]. Moreover, the
isosymmetric and isostructural PTs occurring in the coordination polymers are still poorly
understood [16,22-29].

The main goal of this paper is to analyse the phonon properties of [DMHy]Mn(HCOO)3
as a function of temperature. We propose an assignment of the observed IR and Raman
bands based on literature data for Hy" and MHy™" analogues supported by DFT calcula-
tions reported in this paper for DMHy™" cation. We show that the presence of an additional
methyl group significantly affects the phonon properties of [DMHy]Mn(HCOO);. In the
discussion of temperature-dependent spectra, particular attention is paid to the factor
group analysis in order to obtain deep insight into the PT mechanism.

2. Materials and Methods
2.1. Materials and Synthesis

The 1,1-dimethylhydrazine (Sigma-Aldrich, Saint Louis, MO, USA), formic acid
(85%, Avantor Performance Materials Poland, Gliwice, Poland), anhydrous methanol
(Sigma-Aldrich, Saint Louis, MO, USA) and manganese(II) perchlorate hexahydrate (Sigma-
Aldrich, Saint Louis, MO, USA) were purchased from commercial sources and used without
further purification.

The cubic transparent crystals of [DMHy]Mn(HCOO)3; were obtained from a sealed
and undisturbed mixture of two solutions. The first containing 40 mmol (ca. 3 mL) of
1,1-dimethylhydrazine dissolved in 10 mL of methanol with the addition of 160 mmol
(7.25 mL) of HCOOH and the second, composed of 1 mmol (0.3619 g) of Mn(ClO4),-6H,0
dissolved in 10 mL of methanol. Further details can be found in [2].
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2.2. Raman ad IR Spectroscopy

A room-temperature (RT) Raman spectrum of the polycrystalline sample was mea-
sured in the 4000-75 cm~! range using a FT 100/S spectrometer with YAG:Nd laser
excitation at 1064 nm (Bruker, Billerica, MA, USA). The temperature-dependent (80-400 K)
Raman spectra of a randomly oriented single crystal in the 3500-50 cm ! range were mea-
sured using a Renishaw inVia Raman spectrometer (Renishaw, Wotton-under-Edge, UK),
equipped with confocal DM2500 Leica optical microscope, a thermoelectrically cooled CCD
as a detector and an Ar* ion laser operating at 488 nm. The temperature was controlled
using a THMS600 stage (Linkam Scientific Instruments Ltd., Epsom, Tadworth, UK).

An RT polycrystalline IR spectrum in the range of 4000400 cm~! (mid-IR) was mea-
sured using a Nicolet iS50 infrared spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) as a suspension in nujol (mineral oil) and Fluorolube (Sigma-Aldrich, Saint Louis,
MO, USA). Additional mid-IR spectrum was recorded using an ATR module and diamond
crystal. A far-IR spectrum in the range of 650-50 cm ! was measured on a polyethy-
lene plate as a suspension in nujol. The temperature-dependent (80—400 K) IR spectra
in the 4000-650 cm~! range were measured using a Nicolet iN10 infrared microscope
(Thermo Fisher Scientific, Waltham, MA, USA). The temperature was controlled using a
THMS600 stage equipped with ZnSe windows (Linkam Scientific Instruments Ltd., Epsom,
Tadworth, UK).

2.3. Quantum Chemical Calculations

The geometry optimization of the molecular structure of dimethylhydrazine molecule
(DMHy) and DMHy™ cation was performed using a Gaussian 03 package [30]. All calcu-
lations were carried out using density functional three-parameters hybrid (B3LYP) meth-
ods [31-33] with the 6-311G(2d,2p) [34,35] basis set starting from the X-ray geometry taken
from [2]. The harmonic and anharmonic vibrational wavenumbers were also calculated.
The calculated harmonic frequencies were scaled using scaling factors (0.96 and 0.98) to
correct the evaluated wavenumbers for vibrational anharmonicity and deficiencies inherent
to the used computational level. The potential energy distribution (PED) of the normal
modes among the respective internal coordinates was calculated for studied compounds
using the BALGA program [36]. The data from DFT calculations were input into the
BALGA program. The theoretical Raman intensities were calculated using the Chemcraft
program [37] that was also used for the visualization of molecules.

3. Results
3.1. Crystal Structure and Geometry Optimization

Both LT and HT phases of [DMHy]Mn(HCOO); are described by the P2, /n monoclinic
symmetry [2]. The crystal structure is built from the manganese—formate 3D framework
forming pseudo-cubic voids that accommodate the DMHy". Organic cations balance the
negative charge of the manganese—formate framework and are bonded by medium strength
HBs. In the HT phase, DMHy™ cations exhibit a threefold disorder, while in the LT phase,
disorder is no longer observed (Figure 1). In the LT phase, the Mn?* centres occupy only
one C; (4e) site, whereas, in the HT phase, they are distributed equally into two C; sites (2a
and 2d) [2]. All remaining atoms in both phases occupy C; sites (4e).

The results of geometry optimisation performed for DMHy* and DMHy are presented
in Table S1. Figure S1 presents the numbering of atoms used for calculations. The calculated
skeletal N1-N4, N4-C5 and N4-C10 distances (1.450, 1.504 and 1.503 A, respectively) for
DMHy" are in good agreement with experimental values obtained using X-ray diffrac-
tion methods, i.e., 1.428(6)-1.482(6), 1.398(10)-1.538(8) and 1.476(10)-1.538(8) A at 300 K
and 1.447(3), 1.488(4) and 1.490(4) at 100 K, respectively [2]. The calculated N1-N4-C5,
N1-N4-C10 and C5-N4-C10 angles for DMHy" are equal to 115.46, 108.69 and 112.70°,
respectively, and correspond well to ranges of values obtained for crystal structures solved
at 100 K (109.0(2)-114.2(2)°) [2]. The calculated lengths of C-H and N-H bonds are higher
in comparison to the experimental ones, but this is an expected effect caused by impre-
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cise positioning of H atoms by crystallographic methods and by in vacuo character of
performing calculations.

1
C
240K
ﬁ_
@ Mn
® 0
@ C
@ H
® N
LT P2,/n phase @ CIN HT P2,/n phase
order three-fold disorder

Figure 1. The crystal structure of the LT (a) and HT (b) phase of [DMHy]Mn(HCOO);.

The optimised geometry of the DMHy molecule is similar to DMHy*. However, the
N-C distances seem to be more sensitive than the N-N one to the presence of proton
bonded to N4. The lack of proton causes the shortening of N-C and N-N bonds by 3.2%
and 1.3%, respectively.

3.2. Selection Rules and Factor Group Analysis

All 30 vibrational degrees of freedom for DMHy can be subdivided into 11 stretching
and 19 bending modes. The stretching (v) modes can be roughly described as 4 x v,sCHjz
(antisymmetric), 2 x vsCHjz (symmetric), vasNHp, vsNHj, vasCNC, vsCNC and vNN. The
deformational modes can be described as 4 x 6,sCHj3, 2 x 6sCHj, 4 x pCHs (rocking)
and 2 x tCHj3 (twisting), §NH, (bending), pNH,, wNH;(wagging), TNHj,, 2 x SCNN
and 6CNC.

The additional proton bonded to the N4 atom in DMHy™" increases the number of
vibrational degrees of freedom to 33. Apart from the vibrations mentioned above, there are
three additional vibrations involving the N4-H* group, namely vNH*, SNH* (in-plane)
and YNH* (out-of-plane bending).

IR and Raman spectra of [DMHy]Mn(HCOO); can be understood by subdividing
all Brillouin zone-centre vibrations into internal and external (lattice vibrations). The six
internal vibrations of free formate ion (see Table S2) are described as vCH (vq), vsCO (v»)
(symmetric stretching), v,sCO (v4) (antisymmetric stretching), 5OCO (v3), 6CH (vs) and
YCH (vg) [38]. The 12 formate ions in the primitive cell of [DMHy]Mn(HCOO); give rise to
72 internal modes (18Ag + 18Ay, + 18Bg + 18By) in both the LT and HT phases. The number
of expected translational (T’) and librational (L) modes of formate ions is 36 each (9Ag +
9Ay + 9Bg + 9By).

A free DMHy™ cation has Cs symmetry similar to isopropylamine [39], and therefore,
the symmetries of particular vibrations can be derived (see Table S2). Thus, the 18A’ + 15A”
normal vibrations exhibit factor group splitting to 132 modes (33Ag + 33Ay + 33Bg + 33By)
in the studied crystal. The translations and librations of DMHy™* give rise to 12 modes each
(BAg + 3Ay + 3Bg + 3By). Although the DMHy™ cations are disordered in the HT phase,
the total number of their theoretically predicted modes do not change during PT.

The symmetry of Mn?* translations is different for both phases because of occupied
sites. In the LT (ordered) phase, the number of expected translations is 12 and distributed
into 3Ag + 3Ay + 3Bg + 3By. In the HT phase, the total number is unchanged, however,
is distributed into 6A, + 6B, modes. In both phases, three of these translational modes
(Ay + 2By) are acoustic, thus cannot be detected using IR and Raman spectroscopy.

To conclude, the total number of expected optical modes is 309 (75Ag + 80Ay + 75Bg
+ 79By) in the HT phase, as well as in the LT phase (78Ag + 77Ay + 78Bg + 76By). All
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g-symmetry modes are Raman-active, and u-symmetry modes are IR-active. Therefore, the
number of expected Raman and IR bands is 150 (75Ag + 75Bg) and 159 (80Ay + 79By) in
the HT phase, respectively, and 156 (78 Ag + 78Bg) and 153 (77Ay + 76By) in the LT phase,
respectively. It should be added that because u-symmetry modes are solely IR-active, the
T’(Mn?*) is not detectable in the Raman spectrum of the HT phase.

3.3. DFT Calculations

The calculated wavenumbers, together with PEDs, are listed in Table S3. The theo-
retical spectra calculated in harmonic and anharmonic approximations are presented in
Figure S2. The results of DFT calculations for DMHy showed that 21 vibrational modes
have a nearly pure (96% and higher) contribution of a single vibration, 4 modes have
the main contribution with PED ranging from 71% to 81%, and the remaining 5 modes
have more complex origin. The protonation causes stronger coupling of observed modes,
i.e., 15 bands have close to pure contribution (95% or higher), 13 bands have a clearly
dominant contribution (63-89%), and 3 bands exhibit stronger coupling. Furthermore,
the protonation-induced shifts of some bands are evidenced. For instance, the strongest
downshifts in harmonic approximation are observed for the vsNH, (by 125 cm~!) and
vsCHj (by 163-169 cm 1) modes. This is an interesting behaviour since their antisymmetric
counterparts are less sensitive and downshifted only by 24 and 61-106 cm ™.

The largest differences between harmonic and anharmonic wavenumbers are ob-
served for both DMHy and DMHy™ for bands originating from the vNH, and vCHj3
vibrations. Interestingly, anharmonicity in DMHy is stronger for vsCHj3 (downshifts up
to 182 cm™1) than for v,sCH3 (downshifts in the 125-153 cm ™! range) and comparable
for vsNH; (downshifts by 197 cm~!) and v,sNH; (downshift by 188 cm~!) counterparts.
For DMHy", the tendency observed for vCHj is opposite, namely vsCHj and v,sCHj are
downshifted by 100~103 and 143-144 cm ™!, respectively. Among vNH, vibrations, the
stronger anharmonicity is observed for v,sNH; (downshift by 167 cm~!) and for vsNH,
(downshift by 107 cm~!). The anharmonicity of VNH™ is comparable to that observed
for v4,sNH, and reaches a value of 157 cm 1. Furthermore, t™NH, and TCHj vibrations
of DMHy exhibit negative anharmonic shifts (from —18 to —40 cm~1). This effect is not
evidenced for DMHy™; therefore, the high sensitivity of bands assigned to vNH,, vCHj,
T™NH; and TCHj to the protonation may be related to their stronger intrinsic anharmonicity.

3.4. Room-Temperature IR and Raman Spectra and Assignment of Bands

RT polycrystalline IR and Raman spectra are presented in Figure 2. The proposed
assignment of the observed bands, based on comparative analysis and DFT data, is listed
in Table 1. The assignment of the bands corresponding to formate ions is straightfor-
ward since internal vibrations of formate ions are commonly observed in narrow spectral
ranges for other members of the large [A]Mn(HCOO);3 (A = protonated amine) fam-
ily. For instance, the vi, va, v3, v4, v5 and vg modes were previously observed in
the 2827-2888, 1352-1364, 789-805, 1562-1594, 1368-1387 and 1063-1071 cm ! ranges,
respectively, for analogues with A = Hy" [18], MHy" [20] and dimethylammonium
cation [40]. Thus, we assign the IR and Raman bands of [DMHy]Mn(HCOO)3 observed
in the 2826-2858, 1342-1352, 788-792, 15601593, 1363-1365 and 1056-1065 cm ! ranges
to v1—vg vibrations, respectively. The assignment of the bands corresponding to DMHy™*
in [DMHy]Mn(HCOOQO); crystal is based on our DFT calculations and previous ab ini-
tio calculations for DMHy molecule performed by Durig et al. [41]. The positions of
vasCH3, vsCHj3, vasINHy and vsNH; bands for [DMHy]Mn(HCOO); are in good agree-
ment with the calculations. Weak bands between 3039 and 3054 cm ™!, not present for
DMHy, were assigned to VNH*. They are expected to be observed at lower wavenum-
bers than v,sNH; and vsNH; bands because the -NH" group is able to form stronger
HBs [2]. The remaining stretching vibrations, v,sCNC, v¢CNC and vNN, are located
in the 990-1002, 820-832 and 1089-1098 cm ! range, respectively. The position of the
vsCNC bands is in good agreement with previous studies, i.e., this band was observed
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at 874 cm~! for [MHy]Mn(HCOO)3 [20], 877 cm~! for [MHy]Mn(H,POO); [42], 868 and
871 cm ™! for [MHy]PbBrs [43] and 881 cm~! for [MHy]PbCl;3 [44]. The antisymmetric
counterpart was previously observed at 1010 cm™~! for [MHy]Mn(H,POO)3 [42], 1004 cm™!
for [MHy]PbBr; [43] and 1011 cm ! for [MHy]PbCls [44]. For the [MHy]Mn(HCOO)s
crystal, this vibration was assigned to bands observed near 1092 cm~! [20], but our DFT

and previous ab initio calculations [41] showed that bands observed in the 1089-1098 cm

-1

range for [DMHy]Mn(HCOO);3 originate from vNN. This mismatch relates to a different
division into normal vibrations of the skeleton.

(a)

Absorbance (arb. u.)

nujol

" Fluorolube

ATR

(b)

Raman intensity (arb. u.)

Le

T T T
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T T
2500
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Wavenumber (cm™")
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Figure 2. RT polycrystalline IR (a) and Raman (b) spectra of [DMHy]Mn(HCOO)3. The shaded fields
correspond to regions where absorption bands of dielectric media (nujol, Fluorolube) or ATR crystal

occur, and therefore, they are not analysed.

Table 1. The tentative assignments of IR and Raman bands observed for polycrystalline [DMHy]Mn(HCOO)3.

Raman IR (ATR) IR (Nujol) IR (Fluorolube) Assignment
3286vw 3306sh, 3279w 3312w, 3283w 3310w, 3283w vasNH,
3173w 3157w 3171w 3170w vsNH,
3052sh, 3041w 3054vw, 3040vw 3054vw, 3039vw 3052sh, 3039sh vNH*
3025m 3027vw 3025vw 3025w vasCHj
2968sh, 2963m, 2926m 2952sh, 2936vw * 2953sh, 2931w vsCH3
2851sh, 2844w, 2831sh 2832w * 2858w, 2843sh, 2826sh Vi
2710w, 2676sh, 2715w, 2674w, 2639sh, 2717w, 2675vw, 2639sh,
2732sh, 2712w, 2684sh 2534vw, 2498vw 2540vw, 2495vw 2540vw, 2494vw VNH; + YNH® + 0 + cb
1654vw 1639sh 1644sh 1642sh ONH,
1578vw, 1560vw 1574vw 1591vs 1593vs vy + SNH*
1480w, 1469w, 1445w 1478m, 1468m, 1447sh * 1477w, 1467w, 1446vw 8asCH3
1439sh, 1412w 1436vw, 1411vw * 1436vw, 1411vw 5sCHj3 + yNH*
1365vs 1363sh * * V5
1345sh 1347vs 1352s, 1342sh * vy + pNHj
1243vw, 1217vw, 1244w, 1217w, 1202w, 1246w, 1217w, 1201vw, . CH
1202vw, 1145vw 1149vw 1146sh s
1098vw 1089w 1093w * pCHj3 + VNN
1065w 1056w 1058w * Vg
1002vw, 991w 1002w, 991w 1002w, 990vw * vasCNC
957w, 946w, 937vw 957w, 946vw 958w, 946w * wNH,
832m, 823m 821w 820vw 820vw v¢CNN
789m 788vs 792s 792m V3
507vw 506w 504w * SCNC
442vw, 421w 442sh, 421w 441w, 419w * SCNN
219sh 282s,233m TNH; + TCHj + Im
198sh, 177s, 144s 191s, 161sh Im

Key: v, stretching; 8, bending; p, rocking; v, out-of-plane bending; w, wagging; T, twisting; vs, very strong; s, strong; m, medium; w,
weak; vw, very weak; v1—vg, internal vibrations of formate ion (see description in text); *, regions of absorption related to the medium; o,
overtones; cb, combinational bands; Im, lattice modes.
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The assignment of bending vibrations of the skeleton is undoubted since they cover
the spectral range free of any other vibrational bands. In this manner, bands in the 419-442
and 504-507 cm~! were ascribed to SCNN and SCNC, respectively. The lack of SCNC bands
for MHy" analogues and the presence of SCNN ranging from 437—444 cm ™! [20,42,43]
confirms this assignment.

The bending vibrations of the amino group are expected to be broader than bands cor-
responding to the methyl group, and therefore, we assign bands observed in the 1639-1654
range to SNH,. For other formate perovskites, they were observed in similar ranges, i.e.,
1589-1654 cm ! [20]. For non-formate analogues, the bending vibrations of protonated
amino groups were observed 21-55 cm ! lower than §NH, [42,43]. Therefore, in the case of
[MHy]Mn(H,POO)3, the SNH™ bands are expected to coincide with bands corresponding
to the v4 vibrations of formate ions. The distinction between the broad pNH,, wNH,
and T™NH; bands is more tentative in the literature, but our DFT results and previous ab
initio calculations [41] are in good agreement. We found these vibrations in the 1342-1352,
937-958 and 219-282 cm ! ranges, respectively. According to our DFT data, the yYNH*
vibration is expected to contribute to bands at 1374 (1396) cm~ ! and 1419 (1422) cm™! in
an anharmonic (scaled harmonic) model. Therefore, we assign weak and broad bands in
the 1411-1439 cm ™! range to this vibration.

Vibrations of the methyl groups are expected to be less sensitive to the surroundings
than vibrations of the amino groups. The bending modes (8,sCH3 and 6;CH3) can be
assigned to the IR and Raman bands observed in the 1445-1480 and 1411-1439 cm ™!
range, respectively. They were previously observed in similar ranges, i.e., 1454-1478
and 1421-1433 cm ™! [20,42]. The pCH3 and TCHj bands were found between 1098 and
1246 cm~! as well as between 219-282 cm ™!, respectively. These ranges are in a good
agreement with reported values for [MHy]Mn(HCOO); and [MHy]Mn(H,POO)3, namely
1092-1234 cm~! (pCH3) and 210-237 cm~! (tCH3) [20,42]. Bands located below 240 cm !
are assigned to lattice modes (Table 1).

3.5. Temperature-Dependent IR and Raman Spectra

The thermal evolution of Raman spectra (measured from single crystal) and poly-
crystalline IR spectra (measured as a suspension in Fluorolube and nujol) is presented in
Figure 3. The observed wavenumbers at 80 and 300 K are listed in Table S4. To obtain more
detailed information on the PT mechanism, the fitting of the IR and Raman spectra was
conducted through the deconvolution of complex contours to Lorentzian curves.

3.5.1. Internal Modes of Formate Ions

The resulting positions and full widths at half maximum (FWHM) of the IR and Raman
bands corresponding to formate linkers are presented as a function of temperature in
Figure 4. During the PT (on heating), the IR (Raman) bands above 2840 cm ! corresponding
to the v; mode exhibit upshifts by 1.8-6.5 cm™! (3.9 em™1), while bands below this limit
downshift by 2.1 cm~! (8.4 cm™1) (Figure 4a). The sensitivity of bands to the PT is also
manifested as a significant broadening by 7.2-7.9 cm ™! (Figure 4b). Similar co-occurrence
of positive and negative shifts is observed for the vs and v¢ bending vibrations. The
hardening (softening) of the corresponding IR and Raman bands during the PT on heating
does not exceed 2.4 cm~! (1.4 cm™!). The corresponding increase in FWHMs for these

modes ranges from 2.9 to 6.2 cm ™.
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Figure 3. Temperature-dependent Raman spectra measured form single-crystal in the
(a) 50-750 cm~—1, (b) 750-1500 cm~! and (c) 2650-3400 cm 1! ranges compared to temperature-
dependent polycrystalline IR spectra measured in nujol (d) and Fluorolube (e). The grey range
in (d) was not analysed due to the coexistence of bands corresponding to the nujol and sample.

The v, and v4 bands corresponding to stretching modes involving oxygen atoms
exhibit downshifts by 1.1-4.2 cm~! and upshift by 4.1 cm ™!, respectively, at the PT tem-
perature. The v4 and one of the v, Raman bands exhibit strong broadening at the PT
temperature upon heating, by 14.7 cm~! and 7.7 cm~!, respectively. Interestingly, the
second v, Raman band exhibits unusual narrowing by 3.5 cm 1.

The bending COC modes (v3) seem to be less sensitive to the occurring structural
transformation. Shifts of IR and Raman bands during the PT are weaker than 0.4 cm ™!,
and the broadening of the 790 cm~! Raman band (1.6 cm™!) is the lowest among all vi—vg
bands. Selected detailed ranges of temperature-dependent Raman spectra corresponding

to the v1—v¢ formate anion internal modes are presented in Figure S3.

3.5.2. Internal Modes of DMHy* Cation

The results of fitting of IR and Raman bands corresponding to DMHy" cation (po-
sitions and widths of the bands) are presented as a function of temperature in Figure 5.
The details of IR and Raman spectra corresponding to DMHy™* vibrations are presented in
Figures 54 and S5.
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Figure 4. The temperature evolution of selected Raman (circles) and IR (triangles) wavenumbers (a,c)
and bandwidths (b,d) of bands corresponding to the vy, v, + v5 (a,b) as well as to v3, v4 and v¢ (b,d)
stretching vibrations of formate linkers. Horizontal dashed lines separate ranges of vi—vg modes,
vertical grey lines correspond to the PT temperature.

Two Raman bands observed above 3260 cm ™!, corresponding to the vasNH, modes,

exhibit weak shifts (less than 2.5 cm~!) at the PT temperature (Figure 5a). Almost no
changes at the PT temperature are also observed for the IR counterparts. Raman bands
corresponding to the vsNH; and wNH; modes are significantly more sensitive, i.e., they
exhibit upshift by 10.8 cm~! and downshift by 8.7 cm ™!, respectively. They also disclose
significant broadening by ca 14.1 cm ! and 49.5 cm ™!, respectively (Figure 5b). The shifts
observed for the VNH* modes are up to 8.0 cm ™.

Shifts observed for the Raman-active v,sCH3 and vsCHs modes are also strong, up to
12 em~ 1. The rocking vibrations exhibit weaker changes and seem to be less affected by the
PT. The only exception is the 1202 cm ! mode (at 300 K), for which the upshift on heating
is equal to 11.5 cm~!. The VCNN skeleton vibrations are weakly affected by the PT.
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Figure 5. The thermal evolution of positions (a,c,d) and widths (b) of selected Raman (circles) and IR
(triangles) bands corresponding to stretching and wagging vibrations of NH; and NH* groups (a,b),
stretching vibrations of CHj (c) and stretching vibrations of CNN skeleton and rocking vibration of
CHj; group (d). Horizontal dashed lines separate ranges of different modes, and vertical grey lines
correspond to the temperature of PT.

3.5.3. Lattice Modes

Figure 6 and Figure 56 show the temperature dependence of Raman bands observed
in the 50-225 cm~! range corresponding to the lattice modes. They exhibit the most
significant changes during the PT. As one can see, after heating to 240 K, a few bands
disappear. Furthermore, a large increase in bandwidth is observed (see Figure 6). Similar to
the internal modes, they exhibit either up- or down-shifts. The strongest softening during
the heating, by 6.7 cm 1, is observed for the lowest wavenumber mode located at 72 cm !
(at 80 K). A weaker decrease in energy at the PT temperature, by 2.3, 0.9 and 0.7 cm L
is observed for the 86, 136 and 227 cm~! bands. The 180 cm ™! band is nearly insensitive to
the change of temperature, while that at 208 cm ! slightly hardens at 240 K, by 1.2 cm 1.
Details of temperature-dependent Raman spectra corresponding to the range of lattice
modes are presented in Figure S6.
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4. Discussion

All observed dependencies show clear jumps at 240 K, evidencing the PT. A sudden
character of these changes points to the first-order nature of this transformation. According
to the selection rules, the P21 /n—P2; /n isosymmetric PT in [DMHy]Mn(HCOO); should
not lead to any splitting or appearance of new bands for DMHy* and HCOO™ ions.
Nonetheless, some minor splitting of many internal modes below PT is evidenced. This
effect is related to the thermal narrowing of closely lying and superimposed vibrational
bands that become well separated at lower temperatures. On the other hand, factor group
analysis showed that significant changes are expected for lattice modes with a strong
contribution of T'(Mn?*). Indeed, pronounced changes upon cooling are observed for
bands located below 225 cm™~!. Our experiment shows that 6 of 12 Raman bands in this
region disappear upon heating, which is in good agreement with our predictions. All 6
Raman-active T'(Mn?*) modes (3Ag + 3Bg) in the LT phase become solely IR-active because
of a change of symmetry to A, and By,.

Such a strong splitting observed below 225 cm ™! confirms a strong deformation of
the MnQOg octahedra in the LT phase. Since lattice modes are strongly coupled and in-
volve librational and translational vibrations of all crystal units, this effect reflects also
a strong deformation of the whole manganese—formate framework. This conclusion is
further supported by the strong broadening of the v4 mode corresponding to the antisym-
metric stretching vibration of CO groups and the low sensitivity of the v3 bending COC
mode. The co-occurrence of up- and down-shits, observed in the same type of vibrational
modes corresponding to the formate ion, suggests the presence of a few symmetrically
independent formate linkers in the unit cell that have slightly different distortions before
and after PT. The crystallographic data reported at 100 and 300 K are consistent with the
spectroscopic data [2]. They show three different formate linkers in both LT and HT phases
that have different susceptibility to structural distortions. At 300 K, two of them have
increased C-O bonds by 1.4-1.8% and the COC angle by 2.6% in comparison to the LT
phase, while the third linker has one weakly increased C-O distance (0.8%) and one strongly
elongated (2.4%) C-O bond. The corresponding COC angle remains weakly affected by
about 0.4% [2]. This phenomenon and co-occurring wide range of changes corresponding
to Mn-O distances, from —0.36 to 0.19%, explain well the observed up- or down-shifts of
vibrational bands corresponding to lattice modes and formate linkers.

Large broadening observed in the lattice mode region is also caused by the disordering
of DMHy" interplaying with the re-arrangement of HBs. This effect is most clearly visible
for bands corresponding to both amino groups. A strong broadening at the PT temperature
evidences the highly dynamic nature of this PT. Both IR and Raman bands corresponding
to the vNH; stretching modes experience shifts and sudden broadening at the PT during
heating. In particular, IR and Raman bands corresponding to the vsNH; and v,sNH,
vibrations harden when going from the LT to the HT phase. This behaviour is strong
evidence that the strength of HBs created by unprotonated amino groups is lower in the
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HT phase. In contrast to this behaviour, bands corresponding to the vVNH* modes soften
during the PT on heating. This indicates that the HBs related to the protonated amino
group become stronger in the HT phase, in agreement with the crystallographic data [2].
Furthermore, this behaviour proves that both types of amino groups play a crucial role in
the PT mechanism. A significant broadening and change of shape of the vCH3 bands at the
PT temperature can also be attributed to their disorder in the HT phase and their ability to
form weak HBs.

The X-ray diffraction structural analysis showed that in the HT phase, the amino and
methyl groups bonded to the middle N4 atom are disordered; however, one of the N4-(C | N)
bonds is slightly shorter [2]. In the LT phase, the N-N bond is shorter compared to two
N-C bonds, and the conformation of the skeleton is preserved [2]. We suppose, therefore,
that most of the changes observed in the Raman and IR spectra are a consequence of cation
ordering. The ordering of cations, along with the re-arrangement of HBs, because of tight
confinement in the crystal void, forces the simultaneous deformation of the manganese—
formate framework. The order-disorder mechanism is in good agreement with the high
change of PT entropy observed for [DMHy]Mn(HCOO); [2].

5. Conclusions

We have studied phonon properties of manganese—formate framework templated
by DMHy"* cations combining the DFT calculations and the temperature-dependent IR
and Raman spectroscopy as a probe. We have presented selection rules and a correlation
diagram for the LT and HT monoclinic (P21 /1) phases. We have proposed the assignment of
the observed IR and Raman bands to the respective internal and external (lattice) vibrations
based on the DFT calculations performed for the DMHy molecule and its single protonated
cation and the comparative analysis. We have shown that some bands exhibit stronger
anharmonic behaviours and are more sensitive to structural changes.

The detailed analysis of temperature-dependent Raman and IR studies allowed us
to obtain deeper insight into the PT mechanism occurring in this hybrid perovskite. We
have concluded that the unusual isosymmetric order-disorder phase transformation from
one P2, /n to the second P21 /n phase occurring near 240 K has a highly dynamic nature
because of the ordering of DMHy™" ions and re-arrangement of HBs. We have also proved
that this transition has a first-order nature. The observed splitting of lattice modes below
240 K has been explained using selection rules that are slightly different for manganese
ions in both phases.

Certainly, the mechanism of the PT involves the ordering of DMHy™* cations as sug-
gested in the previous work. However, the analysis of the thermal evolution of particular
bands revealed that the PT mechanism has a more complex nature and is a result of
a few contributions. It involves the simultaneous ordering of the organic cations and
re-arrangement of the HBs network, but without conformational change of the DMHy™*
cations. This ordering and re-orientational motions, because of the tight confinement of
the cations and steric hindrance, forces a strong deformation of the manganese—formate
framework and MnOg octahedra in the LT phase.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma14143984 /51, Table S1: Calculated and experimental bond angles and lengths of DMHy*
cation and DMHy molecule; Table S2: Optical modes in LT and HT phases; Table S3: Calculated
PED and harmonic and anharmonic wavenumbers of DMHy* and DMHy; Table S4: Experimental
IR and Raman bands of LT and HT forms with the assignment; Figure S1: The numbering of
atoms in DMHy* and DMHy; Figure S2: Calculated IR and Raman spectra of DMHy* and DMHy;
Figure S3: Raman bands corresponding to vibrational modes of the formate anion; Figure S4: Details
of temperature-dependent Raman spectra, corresponding to vibrational modes of DMHy™* cation;
Figure S5: Details of temperature-dependent IR spectra, corresponding to vibrational modes of
DMHy™ cation; Figure S6: Raman bands corresponding to lattice modes.
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Supplementary Material
Mechanism of Unusual Isosymmetric Order-Disorder Phase

Transition in [Dimethylhydrazinium]Mn(HCOO)s; Hybrid Per-
ovskite Probed by Vibrational Spectroscopy

Jan Albert Zienkiewicz, Edyta Kucharska and Maciej Ptak

Table S1. Selected calculated and experimental bond lengths (A) and bond angles (°) of dimethylhydrazinium cation
(DMHy") compared to calculated values obtained for dimethylhydrazine molecule (DMHy).

DMHy" cation DMHy molecule
Experimental (300 K, 100 K)

Bond length / angle Calculated 1] Bond length / angle Calculated
N1-N4 1.450 1.4268 (34), 1.4475 (34) N1-N4 1.431
N1-H2 1.017 0.8899 (35)-0.8903 (27), N1-H2 1.013
N1-H3 1.017 0.9852 (28)-1.0008 (25) N1-H3 1.024
N4-C5 1.504 1.4766 (34), 1.4897 (42) N4-C5 1.456
N4-C10 1.503 1.4722 (44), 1.4878 (40) N4-C9 1.455
N4-H9 1.021 0.9781 (18), 0.9802 (25)

C5-Hé6 1.086 0.9597 (30)-0.9601 (28), C5-H6 1.090
C5-H7 1.087 0.9595 (31)-0.9603 (34) C5-H7 1.091
C5-H8 1.086 C5-H8 1.105
C10-H10 1.087 0.9593 (38)-0.9604 (41), C9-H10 1.103
C10-H11 1.086 0.9594 (27)-0.9603 (29) C9-H11 1.090
C10-H12 1.085 C9-H12 1.087
N1-N4-C5 115.46 110.966 (218)-112.655 (238), N1-N4-C5 112.51
N1-N4-C10 108.69 109.041 (215)-114.215 (227) N1-N4-C9 108.53
C5-N4-C10 112.70 110.984 (219), 111.226 (233) C5-N4-C9 111.99
N4-N1-H2 107.90 109.445 (311)-109.528 (319), N4-N1-H2 107.38
N4-N1-H3 107.29 102.431 (219)-111.051 (226) N4-N1-H3 109.99
N4-C5-Hé6 108.58 109.453 (246)-109.485 (246), N4-C5-Hé6 109.61
N4-C5-H7 108.85 109.473 (246)-109.510 (322) N4-C5-H7 109.88
N4-C5-H8 108.19 N4-C5-H8 112.49
N4-C10-H10 110.62 109.437 (281)-109.506 (258), N4-C9-H10 108.47
N4-C10-H11 108.53 109.447 (258)-109.498 (254) N4-C9-H11 109.42
N4-C10-H12 107.87 N4-C9-H12 108.94
C5-N4-H9 108.22 107.527 (186), 107.334 (236)
N1-N4-H9 104.41 109.223 (218)-107.363 (227)

Materials 2021, 14, 3984. https://doi.org/10.3390/ma14143984 www.mdpi.com/journal/materials



Materials 2021, 14, 3984

2 0f 8

Table S2. The correlation diagram showing the correspondence between the optical modes in the LT (HT) phases of

[DMHy]Mn(HCOO)s.
. . Free ion . Factor group symmetry
Ion Vibration Site symmetry
symmetry LT (HT)
C=1(Ci=1) C2=2/m (C2n=2/m)
Mn?* T - 3A (3Au) 3Ag+3Au+3Bg + 3Bu (6Au + 6Bu)
Cs C=1 Con=2/m
vsNH2 A’ A Ag+ Au+Bg+Bu
VasNH2 A” A Ag+ Au+Bg+Bu
ONH:2 A’ A Ag+ Au+Bg+Bu
oNH: A” A Ag+ Au+Bg+Bu
tNH2 A” A Ag+ Au+Bg+Bu
wNH2 A’ A Ag+ Au+Bg+Bu
vNH A A Ag+ Au+Bg+Bu
ONH A’ A Ag+ Au+Bg+Bu
DMHy* YNH A” A Ag+ Au+Bg+Bu
vsCHs A"+ A" 2A 2Ag+2Au + 2Bg + 2Bu
vasCH3s 2A" +2A” 4A 4Ag + 4Au + 4Bg + 4Bu
0sCHs A +A” 2A 2Ag+ 2Au + 2Bg + 2Bu
0asCH3 2A"+2A” 4A 4Ag + 4Au + 4Bg + 4Bu
oCHs 2A" +2A” 4A 4Ag+ 4Au + 4Bg + 4Bu
tCHs A"+ A" 2A 2Ag+2Au + 2Bg + 2Bu
vNN A’ A Ag+ Au+Bg+Bu
vCN A +A” 2A 2Ag+ 2Au + 2Bg + 2Bu
OCNN A+ A" 2A 2Ag +2Au + 2Bg + 2Bu
OCNC A’ A Ag+ Au+ Bg + Bu
T 2A" + A” 3A 3Ag+3Au+3Bg + 3Bu
L A’+2A” 3A 3Ag + 3Au+ 3Bg + 3Bu
Co=mm2 C=1 Can=2/m
Vi Ai 3A 3Ag+3Au+3Bg + 3Bu
V2 Ax 3A 3Ag + 3Au+3Bg + 3Bu
V3 Ai 3A 3Ag+3Au+3Bg + 3Bu
HCOO- Vi B1 3A 3Ag + 3Au + 3Bg + 3Bu
Vs B1 3A 3Ag+3Au+3Bg+ 3Bu
V6 B 3A 3Ag + 3Au + 3Bg + 3Bu
T A1+Bi1+B2 9A 9Ag + 9Au + 9Bg + 9Bu
L A2+ Bi1+ B2 9A 9Ag +9A. +9Bg + 9Bu

Key: red: IR-active modes, blue: Raman-active modes, green: IR- and Raman-active modes.
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Table S3. Calculated harmonic (vn) and anharmonic (van) wavenumbers for dimethylhydrazinium cation (DMHy*) and
dimethylhydrazine molecule (DMHy) as well as potential energy distribution (PED) of the respective predominant modes.

DMHy* Cation DMHy Molecule
Vh % 1 Vah ° Vh % ™ Vah °
(e vh* (cm™) (e PED (%) (e vi* (cm™) (e PED (%)
3556 3414 3389 VasNH2-100 3532 3391 3344 VasNH2-100
3470 3331 3363 vsNH2-98 3345 3211 3148 vsNH2-100
3445 3307 3288 vNH*95
3190 3062 3047 vasCH3-100 3129 3004 2984 vasCH3-100
3174 3047 3030 VasCH3-99 3099 2975 2946 VasCH3-99
3172 3045 3028 vasCH3-100 3071 2948 2946 vasCH3-100
3165 3038 3022 vasCH3-100 3059 2937 2933 VasCH3-99
3083 2960 2983 vsCH3-100 2920 2803 2746 vsCH3-99
3074 2951 2971 vsCH3-100 2905 2846 2723 vsCH3-99
1685 1651 1658 SNH2-99 1670 1637 1612 SNH2-99
0asCH3-70 + pNH2-14 +
1515 1484 1467 SNH-13 1513 1482 1468 8asCH5-98
1512 1482 1464 8asCH3-85 1497 1467 1462 8asCH5-98
1497 1467 1462 8asCH3s-66 + SNH*-24
1492 1462 1442 8asCH5-79 + ONH*-16 1495 1466 1449 8asCH3-98
1481 1451 1442 8.sCHs-79 + SNH*-16 1483 1453 1448 8asCH3-99
1473 1444 1438 8:CHs-96 1463 1434 1422 8sCHs-98
1452 1422 1419 &sCH3-89 + YNH*-11 1439 1410 1414 8sCHs-100
1424 1396 1374 YNH*-66 + 8:CHs-34
1359 1332 1321 PCHA3H p1\£{z-40 FONH- 4 1314 1296 ONH:-77 + vCN-17
1255 1230 1212 pCHs-81 + vNN-10 1284 1258 1245 pCHs-71 + pNH2-29
1218 1194 1178 pCHs-71 + oNH2-17 1241 1217 1202 pCHs-47 + oNH2-47
1138 1116 1112 pCHs-74 + pNH2-19 1167 1144 1137 pCHs-81 + pNH2-11
1060 1039 1026 pCHs-48 + oNH2-45 1115 1093 1087 pCHs-98
1050 1029 1025 pCHs-67 + a)l\llé—lz-Zz +yNH* 1080 1058 1046 pCHs-50 + wl;I(I)—Iz-SO +VvNN-
958 938 923 vCN-95 1029 1008 1005 pCH3-53 + vasCNC-45
VNN-41 + vCN-31 + oNHo2- ®NH2-49 + vasCNC-28 +
915 897 867 2% 950 931 898 VNN-19
793 777 766 vCN-64 + vNN-30 816 799 788 VNN-44 + vsCNC-58
475 466 467 SCNN-89 464 455 454 SCNC-96
426 417 425 SCNN-90 428 420 429 SCNC-99
391 384 364 SCNC-63 + SCNN-27 399 391 371 6CNN-72 + 6CNC-27
264 259 231 TCH3-99 300 294 318 TNH2-98
262 257 216 TNH2-99 273 268 299 TCHs-100
216 212 200 TCHs-100 247 242 287 TCH3-98

* scaling factor, 0.9800 (0-2499 cm™), 0.96 (2500-3600 cm™); key: v, stretching; 8, bending; p, rocking; 7, out-of-plane bending; ®,
wagging; T, twisting
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Table S4. The comparison of IR (polycrystalline) and Raman (single crystal) bands observed at

80 and 300 K for

[DMHy]Mn(HCOO)s.
Raman (80 K) Raman (300 K) IR (80 K) IR (300 K) Assignment
3307sh, 3272vw 3320sh, 3286vw 3352vw, ;;;;X 3262m, 3312w, 3283w VasNH2
3156w 3176vw 3195vw, 3161m, 3135w 3171w vsNH2
3062w, 3039sh, 3036m 3055sh, 3044w 3074vw, 3057vw, 3046vw 3054sh, 3039sh vNH~*
3018m 3025m 3035sh, 3021w 3025w vasCH3
2974m, 2958sh, 2948m,  2974sh, 2964m, 2950sh, . . . . .
2909sh 2928m 2987w?, 2947w?, 2931w 2953sha, 2931w vsCH3
2863wa, 2854sh?, 2844w, 2858sha, 2843sha,
2873s, 2852m, 2 2 2827
873s, 2852m, 2835s 856w, 2827m 2824w 2826w Vi
2778vw, 2740w, 2716w,
’ ’ ’ 2730sh, 2715w, 2674w
2795w, 2724vw, 2703w, 2670w, 2648m, 2628m, ’ ’ ! .
2690vw 2710vw, 2692vw 2602sh, 2584sh, 2550w, 26392521é 525‘4/LVOVW, vNH2+vNH*+o+cb
2531w, 2504w v
1648vw 1654vw 1661w 1648sh ONH:
1583vw 1576vw 1575vs, 1536sh, 1510m 1581vs va+ONH*
1503vw, 1481sh, 1469w, 1482sh, 1469vw » » daCHs
1459w
1440vw, 1401vw 1434vw, 1410vw * * OsCHs+yNH*
1372sh, 1366s, 1359vs 1371sh, 1360s, * * V5
1349m, 1340vw 1353sh * * v2+oNH>
1243vw, 1217vw, 1247w, 1224w, 1197vw, 1244w, 1216w, 1200w,
1243vw, 1220w, 1149w 1143vw 1176w, 1151vw 1171vw QCH:
1084sh, 1077w 1097vw 1100w, 1081w 1093w pCHs+vNN
1063w, 1057sh 1065w, 1058sh 1067w 1059sh 1058w V6
994 w, 989 w 1002 w, 990 vw VasCNC
962w 949vw 966w, 941w 958w, 946w wNH2
839vw, 822m 833vw, 824w 825w 820vw vsCNN
790w 788wm 800sh, 795s, 767sh 792s V3
516vw, 489vw 507vw OCNC
449 vw, 419 vw 443 vw, 420 vw OCNN
30Lvw, 290vw, 251VW, 4 00 210sh, 203sh NHz+ tCHs+ Im
226w, 208w
187sh, 181w, 174sh, 157w,
148w, 136w, 119w, 98w, 179w, 133w, 75sh, 60w Im

85w, 72w

Key: v, stretching; §, bending; p, rocking; v, out-of-plane bending; o, wagging; 1, twisting; vs, very strong; s, strong; m,
medium; w, weak; vw, very weak; vi-vs, internal vibrations of formate ion (see description in text); *, regions of absorption
related to the medium; o, overtones; cb, combinational bands; Im, lattice modes; @ in Fluorolube.
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(a)
Figure S1. The numbering of atoms in the (a) dimethylhydrazinium cation (DMHy*) and (b) dimethylhydrazine molecule

(DMHy).
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Figure S2. The comparison of calculated Raman spectra (a) in harmonic approximation and IR spectra (b) of dimethylhy-
drazinium cation (DMHy*) and dimethylhydrazine molecule (DMHy) in the harmonic (HA) and anharmonic approxima-

tion (AA).

Figure S4. Details of temperature-dependent Raman spectra, corresponding to vibrational modes of DMHy" cation.
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ABSTRACT: We report the synthesis and investigation of the physicochemical -

properties of novel one-dimensional hybrid organic—inorganic chlorides templated f _,D. . 2 43 K

by the methylhydrazinium (MHy") cation, MHyM"Cl, with M" = Mn, Co, and Ni. 1 T
All crystals exhibit a rare [M"CIsN] coordination sphere. They undergo second- . s 2 42 K ol
order klassengleiche structural phase transitions at 242 K (Mn), 227 K (Co), and at ' sl .

223 K (Ni) upon cooling from the high-temperature P2,/m to the low-temperature

P2,/n phase. Dielectric studies showed that the transformation has a weak dielectric P2./n P2./m
response. X-ray diffraction data together with Raman and IR spectroscopy showed 1 1

that the mechanism of phase transitions involves the changes of the metal-chloride

framework, rearrangement of hydrogen bonds, and the different confinement of organic cations in the crystal voids. We show that
the ionic radius (and electronegativity) of the metal ions correlates with structural factors, temperature of phase transition, dielectric
response, hydrogen bond strength, and tolerance factor. The combination of the MHy" cation with the small chloride linker does not
allow achieving the archetypical perovskite-like architecture. Magnetic measurements revealed that MHyCoCl; and MHyNiCl; order
antiferromagnetically below the same Néel temperature of about 3.7 K. The noticeable interplay of antiferromagnetic and
ferromagnetic correlations leads in both systems to metamagnetic phase transitions in H of about 1 kOe. MHyMnCl; showed only
smeared antiferromagnetic ordering at about 5.0 K, with no trace of ferromagnetic correlations up to the highest field studied.
Optical studies showed that all crystals are wide-bandgap materials with bandgaps of 5.34 (Mn), 3.96 (Ni), and 3.64 eV (Co).
Moreover, MHyMnCl, (MHyNiCl,) exhibited red (yellowish-green to orange) photoluminescence under the 450 (375) nm
excitation with the activation energies of 299 (49) meV.

H INTRODUCTION exhibits dielectric switching, strong SHG activity, advanced

. . 2
In recent years, due to the dynamical development of the high thermochromism, and upconversion.” In contrast to Cl and Br,

technology industry, it has become necessary to search for new MHyPbl; adopts a 1D chain structure with edge-sharing

electronic and optoelectronic materials. A lot of attention has octahedra.

been paid to hybrid organic—inorganic materials, coordination Other interesting compounds templated by MHy" are
polymers, and metal—organic frameworks (MOFs). Due to (MHy),PbX, (X = Br, I) adopting layered (2D) structures.
their tunable optical,l’2 electric,® ferroic,*™” switchable The Br analogue exhibits a record low separation of the
dielectric,”® and magnetic’ properties, hybrid compounds inorganic slabs due to a strong network of hydrogen bonds
have garnered increasing attention. Hybrid materials based on (HBs). Moreover, the MHy" cations are related to the
Mn** ions and Cl” linkers have demonstrated multifunctional ferroelectric order, red-shifted excitonic absorption, and a
properties, such as bright luminescence and dielectric response small exciton binding energy.'® The I analogue exhibits

in (Hmpy)MnCl, (Hmpy* = N-methylpyrrolidinium cation),"’

unusually small interoctahedral tilting of the octahedral units,
or ferroelectricity, a large piezoelectric response, photo-

a small band gap, and thermochromism.'® Very recently,
MHy" was also used to synthesize Ruddlesden—Popper
perovskite (BA),(MHy),Pb,Br;, (BA* = butylammonium)

luminescence, magnetic ordering, and spin texture in
(TMCM)MnCl; (TMCM* = trimethylchloromethylammo-
nium cation).

A cation that has lately attracted much attention is MHy"

because it is capable of fitting into the crystal voids of the lead- Received: July 11, 2022
halide frameworks with a rare 3D architecture, in MHyPbX; Revised:  September 1, 2022
(X = Cl, Br).”"” Both analogues show order—disorder phase Published: September 13, 2022

transitions (PTs) and the presence of polar orders related to
the MHy* cations.”'*"> The chloride analogue shows
quadratic nonlinear optical switching.'” The bromide analogue

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpcc.2c04893

v ACS PUblicatiOnS 15809 J. Phys. Chem. C 2022, 126, 15809—15818
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with 3D stacks intercalated by MHy* and spaced by BA*
cations."”

As one can see, there is a large variety of available structural
motifs that can be created by the relatively small MHy" cation.
Due to the limitations of the 3D perovskite architecture, low-
dimensional materials are given a lot of consideration.
Recently, Stoumpos et al. introduced the term perovskitoids
in the field of material science to describe compounds having
the ABX; stoichiometry and edge-, corner-, or face-sharing
connectivity between octahedral units."*'” A quite widespread
feature of perovskites and perovskitoids is the presence of
structural PT's triggered by the collective ordering of molecular
cations, a deformation of the framework and reorganization of
the HB network.”"*

The large perspective of our research is to study the
physicochemical behavior of low-dimensional perovskitoids
with tolerance factors (TFs) that approach or exceed the
boundary conditions for 3D perovskites. In this work, we
present a series of transition metal-based hybrid halides
described by the general formula MHyM"Cl,. Despite the
stoichiometry, combining the MHy" cation with relatively
small metal cations results in TF values greater than 1,
preventing the formation of an archetypical perovskite
structure. Instead, 1D chain structures with a rare [MHCISN]
coordination sphere are preferred. It provides us a great
opportunity to investigate differences between the behavior of
MHy" inside the coordination sphere of a metal cation and in
the voids between metal-halide octahedra described in
previous works. It should be noted that for 3D perovskites,
MHyPbCl; and MHyPbBr;, the Pb—N short contact (ca. 3 A)
is also present; however, the N atoms do not enter directly the
octahedral coordination sphere [PbX;] of halides.”'” In
contrast, the [M"X,N] type of coordination was reported for
hydrazinium® (X = Cl, Br) and 1,1,1-trimethylhydrazinium
cations (X = Cl).”!

In this work, we performed a thorough physicochemical
analysis of the thermal, structural, dielectric, vibrational,
optical, and magnetic behavior of three novel perovskitoids,
MHyM"Cl; (M" = Mn, Co, Ni). DSC measurements provided
preliminary information regarding the nature of PTs, which
was extended upon by determining the crystal structure using
X-ray diffraction (XRD) measurements. Complementary
methods of vibrational spectroscopy (temperature-dependent
Raman and IR spectroscopy) provided us with a deeper insight
into the mechanisms of PTs. This physicochemical inves-
tigation was expanded by looking into dielectric, optical, and
magnetic properties.

B EXPERIMENTAL SECTION

Materials and Synthesis. Methylhydrazine (98%, Sigma-
Aldrich), hydrochloric acid (35—38%, Avantor Performance
Materials Poland), manganese(II) (96%, Sigma-Aldrich),
cobalt(II) (98%, Sigma-Aldrich), and nickel(II) (98%,
Sigma-Aldrich) chlorides were obtained commercially and
used without further purification.

In order to grow MHyM"Cl, crystals, 1 mmol of M"Cl, was
digested in hydrochloric acid. Next, methylhydrazine (1.5
mmol, 0.2 mL) was added to this solution dropwise. The
obtained mixture was kept undisturbed at RT in order to
slowly evaporate the solvent. The pinkish (Mn), blue (Co),
and brownish-orange (Ni) crystals were harvested from the
mother solution after 7—30 days and dried in the air.

X-ray Diffraction. Single-crystal X-ray diffraction (SC-
XRD) experiments were carried out with MoKa radiation
using an Xcalibur Atlas diffractometer. Absorption was
corrected by multiscan methods, CrysAlis PRO 1.171.39.46
(Rigaku Oxford Diffraction, 2018). Empirical absorption
correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm, was applied. Refine-
ment was on 65 parameters. H atom parameters were
constrained. The crystal structure was solved in Olex2 1.3
using SHELXT-2014/4 and refined with SHELXL-2018/3
(see Appendix 1, Supporting Information).””** The exper-
imental details and selected geometric parameters are
presented in Tables S1—S4. The CIF files of all structures
can be found in the CCDC Database with deposition nos.
2047530, 2047532—2047536.

Powder X-ray diffraction (PXRD) patterns were taken of all
samples on an X'Pert PRO X-ray diffraction system equipped
with a PIXcel ultrafast line detector and Soller slits for CuKa,
radiation (4 = 1.54056 A). The powders were measured in the
reflection mode; the X-ray tube settings were 30 mA and 40
kv.

Thermal Properties. Heat capacity was measured using a
Mettler Toledo DSC-1 calorimeter. The weights used for
measurements were equal to 23.75, 32.19, and 21.71 mg for
MY = Mn, Co, and Nj, respectively. Nitrogen was used as the
purge gas, and the heating and cooling rate was 5 K min~".

Dielectric Properties. The complex dielectric permittivity
of the pelletized polycrystalline samples was measured as a
function of temperature with a parallel plate capacitor coupled
to a broadband impedance Novocontrol Alpha analyzer. The
samples were dried, and then silver paste was spread on their
surfaces to ensure good electrical contact with the electrodes.
The AC voltage with an amplitude of 1 V and a frequency in
the range of 1—10° Hz was applied across the samples, and the
measurements were taken over the temperature range of 170—
270 K at every 1 K during the cooling cycle.

Vibrational Properties. Room-temperature (RT) and
temperature-dependent (80—400 K) Raman spectra of
randomly oriented single crystals were measured in the
3500—50 cm™' range using a Renishaw inVia Raman
spectrometer equipped with a confocal DM2500 Leica optical
microscope, a thermoelectrically cooled CCD as a detector,
and an Ar" jon laser operating at 488 nm. A Linkam THMS600
heating/freezing stage was used to control the temperature.
The RT IR spectra were measured as a suspension in nujol
(mineral oil) in mid-IR (4000—400 cm™") and far-IR (400—50
cm™") regions using a Nicolet iS50 infrared spectrometer. The
temperature-dependent mid-IR (3500—600 cm™') spectra
were measured using a Nicolet iN10 infrared microscope.
The temperature was controlled using a Linkam THMS600
heating/freezing stage equipped with ZnSe windows. The
spectral resolution of all IR and Raman measurements was set
to 2 cm™.

Optical Properties. The absorption measurements were
performed in the back scattering mode using an Agilent Cary
5000 spectrophotometer. The temperature-dependent emis-
sion spectra were measured with the Hamamatsu photonic
multichannel analyzer PMA-12 equipped with a BT-CCD
linear image sensor. The laser diodes operating at 375 and 450
nm were applied as excitation sources. The luminescent decay
profiles were recorded using a femtosecond laser (Coherent
Model Libra) generating excitation fluence to be 0.44 yJ/mm?*
and 031 yJ/mm’ for 375 and 450 nm excitation lines,
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respectively. The temperature of the samples during emission
and kinetics measurements was controlled by the Linkam
THMS600 heating/freezing stage.

Magnetic Properties. Magnetization of randomly oriented
single crystals of MHyMnCl;, MHyCoCl;, and MHyNiCl,
(from 20 to 70 mg in total) was measured using a commercial
Quantum Design MPMS XL magnetometer from room
temperature down to 2 K and in applied magnetic fields up
to 70 kOe. The diamagnetic background coming from a
sample holder was found to be weak and negligible in
comparison to the signal coming from the samples; hence, its
subtraction was omitted. Moreover, no diamagnetization
corrections were made to the data reported here.

B RESULTS AND DISCUSSION

Thermal Properties. Heat flow measurements carried out
at a rate of S K min~' show reversible temperature anomalies
upon heating and cooling for all investigated samples (Figure
S1). The excess specific heat (AC,), calculated from the heat
flow data on heating/cooling, shows the presence of anomalies
at 243/242 K (Mn), 229/227 K (Co), and 224/223 K (Ni)
(Figure 1 and Table 1). All observed AC, peaks related to PT's
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Figure 1. Temperature dependence of excess specific heat (ACP)
related to PTs for Mn (green), Co (red), and Ni (yellow) in the
heating mode. The inset shows the corresponding changes of entropy

(AS).

Table 1. Comparison of Selected Parameters for MHyM"Cl,
(M™ = Mn, Co, Ni)

Mn Co Ni
T.” (K) 243/242 229/227 224/223
AS (J mol™' K1) 3.1 2.1 22
M'_NH,"” (&) 2.365 2.194 2.116
MHy-cage mode (cm™) 51§ 563 59§
Vit (A% 1712 162.1 158.4
E, (eV) 5.34 3.96 3.64
E, (meV) 299 - 49
TF 1.16 123 126

“Heating/cooling. *In 1, T,, temperature of the PT; AS, change of
entropy; Vg, volume per formula unit; E, band gap energy; E,
activation energy; TF, tolerance factor.

are strongly asymmetric. The corresponding changes in
entropy (AS) decrease gradually with the temperature,
suggesting the second-order nature of PTs (see Appendix 2).

The experimental values of AS on heating were estimated to
be 3.1 J mol™' K™' (Mn), 2.1 J mol™! K™! (Co), and 2.2 ]
mol™'K™! (Ni) (see Table 1). These AS values inserted into
the Boltzmann formula AS = R In(N) give a low value of N
parameter (1.3—1.4), suggesting that the mechanism of PT is
not associated with molecular ordering.

Dielectric Properties. As the thermal data revealed the
presence of one PT in each sample, dielectric measurements
were performed to elucidate the relationship between PTs and
dielectric anomalies. The resulting dielectric permittivity &’
spectra exhibit small inflections for all samples that are most
pronounced at higher frequencies (Figure 2). They correspond

14.54 Mn :: 2 y‘ F

Dielectric permittivity &'
5

175 200 225 250
Temperature (K)

Figure 2. Real part of dielectric permittivity vs temperature at selected
frequencies between 1 Hz and 1 MHz. Blue arrows indicate the PT
temperatures obtained from DSC traces.

well to the thermal anomalies determined by DSC measure-
ments. The total increase in &’ with increasing temperature is
caused by ionic or electronic conductivity. Similar behavior has
been previously noted for some hybrid organic—inorganic
compounds.”'>**

Single-Crystal X-ray Diffraction. All MHyM"Cl, (M" =
Mn, Co, Ni) structures crystallize at RT in the monoclinic
centrosymmetric P2,/m space group (phase I) with Z = 2 (see
Table S1). The motif of I is composed of parallel chains of the
edge-sharing [M"CI;N] octahedra propagating along the [010]
direction (Figures 3a,b). MHy" cations are ordered, and the
N(1) atoms from the terminal NH, groups of MHy" cocreate
with CI™ anions the coordination sphere of M. The N—H---Cl
HBs and long-range forces (turquoise dashed lines in Figure
3a) between both NH, groups and Cl~ ions stabilize the crystal
structure. The M"—NH, distances in I are 2.365 (Mn), 2.194
(Co), and 2.116 A (Ni), which are below the maximum limit
for the M"—NH, coordinate bonds (Figure S2 and Table S2).
Considering the alignment of the inorganic part, two types of
chlorine positions can be distinguished, namely, bridging and
nonbridging ones. The nonbridging ligands lie on the mirror
plane m, whereas the bridging ones adopt general symmetry
sites (C,). For all structures, the terminal M"—Cl distances are
shorter, i.e., 2.446 (Mn), 2.390 (Co), and 2.397 A (Ni), while
the bridging ones are longer, namely, 2.540 A (Mn), 2.460
(Co), and 2.418 A (Ni) (see Table 1). These values are typical
for the coordination compounds with the above metal centers
and ClI ligands.”>*°
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Phase | (RT)

Phase Il (LT)

Figure 3. Crystal structure of MHyM"CL;; (a) Phase I with N—H---Cl
interactions marked as turquoise dashed lines, (b) [M"CI,N],, chains
of edge-sharing octahedra propagating along the [010] direction, (c)
the distortion of [M"CI;N], chains due to the symmetry reduction.

It is noteworthy that the coordinating nature of MHy" favors
the edge-sharing connections between mixed octahedral
spheres of [M"CI;N]. The other common cations, A = MA*
(methylammonium), DMA* (dimethylammonium), TMA*
(tetramethylammonium), GA" (guanidinium), or FA* (for-
mamidinium), prefer to form face-sharing chains in AM"Cl,
(M" = Mn, Ni) perovskitoids.”” >

When lowering the temperature, MHyM"Cl; undergoes a
PT to another monoclinic, centrosymmetric phase of P2,/n
symmetry (phase IT). The I — II PT is klassengleiche, where
P2,/n is a maximal non-isomorphic subgroup of P2,/m.”’ The
mirror plane vanishes (Figure 3c) in II, and all atoms adopt a
general C, site. Thus, the number of inequivalent CI” ligands
increases from 2 to 3.

One should note that while the general alignment of the
motif after the I — II PT is barely changed, an enhancement of
N-H--Cl attracting forces in II is observed, due to the
shortening of the interatomic distances when lowering the
temperature (see the example for (Mn) in Figure S3). The
detailed analysis of these forces is devoted to the HB
interactions, with respect to the Jeffrey “cut-off’” distance
criterium (H-+A < 2.83 A for N—H---Cl).”” For all
compounds, the I — II PT provokes an increase in the
number of the HBs, i.e., from 4 to 6 for (Mn, Co) and from 6
to 7 for (Ni) (Tables SS and S6). Indeed, in I, the terminal
NH, group of MHy" is not involved (Mn, Co) or weakly
involved (Ni) in the creation of the HBs (Figure S3a), while in
II, the N—H---Cl hydrogen bonding with both N(1) and N(2)
donors occurs (Figure S3b).

Apart from the I — II PT, the existence of two different (N
and Cl) atoms in the M" coordination sphere causes distortion
of the octahedral symmetry, which is confirmed by the angle
variance (6®) and bond length distortion (Ad) parameters
(Figure S4).

The powder XRD measurements were performed and
followed by Pawley refinement (see Appendix 3 for details)
in order to validate the structural model. There were some

differences in peak intensities between the experimental and
theoretical patterns, which may be caused by the textural
effects and/or inadequate grinding of the sample before
measurement (Figure SS).

Vibrational Properties. RT Raman and IR Spectra and
Assignment of Bands. RT Raman and IR spectra are
presented in Figure S6. The factor group analysis is presented
in Appendix 4 and Table S7. The proposed assignment,
presented in Table S8, is based on comparative analysis with
literature sources including MHyPbX; and MHy,PbX, (X =
Cl, Br, 1),"*7'%*»% MHyMn(H,PO,),”>** MHyM''(HCOO),
(M" = Mg, Fe, Mn, Zn),”* as well as DFT calculations for the
MHy" ion.”* Bands corresponding to internal vibrations of
MHy" are observed in characteristic ranges as reported in the
literature.

It is well-known that the position of bands originating from
stretching modes of NH,/NH," directly correlates with the
strength of HBs. Usualléy, a higher wavenumber of a band
indicates weaker HBs.”° For MHyMnCl,, the highest IR
(Raman) bands are observed at 3251 and 3130 (3224 and
3145) cm™' (see Table S8). For Co, IR (Raman) bands are
downshifted by 8 and 9 (14 and 15) cm™, respectively, while
for Ni by 12 and 20 (20 and 16) cm™'. One can therefore
conclude that the HB strength increases in the order of Mn <
Co < Ni. This is in good agreement with X-ray diffraction data
showing that the length and number of short H:--ClI contacts in
I increase in the same manner (cf. Table S6).

Crystallographic data also showed that the structural
parameters are similar for the Ni and Co compounds but
differ significantly for the Mn analogue. As expected, the
majority of IR and Raman bands are sensitive to these
structural changes. Especially strong dependence of the type of
metal cation is, however, observed for the MHy"-cage mode,
which appears in the IR spectra at 595, 563, and 515 cm ™! for
Ni, Co, and Mn, respectively. Such a large downshift can be
attributed to the increased space per formula unit (V) able to
accommodate MHy" cations, i.e., 158.4 A’ (Ni), 162.1 A}
(Co), and 171.2 A> (Mn) (see Table 1). This observation is in
line with the position of this mode and the volume per formula
unit reported for other hybrid compounds with the MHy"
cation. The lower the frequency of the MHy"-cage mode, the
greater the space for the cation in the crystal lattice, i.e., 184.80
A% (488 cm™) for MHyPbCl;, 209.18 A* (309 cm™) for
MHyPbBr;, 223.36 A* (237 cm ™) for MHyMn(HCOO);, and
269.38 A* (210 ecm™) for MHyMn(H,PO,);.** This clear
correlation is depicted for hybrids composed of MHy" in
Figure S7. The value for MHyMn(H,PO,); deviates from the
linear dependence, probably due to the greater flexibility of the
frameworks based on the hypophosphite ion.””

Temperature-Dependent IR and Raman Studies. To
understand the mechanism of the I — II PT, IR and Raman
spectra of MHyMnCl; were measured as a function of
temperature from 80 to 400 K (see Figures S8 and S9).
Minor changes upon cooling confirm that this is a second-
order PT. It can be noticed, however, that a few bands appear
below ca. 240 K. The observed splitting of other bands is
rather weak, which is consistent with the PT within the same
monoclinic point group C,;.

For certain Raman and IR bands, the intensity increases
strongly in phase II. Closer inspection reveals that the majority
of bands exhibiting this behavior are attributed to the internal
vibrations of the NH," group, ie, Raman bands at 853
(pNH,*) and 1583 cm™" (6NH,"), as well as IR band at 1306
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cm™! corresponding to TNH,". All these bands are very narrow
at 80 K and are practically invisible at RT (see the intensity
drop for the rocking mode presented in Figure S10). This
suggests that the observed PT is HB-driven and excludes any
type of disorder because the corresponding broadening of
bands upon heating is weak.*® Figure S3 demonstrates that in I
both the amino groups form fewer HBs, and therefore, the
MHy" cations are more loosely bound in the cage. The thermal
evolution of the MHy-cage Raman mode, presented in Figure
S11, leads to similar conclusions. The upshift for this band
upon cooling is the strongest among other bands (ca. 20
cm™). This is accompanied by a very strong narrowing of
these bands suggesting that the space available for MHy" is
much lower in II, and cations are more tightly confined.

To further analyze the structural changes associated with the
occurring PT, the exact parameters, position, and full-width-at-
half-maximum (fwhm) of bands determined by spectral fitting
were plotted as a function of temperature. The thermal
dependencies of IR and Raman bands corresponding to the
CNN (CH;—NH,—NH,) skeleton are shown in Figure S12.
Position and fwhm of Raman bands, assigned to stretching and
bending vibrations of the skeleton, are weakly sensitive to PT.
This implies that the MHy" ions do not experience any
pronounced conformational or reorientational changes during
PT. Similarly, the results of fitting obtained for internal modes
of methyl groups revealed weak changes (see Figure S13).

In contrast to methyl groups, the terminal NH, and the
middle NH," groups experience a stronger influence (Figures 4
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Figure 4. Thermal evolution of selected Raman (circles) and IR
(squares) band positions (full symbols, left scale) and fwhms (open
symbols, right scale) for MHyMnCl,.

and S14). A very interesting feature is that Raman bands
corresponding to the ONH, and ONH,"deformational
vibrations exhibit 13.3 cm™" downshift and 30.8 cm™" upshift,
respectively, when heated from 80 to 380 K. The
corresponding change of fwhm for the SNH," mode is also
very high, from 8.5 cm™" at 80 K to 38.3 cm™" at 380 K. Such a
great variation suggests a completely different role in the PT

mechanism. Indeed, this is expected since the nitrogen atom of

the terminal group is directly coordinated by Mn** ions.
Optical Properties. Figures Sa and S1S present the

absorption spectra of MHyM"Cl; samples measured at 300
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Figure S. The absorption spectrum of the MHyMnCl; crystals (a),
the temperature-dependent emission spectra (b), the integral
emission intensity of the MHyMnCl; crystals registered under 450
nm excitation (c), and the CIE chromaticity diagram (d).

K. In the low wavelength range, all compounds reveal a broad
intense band attributed to charge transfer. MHyMnCl; shows
less intense absorption bands related to the d—d transitions,
ie, *E,(*D) (332 nm), *T,,(*D) (356 nm), *E,(*G), *A;,(*G)
(422 nm), 4T2g(4G) (463 nm), and 4T1g(4G) (540 nm) from
the 6Alg(GS) ground state.”” Moreover, two additional bands at
239 and 263 nm, probably corresponding to the exciton
absorption and the transitions between p orbitals of carbon
and chlorine, are observed.** The MHyNiCl; crystals exhibit
absorption bands ascribed to the following transitions: 3T1g(P)
(447 nm), 'Ty(D) (517 nm) *T ,(F) (794 nm), and *T,,(F)
(1285 nm) from the A, (F) ground state."’ The MHyCoCl,
crystals present absorption bands attributed to the transitions:
2Alg(G); leg(P) H) (415 nm), 4T1g(P); ZTZg leg(G)) 4A2g(F)
(617 nm), *Ey(G) (762 nm), and *T,,(F) (1622 nm) from the
4T1g(F) ground state.”' The first and second overtones of the
CH and NH vibrational modes correspond to the weak bands
in the 1081—1156 and 1258—1445 nm ranges as well as the
medium intensity bands in the 1584—1998 nm range. The
strong absorption bands above 2000 nm are related to the
combinational modes of the organic cation.

Based on the above measurements, the values of the energy
band gap (E,) were calculated for all samples using Kubelka—
Munk relation:

F(R) = (1- R)z/zR

where R symbolizes reflectance. The estimated values of E
were 5.34 (Mn), 3.96 (Ni), and 3.64 eV (Co) (see Figure S16
and Table 1).

The investigations of the optical properties of the studied
materials included measurements of their emission intensity as

https://doi.org/10.1021/acs.jpcc.2c04893
J. Phys. Chem. C 2022, 126, 15809—-15818


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c04893/suppl_file/jp2c04893_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c04893?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c04893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

a function of temperature are presented in Figures Sb (Mn)
and S17 (Ni). Unfortunately, no luminescence from the
MHyCoCl; crystals under 532 nm excitation was detected.
Figure Sb shows that MHyMnCl; crystals reveal intense
emission at low temperatures in the red spectral region with
the maximum at 706 nm under 450 nm excitation ascribed to
the *T, (G) — YA, (S) transition of Mn>' jons in the
octahedral field*® It can be noticed that the increase in
temperature leads to a blueshift of the band maximum
associated with the change of the crystal field strength.’
Moreover, the heating from 80 to 230 K leads to an initial
increase in the emission intensity, followed by the
luminescence quenching beyond 230 K (Figure Sc). This
behavior is most likely related to the presence of the second-
order PT at 243 K. The CIE chromaticity diagram
demonstrates pure red color of the MHyMnCl; crystals
under 450 nm excitation (Figure 5d). It was found that the
temperature has a negligible impact on the color change.
Figure S17a shows that MHyNiCl; crystals exhibit broadband
emission in the visible spectral range with two maxima at 478
and 550 nm upon 375 nm excitation attributed to the 3T1 (P)
— Ay (F) and 'T, (D) — A, (F) transitions of Ni*" ions
with octahedral coordination, respectively.*”** In contrast to
the Mn analogue, heating from 80 K leads to a redshift of the
band mammum, indicating a change in the crystal field
strength.”” Figure S17b,c shows that as the temperature
increases, the emission intensity gradually decreases. Fur-
thermore, it can be seen in Figure S17a that the *T,((P) —
3A2g(F) transition weakens, probably due to the PT.

The analysis of the thermal kinetics of the MHyMnCl; and
MHleCl3 crystals was performed, taking the following
equation: =

IO
I, —
1+ ?"e AE/kT

v

I=

where I and I, present the intensity and the initial intensity at
low temperature, respectively. I'; and T’y are radiative decay
rate and attempt rate for thermal quenching, respectively.
Finally, AE symbolizes the activation energy for thermal
quenching. In order to determine AE, the above formula was
recalculated as follows:'”

i
£=—1(——1)+ln—0
kT I T,

where AE is the slope of ln(% - 1) in the 1/kT function and

T, L
In(FO) represents a constant. Based on results, the activation

energy E, for the MHyMnCl; and MHyNiCl; crystals was
calculated to be 299 and 49 meV, respectively (Figure S18 and
Table 1).

The luminescence decay profiles recorded for the inves-
tigated samples at 80 K are presented in Figure S19. The curve
obtained for the MHyMnCl; crystals can be well fitted by a
single exponential function with a lifetime value equal to 7 =
124 ps. Because in the emission spectra of the MHyNiCl,
crystals two bands can be distinguished, the photolumines-
cence decay profiles were recorded for both of them. In both
cases, the curves were well fitted by a double exponential
function with lifetime values equal to 7; = 1.02 ns, 7, = 7.15 ns
and 7; = 0.21 ns, 7, = 2.19 ns for A, = 478 nm and 4,,, = 550

nm, respectively. The presence of the short component
indicates the occurrence of nonradiative processes in the
MHyNiCl; crystals.

The mechanism of energy transfer probably includes a
population of higher excited levels of transition metal ions
during laser diode irradiation. The electrons are then
transported nonradiatively to their emission levels. Subse-
quently, the electrons relax in a radiative manner to the ground
state of the transition metal ions, producing visible
luminescence. Further theoretical calculations, however, are
required to support this idea.

Magnetic Properties. Results of magnetic properties
measurements carried out for MHyMnCl; are displayed in
Figure 6. The inverse magnetic susceptibility ' of the
compound exhibits linear behavior (characteristic of Curie-like
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Figure 6. (a) Inverse DC magnetic susceptibility ' (left axis) and a
product yT (right axis) of MHyMnCl; measured as a function of
temperature in a constant magnetic field H; thick solid lines are a fit of
the Curie—Weiss law to the experimental data (for details see the
text). (b) Low-temperature susceptibility ¥ measured in two different
magnetic fields in the ZFC and FC; the arrow marks a characteristic
temperature T*. (c, d) Magnetization M (expressed in a unit of a
magnetic moment) as a function of increasing and decreasing
magnetic field (circle- and square-shaped symbols, respectively)
plotted in two different field ranges; solid lines show the linear
behavior of the experimental curve in low fields.
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paramagnets) almost in the entire temperature range studied
(Figure 6a, left axis). The least-squares fit of the Curie—Weiss
law y(T) = C/(T — HP) to the experimental data above about
50 K yielded the parameters C = 4.18(1) emu mol™' K and 0,
= —11.7(2) K (see the thick solid line in Figure 6a). The
effective magnetic moment pu.; derived from the Curie

constant C as p, = 8C is equal to 5.78(1) ug, which is

close to the theoretical value of 5.92 py calculated within the
Russel—Saunders coupling scheme for a free Mn*" ion with the
electron configuration 3d° (§=5/2,L=0,] =5/2, g = 2) as

e = g]’/ J(J + 1) pg. The negative value of the paramagnetic

Curie—Weiss temperature @, suggests the presence of
predominantly antiferromagnetic coupling between the mag-
netic moments of Mn?*.

Analysis of temperature variation of the product yT (see
Figure 6a, right axis) leads to similar conclusions. First, at RT
xT achieves a value of about 4.03 emu mol™ K, which is close
to the experimental C given above and to its theoretical value
expected for Mn** ions, ie, C = é,ul\inﬁ = %5.922 = 4.38
emu mol™' K. Second, upon lowering temperature, the yT(T)
curve clearly bends toward lower values, which is characteristic
of systems exhibiting antiferromagnetic interactions between
the magnetic moments.

Figure 6b displays magnetic susceptibility of MHyMnCl; at
low temperatures. As seen, below about 10 K, the curvature of
x(T) changes, and the susceptibility exhibits a broad maximum
located at T* of about 5 K. The shape and the position of that
maximum do not depend in low field on its magnitude, and the
ZFC and FC curves do not show any bifurcation, which
suggests an occurrence at T* of an antiferromagnetic ordering
in the presence of high crystallographic disorder, rather than a
formation of a spin-glass-like state. Field dependence of the
magnetization of MHyMnCl, (Figure 6¢,d) is in line with the
postulated antiferromagnetic character of the transition
observed in y(T) at T*. In particular, M is linear in H up to
the highest field studied, exhibiting only a hardly visible change
of the slope above about S kOe (see the guiding solid line in
Figure 6¢,d) and achieves at 70 kOe a value of about 2.43 y3,
being far from a value of the ordered magnetic moment of
Mn2+ (i'e') Hora = g]] =S5 IuB)

Analogous experiments and data analysis were also carried
out for the compounds MHyCoCl; and MHyNiCl;. In
contrast to the analogue with Mn, they were found to exhibit
very distinct, sharp antiferromagnetic phase transitions at the
same Néel temperature of about 3.7 K. In weak magnetic fields,
their magnetization is linearly dependent on the magnetic field,
as expected for antiferromagnets. In higher fields, it increases
sharply and shows a clear tendency to saturation, suggesting
the occurrence of a metamagnetic transition from the
antiferromagnetic alignment of the moments to a field-induced
ferromagnetism (or rather, polarized paramagnetism). A full
description of the magnetic properties of MHyCoCl; and
MHyNiCl; can be found in Appendix 5.

Influence of M" on the Physicochemical Properties
and T, Despite many similarities, the physicochemical
properties of the reported compounds vary from each other.
The only factor, which should influence these properties, is
M According to Shannon, the effective ionic radii of Ni*,
Co’*, and Mn*" in high spin configuration are 69.0, 74.5, and
83.0 pm, respectively.”* All metals exhibit different values of
electronegativity and hence ionic character of M"—CI and

M"—N bonds. In the Allen scale, the electronegativity of Ni,
Co, and Mn increases from the left to the right side of the
period in the periodic table in opposition to ionic radii.

Even though all MHyM"Cl; compounds crystallize in the
same space group, variations in the geometric parameters are
observed (Figures 7a—d and S20a—d). With increasing ionic
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Figure 7. Lattice parameters (a), cell volume (b), beta angle (c),
M"-N distance (d), temperature of PT T, (e), tolerance factor TF
(f), SNH, band position (g), ¥NH, band position (h), dielectric
permittivity ¢’ (i), and the position of MHy-cage mode (j) as a
function of M™ jonic radius.

radius (decreasing electronegativity), and thus the increasing
ionic character of M"—Cl and M"—N(1) bonds, the unit cell
expands (Figures 7a,b and S20ab) due to the increased
distortion of the [M"CIN] inorganic framework (Figure S4)
and increase of the f§ angle (Figures 7c and S20c). Moreover,
the distance between the M" cation and N(1) atom increases
(Figures 7d and $20d).

The above differences have a non-negligible influence on the
N—H-Cl interactions. With the unit cell expansion, the
strength of these interactions weakens. This provides a
conclusion that longer D--A distance causes lower stability
of HB motifs. This finding is in line with IR and Raman
spectroscopic results, which clearly demonstrate a decrease in
HB strength as the unit cell expands. The bands related to HB
strength shift toward higher wavenumbers for the bigger ions,
as can be observed in Figures 7gh and S20gh.

Therefore, a crystal with a larger unit cell should experience
a PT at higher temperatures, as shown by DSC measurements
(Figures 7e and S20e, Table 1), demonstrating that
MHyMnCl; has the highest T, and MHyNiCl; has the lowest.
In other words, T, correlates directly with increasing ionic
character of M"—Cl and M"—N bonds. It is worth noting that
changes in PT temperatures are more linear in the function of
electronegativity than in the function of ionic radius. A similar
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temperature dependence was observed for 3D metal-formate
frameworks comprising the MHy" cation.”> In MHy-
M"(HCOO); (M" = Zn, Fe, Mn), the temperature of a PT
increases with the ionic radius of these cations.

The presented composition of MHyM"Cl; differs from the
typical hybrid perovskite alignment consisting of an inorganic
framework and organic cation rotating inside the voids, as well
as from the lead halide counterparts with MHy".>'* This
behavior can be explained by considering TE.*> A combination
of MHy" cation with relatively small ionic radius of M" induces
TF values much larger than 1 (1.26, 1.23, and 1.16 for Nj, Co,
and Mn, respectively), and thus, an archetypical perovskite
structure cannot be achieved (see Table 1). Instead, several
chain structures with both Cl and N atoms cocreating a metal
coordination sphere can be found in the literature,*%*>>%*
The dependence of TF as a function of ionic radius and the
electronegativity is nearly linear (see Figures 7f and S20f).

The analysis of the value of the real part of the dielectric
permittivity at 170 and 270 K for a frequency equal to 1 MHz
confirmed the tendency that the &’ value increases with the
higher ionic radius and ionic character of the M"—Cl and M"—
N bonds (Figures 7i and S20i). Furthermore, the position of
the MHy-cage mode is also compatible with the higher
dielectric response for Mn (Figures 7j and S20j). The more
available space the cation has accessible, the lower the energy
of the cage mode is observed. The PT is observed at the
highest T, for Mn because the unit cell of MHyMnCl; has the
largest volume and the most ionic coordination bonds, while
the MHy" cation has the largest accessible volume and is the
least tightly bound.

There is no linear dependency between the temperature of
magnetic ordering and band gap as a function of ionic radius or
electronegativity. According to the literature,”” the band gap is
rather dependent on the structure of energy levels in metal
cations and on A-site cations, than on the ionic radius and
electronegativity of the used metal.

Mechanism of Phase Transition. The P2,/m(1) — P2,/
n(II) second-order klassengleiche structural PT at T, is entropy-
driven and controlled by variations in the arrangement of HBs.
The mechanism of PT includes a minor distortion of the
metal-chloride chains, particularly the geometry of MICl
bonds, in addition to the doubling of the unit cell in IT and the
removal of the mirror plane m. Because the M"—N distances
essentially remain unchanged (Figure S21a), the shrinking of
the [M"CIN] octahedra, variations of the bond length
distortion index (Ad), and decreased bond angle variance
(%), presented in Figures S21b—d, apply only to M"—CI
distances, as well as cis and trans CI-Mn—Cl angles.

Subtle structural changes of the octahedra are accompanied
by a slow increase in the strength of H-bonding and a higher
number of HB contacts in IL This effect stabilizes the phase II
and is responsible for stronger binding of the MHy" cation,
which was evidenced by the unusually strong upshift of the
MHy"-cage mode. Furthermore, vibrational data showed that
PT is associated with rearrangement of HBs without co-
occurring conformational changes of the organic cation or
molecular ordering. The nitrogen atom coordinating the first
sphere of the metal cation in MHyM"Cl; somewhat restricts
the typical cation dynamics observed in hybrid materials.”*

Bl CONCLUSIONS

We reported the synthesis and properties of a series of novel
MHyNiCl;, MHyCoCl;, and MHyMnCl; perovskitoids. All

15816

analogues crystallize in the P2,/m (HT phase) space group
and undergo second-order klassengleiche PT to other
monoclinic P2;/n symmetry at 224, 229, and 243 K
respectively. All the described compounds are composed of
chains of edge-sharing [MCIN] octahedra, where the nitrogen
atom comes from the terminal NH, group of MHy". This is a
rare and untypical coordination for hybrid materials. The
occurring second-order PT is driven by structural changes of
the [MCLN] chains (vanishing of the mirror plane),
rearrangement of HBs, and different confinement of MHy"
cations. The mechanism of the PT was elucidated using DSC,
X-ray diffraction measurements, dielectric, and IR and Raman
spectroscopy.

There is a clear relationship between structural properties,
like lattice parameters, cell volume, and value of the f angle
with electronegativity of the used metal, or ionic character of
the M"—CI and M"—N bonds. Raman spectroscopy revealed
that the MHy-cage mode is very sensitive to the space available
for the cation and its confinement in the crystal lattice.

The absorption spectra showed that the MHyM"Cl, crystals
exhibit typical bands characteristic for metal centers in
octahedral environment. Based on these measurements, the
band gap energies were estimated to be 5.34, 3.96, and 3.64 eV
for M" = Mn, Ni and Co, respectively. The Mn and Ni
analogues exhibit red and yellowish-green to orange emission
under the 450 and 375 nm excitation, respectively. From the
dependence of the emission intensity on temperature, the
activation energy of the nonradiative deactivation through the
thermal quenching process was estimated to be 299 meV for
MHyMnCl; and 49 meV for MHyNiCl;. Unfortunately, no
luminescence from the MHyCoCl; crystals was detected.

Magnetic measurements showed that MHyCoCl; and
MHyNiCl; order antiferromagnetically below the same Néel
temperature of about 3.7 K. The noticeable interplay of
antiferromagnetic and ferromagnetic correlations leads in both
systems to metamagnetic PTs in H of about 1 kOe. In turn, the
compound with Mn shows only smeared antiferromagnetic
ordering at about 5.0 K with no trace of ferromagnetic
correlations up to the highest field studied.
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Table S1. Experimental details of MHyM"Cls in phase I.

MHyNiICl MHyCoCls | MHyMnCls
Crystal data
Chemical formula CH1ClaN2Ni CH1CI:CoN | CH/ClsMnN;
Crystal system, space group Monoclinic, P21/m
z 2
Mr 212.15 212.37 | 208.38
Temperature (K) 295

a b, c(A) 6.4891(5), 6.8847(4), 7.1564(4) |  6.5135(2), 6.9823(2), 6.5795(2), 7.1655(2),
7.1963(2) 7.3384(2)

B () 97.728 (6) 97.771 (3) 98.255 (3)

V (A% 316.81 (4) 324.28 (2) 342.39 (2)

u (mm-?) 4.20 3.76 2.98

Crystal size (mm)

0.20 x 0.08 x 0.06

0.19 x0.11 x 0.09

0.28 x0.11 x 0.10

o2 (deg?), Adx10% 9.57, 222 17.0,170 32.1,82
Data collection
Tmin, Tmax 0.835, 1.000 0.782, 1.000 0.811, 1.000

No. of measured, independent
and observed
[I > 2c(1)] reflections

4046, 650, 593

7571, 665, 642

4679, 704, 683

Rint 0.022 0.023 0.021
(sin 8/A)max (A1) 0.609 0.609 0.610
Refinement

R[F2 > 26(F)], WR(F?), S

0.019, 0.044, 1.16

0.015, 0.035, 1.16

0.019, 0.051, 1.17

No. of reflections

650

665

704

Admax, A)min (€ A3)

0.31,-0.40

0.36, -0.33

0.38, -0.40




Table S2. Selected geometric parameters of phase 1 (A, °).

MHyNiCls MHyCoCls MHyMnCls
Nil—cl1i 2.4233(6) |Col—cClli 2.4646 (4) |Mn1—cCI1i 2.5458 (5)
Nil—CI1ii 2.4233(6) |Col—Cl1i 2.4646 (4) |Mn1—CI1ii 2.5458 (5)
Ni1—Cl1ii 2.4137(6) |Col—Cl1 2.4562 (4) |Mni—cCil 2.5341 (5)
Nil—ClI1 2.4137(6) |Col—Clii 2.4561 (4) |Mn1—Cl1ii 2.5341 (5)
Nil—CI2 2.3967 (8) |Col—CI2 2.3901 (6) |Mn1—CI2 2.4462 (8)
Nil—N1 2116 (3) |Col—N1 2.194(2) |Mn1—N1 2.365 (2)
N1—N2 1.406 (4)  |N1—N2 1.401(3) |N1—N2 1.399 (3)
N2—C1 1.471(4) |N2—C1 1475(3) |N2—C1 1.474 (4)
Cl1—Nil—ClIyii 91.02(3) |CILii—Col—Cl1 9069 (2) |CIli-Mn1—Cl1 90.33 (2)
Clli—Nil—CI1i 9047 (3) |Clli—Col—Cl1i 90.08(2) |Clli-Mnl—ClI1i 89.09 (2)
Cl1i_Nj1—Cl1 173.010 (18) |Cl1—Col—ClI1 88.830 (13) |Cl1—Mn1—ClI1i 88.795 (15)
Cl1—Nil—CI1i 173.011 (18) |ClLii—Col—CI1i 88.830 (13) |CILii—Mn1—CI1i 88.795 (14)
Cl1—Nil—Cl1 88.830 (18) |Cl1ii—Col—CI1i 170.505 (14) |CI1ii—Mn1—CI1i 166.863 (17)
Cl1ii_Ni1—CI1i 88.830 (18) |Cl1—Col—ClIdi 170.505 (14) |Cl1—Mn1—ClI1ii 166.863 (17)
Cl2—Nil—CI1 9429 (2) |Cl2—Col—ClI1i 95.608 (17) |Cl2—Mn1—ClI1ii 9759 (2)
Cl2—Nil—ClIyii 92.69(2) |Cl2—Col—Cl1 93.885 (17) |Cl2—Mn1—Cl1 95.54 (2)
Cl2—Nil—ClI1 9429 (2) |Cl2—Col—Clli 95.608 (17) |Cl2—Mn1—ClI1i 9759 (2)
Cl2—Nil—cl1 92.69(2) |Cl2—Col—ClIdii 93.885 (17) |Cl2—Mnl1—ClIdii 95.54 (2)
N1—Nil—CI1/ 87.04(5) |N1—Col—cClli 8544 (4) |N1—Mnl1—cCI1i 83.17 (4)
N1—Nil—CI1i 8598 (5) |N1—Col—Cl1 85.07(4) |N1—Mnl—cCl1 83.71 (4)
N1—Nil—cCI1 87.04(5) |N1—Col—CI1i 8544 (4) |N1—Mnl—cClI1i 83.17 (4)
N1—Nil—ClI1 8598 (5) |N1—Col—Cldii 85.07 (4) |N1—Mnl—cClIdii 83.71 (4)
N1—Nil—CI2 178.10(8) |N1—Col—CI2 17851 (6) |N1—Mnl—CI2 178.92 (6)
Nil—Cl1—Nill 91.170 (18) |Col—Cl1—Col 91.170 (13) |Mnl—Cl1—Mn1li 91.205 (15)
N2—N1—Nil 1196 (2) |N2—N1—Col 119.95 (15) |N2—N1—Mn1l 120.38 (17)
N1—N2—C1 1168(3) |N1—N2—C1 1166 (2) |N1—N2—C1 1172 (2)

Symmetry codes: (i) -x+1, -y+1, -z+1; (ii) -x+1, y+1/2, -z+1; (iii) X, -y+3/2, z.
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Table S3. Experimental details of MHyM'"Cl; in phase I1.

MHyNiICls MHyCoCls MHyMnCls
Crystal data
Chemical formula CH7CIsN2zNi CH7Cl3CoN: CH7ClsMnN;
Crystal system, space group Monoclinic, P21/n
z 2
Mr 212.15 212.37 208.38
Temperature (K) 100 120 100
a, b, c(A) 8.9172(2), 6.8530(2), 8.9538(2), 6.9491(2), 9.0271(2), 7.1189(2),
10.2509(3) 10.3007(3) 10.4888(3)
B () 95.733 (2) 95.821 (2) 96.435 (2)
V (A3 623.29 (3) 637.61 (3) 669.80 (3)
p (mm?) 4.27 3.83 3.05
Crystal size (mm) 0.20 x 0.08 x 0.06 0.19 x0.11 x 0.09 0.28 x 0.11 x 0.10
o2 (deg?), Adx10 10.5, 213 17.2, 156 30.0, 63
Data collection
Tmin, Tmax 0.848, 1.000 0.754, 1.000 0.822, 1.000

No. of measured, independent
and observed
[I > 2c(1)] reflections

7651, 1181, 1019

14345, 1210, 1140

8770, 1263, 1197

Rint 0.027 0.022 0.020
(sin 8/A)max (A1) 0.610 0.610 0.610
Refinement

R[F? > 26(F2)], WR(F2), S

0.018, 0.044, 1.09

0.015, 0.041, 0.96

0.014, 0.037,1.12

No. of reflections 1181 1210 1263
No. of parameters 65 73 65
A>max, A>min (e A3) 031, -0.38 021, -0.49 024, -0.37
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Table S4. Selected geometric parameters of phase 11 (A, °).

MHyNiCls MHyCoCls MHyMnCls

Nil—ClI1 2.4049 (6) |Col—Cl1 2.4456 (4)  |Mn1—cCI1i 2.5429 (3)
Nil—cl1i 2.4176 (6)  |Col—cCl1i 24603 (4)  |Mn1—Cl1 2.5229 (3)
Nil—CI3! 2.4061(6) |Col—CI3 2.4480 (4)  |Mn1—cCI3 2.5219 (3)
Nil—CI3 2.4102 (6) |Col—CI3 24502 (4) |Mn1—cCI3 2.5230 (3)
Nil—CI2 2.3993(6) |Col—ClI2 23953 (4)  |Mn1—CI2 2.4569 (4)
Nil—N1 2.1160 (18)  |Col—N1 2.1932 (14) |Mn1—N1 2.3614 (11)
N2—N1 1.443(2)  |N2—N1 1.4418 (19) |N2—N1 1.4458 (15)
N2—C1 1.486(3) |N2—C1 1485(2) |N2—C1 1.4839 (17)
Cl1—Nil—ClI1 173.458 (13) |Cl1—Col—ClI1 171.083 (10) |Cl1—Mn1—Cl1i 167.848 (9)
Cl1—Nil—CI3 89.077 (19) |Cl1—Co1—CI3 89.155 (14)  |Cl1—Mn1—CI3 89.388 (11)
Cl1—Nil—CI3i 90.836 (19) |Cl1—Co1—CI3! 90.476 (14)  |CI3—Mn1—Cl1 89.919 (11)
CI3—Ni1—Cl1 88.876 (19) |CI3—Col—ClI1i 88.867 (14) |CI3—Mn1—Cl1i 88.963 (11)
CI3—Nil—ClI1 90.463 (19) |CI3—Co1—Cl1i 90.115 (14)  |CI3—Mn1—ClI1i 89.152 (11)
CI3—Ni1—CI3 173.444 (13) |CI3—Col—CI3 171.063 (10) |CI3i—Mn1—CI3 167.788 (9)
Cl2—Nil—ClI1 94.02(2)  |cl2—Co1l—Cl1i 95.205 (15)  |Cl2—Mnl—ClI1 95.294 (12)
Cl2—Nil—cl1 9252(2)  |Cl2—Col—Cl1 93.711 (15) |Cl2—Mn1—ClI1i 96.858 (12)
Cl2—Nil—CI3 92472 (19) |cl2—Co1—CI3 93.473 (15)  |Cl2—Mn1—CI3i 94.698 (11)
Cl2—Nil—CI3 94.08(2) |Cl2—Col—CI3 95.462 (14)  |Cl2—Mn1—CI3 97.507 (11)
N1—Nil—Cl1 88.70(5)  |N1—Col—cCl1 87.92(4)  |N1—Mnl—cCl1 86.76 (3)

N1—Nil—CI1/ 84.77(5)  |N1—Col—Cl1i 83.17(4)  |N1—Mnl—CI1i 81.11 (3)

N1—Nil—CI3 89.62(5) |N1—Col—CI3 88.21(4)  |N1—Mnl—CI3 86.11 (3)

N1—Nil—CI3 83.82(5) |N1—Col—CI3i 82.85(4)  |N1—Mnl—CI3i 81.67 (3)

N1—Nil—CI2 176.12(5)  |N1—Col—CI2 17599 (4)  |N1—Mnl—CI2 175.84 (3)
Nil—Cl1—Nill 90.929 (18)  |Col—Cl1—Colii 90.875(13) |Mn1—Cll—Mn1i | 90.564 (10)
Ni1i—CI3—Nil 91.079 (18)  |Coli-CI3—Col 91.060 (13) |Mn1i—CI3—Mn1 | 91.046 (10)
N1—N2—C1 11398 (17) |N1—N2—C1 114.00 (12) |N1—N2—C1 114.50 (10)
N2—N1—Nil 117.97 (13)  |N2—N1—Col 118.09(9)  |N2—N1—Mnl 118.24 (7)

Symmetry code(s): (i) -x+1/2, y-1/2, -z+1/2; (ii) -x+1/2, y+1/2, -z+1/2.

S13



Table SS. Selected HB parameters of phase 1.

D—H---A D—H (A) H---A (A) D---A (R) D—H:--A (°)
MHyNiCls
N1—HI1---Cl2 0.89 2.80 3.4913 (5) 1355
N1—H2---C12i 0.89 2.80 3.4913 (5) 135.5
N2—H3:---Cl1'ii 0.89 2.64 3.323 (3) 133.9
N2—H3---Cl1 0.89 2.63 3.225(2) 125.1
N2—H4---C11V 0.89 2.64 3.323 (3) 133.9
N2—H4---C11Vv 0.89 2.63 3.225(2) 125.1
MHyCoCls
N2—H3---CI1i 0.89 2.63 3.3191 (19) 1345
N2—H3---CII 0.89 2.65 3.2537 (18) 125.5
N2—H4---CI1" 0.89 2.63 3.3191 (19) 1345
N2—H4---CI1Y 0.89 2.65 3.2537 (18) 125.5
MHyMnCls
N2—H3---CI1i 0.89 2.63 3.327(2) 135.8
N2—H3---Cll' 0.89 2.74 3.346 (2) 126.5
N2—H4---C11Vv 0.89 2.74 3.346 (2) 126.5
N2—H4---Cl1Vv 0.89 2.63 3.327 (2) 135.8

Symmetry code(s): (i) -x+1, -y+1, -z+1; (ii) -x+1, -y+2, -z+1; (iii) x+1, y, z; (iv) x+1, -y+3/2, z; (v) -x+1, y+1/2, -z+1.
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Table S6. Selected HB parameters of phase II.

D—H---A D—H (A) H-A (A) D--A (A) D—H:--A (°)
MHyNiCls
N2—H3---CI3 0.89 2.62 3.1025 (18) 115.0
N2—H3:---ClI3! 0.89 2.82 3.2868 (19) 114.4
N2—H3---C12il 0.89 2.57 3.2747 (18) 137.2
N2—H4---Cl11ii 0.89 2.81 3.3745 (19) 122.6
N2—H4---C11V 0.89 2.54 3.2951 (19) 142.7
N1—H1---C12Y 0.89 2.68 3.3902 (19) 138.1
N1—H2:--CL2ii 0.89 2.58 3.4309 (18) 159.5
MHyCoCl3
N2—H3---CI1vi 0.89 2.53 3.2860 (14) 143.7
N2—H4---CI3¥i 0.89 2.81 3.2873 (14) 115.0
N2—H4---CI3Vi 0.89 2.63 3.1316 (14) 116.3
N2—H4---C12Vi 0.89 2.60 3.3093 (14) 136.8
N1—HI---Cl2vii 0.85 (2) 2.66 (2) 3.4866 (15) 167.4 (18)
N1—H2--Cl2i 0.87 (2) 2.62 (2) 3.3857 (15) 147.1 (17)
MHyMnCls
N2—H3---CI3 0.89 2.71 3.2074 (11) 116.2
N2—H3---CI2 0.89 2.60 3.3233 (11) 139.6
N2—H4---Cl1Vv 0.89 251 3.2766 (11) 145.2
N1—H1---C12v 0.89 2.60 3.3704 (11) 144.9
N1—H2---CI21 0.89 2.71 3.5790 (11) 165.0

Symmetry code(s): (i) -x+1, -y+1, -z+1; (i) -x+1/2, y+1/2, -z+1/2; (ii1) -x+1/2, y-1/2, -z+1/2; (iv) x+1/2, -y+1/2, z+1/2; (v) x-
172, -y+1/2, z+1/2; (vi) x-1/2, -y+1/2, z-1/2; (vii) -x+1/2, y-1/2, -z+3/2; (viii) -x+1/2, y+1/2, -z+3/2; (ix) x+1/2, -y+1/2, z-1/2.
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Table S7. Factor group analysis for MHyM!'Cl;.

Ion Vibrational mode | Free ion symmetry ST LR GO0 AIITG R
1 (ID) 1 (1)
C=m C=m (C1=1) C2,=2/m (C3,=2/m)
Internal modes
vsNH2+vsNH>" 2A° 2A° (2A) 2A42Bu (2AA2A+2BA2BY)
VasNHa+vaNHz" 2A” 2A” (2A) 2Au+2Bg (2AA2A+2BA2BY)
SNH-+-SNH, 2A° 2A° (2A) 2AA2Buy (2AA2A+2BA2By)
pNH2+pNH:* 2A” 2A” (2A) 2Au+2Bg (2AA2A+2BA2BY)
INHo+tNH,* 2A” 2A” (2A) 2Au+2Bg (2A+2A+2Bo+2By)
oNHo+oNH,* 2A° 2A° (2A) 2AH2By QAA2AF2BA2BY)
N v{CHs A A’ (A) A+Bu (AgtAutBetBy)
MHy vaCHs ACHA” A+A” (2A) At AtBeABy QAA2AA2BA2BY)
.CHs A A’ (A) AgtBu (AgtAu+B+By)
8..CHa AHA” A+A” (2A) AgtAutBetBu (2AA2A+2BA2By)
oCH; AHA” A+A” (2A) AgtAutBetBy (2AA2AH+2B+2By)
tCHs A” A’ (A) AgtBu (AgtAu+B+By)
VaCNN A A’ (A) AtBu (ActAutBetBu)
VNN A A’ (A) AtBu (AgtAutBetBy)
SCNN A A (A) ActBu (ActAutBetBu)
External mod
e, moeaes 2A+A” 2A+A” (3A) DAAAFBA2BY (BAAIAA3IBA3BLY)
L AH2A” A'+2A” (3A) Agt2Aut2BetBu (3AA3Aut3Bo+3Buy)
Ci=1| C=m (C1=1) C3,=2/m (C3,=2/m)
Cr 2 B
N N . ;)Ag+3Au+)Bg+3Bu ‘ 2Ag+Au+Bg+2Bu
T SA[2AHAT(GA) (OA+9A+IB,+9B,)
- Ce=m (Ci=1) C2,=2/m (C3,=2/m)
§ 2AT+A” (3A) 2AAAABA2B BAA3A+3B+3By)

Key: vs, symmetric stretching; vas, antisymmetric stretching; 8, bending; 8s, symmetric bending; .5, antisymmetric bending; p, rocking; t,
twisting; ®, wagging; T’, translation; L, libration. Colors: green, IR- and Raman-active; blue, Raman-active; red, IR-active.
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Table S8. Assignment of IR and Raman bands observed for MHyM!'Cl;.

MHyCoCls MHyMnCls MHyNIClz Assionments
IR Raman IR Raman IR Raman 9
3243m, 3210sh 3210w 3251m, 3222sh 3224m 3239m 3204w vasNH2
3121s 3189;2'335\:565“ 3130m 3159sh, 3145w 3113m giggmj veNHz
3080s 3080w 3094sh 3088w,b 3065sh 3085vw vasNH2*
* 3050w * 3050m, 3042w * 3050m vsNH2*+vasCH3
* 2969s, 2925vw * 2968vs * 2971s, 2932vw vsCH3
2921sh,
- 2878vw,b, - 2919vw,b, - 2896vw, NH
2806vw,b 2879vw, 2807w 2878vw, vtz
2808vw
1600s 1590w 1606m 1598w 1598m 1589w ONH>
1561m 1554m 1556m SNH»*
N 1467vw, . 1466vw, N 1469vw, 1450w, 5.CH
1449sh, 1439sh 1450sh, 1441w 1442sh a3
* * 1411vw * 1413vw 0sCH3
* 1386vw * 1390w * 1388vw oNH>"
1296vw 1293vw 1306vw 1298vw, 1295sh 1298vw 1295vw TNH>"
1258vs 1258vw 1248s 1250vw 1265m 1264vw pCH3+ oNH2
1120sh, 1107s 1116vw 1120sh, 1102s 1115vw, 1102w 1126sh 1224sh, 1115vw pNH2+tNH>
1025m 1023w 1019s 1020w 1025w 1024w VasCNN
896m 894m 889s 889m 900m 899m vsCNN
852m 850s, 844sh 852vw 853m 855vw pNH2*
563s 571vw 515vs 521vw,b 595m 603vw MHy*-cage
502vw 492sh 483vw 541w, 475w 515vw 6CNN
271sh, 240w, 270sh, 251s, 278vw, 245w, V(MnClsN)
250s, 209vs 240w, 214w 246vs, 199vs 220vw, 207w 226vs, 1925 223vw, 206sh +T’(MHy)
+L(MHy)
176s, 135m, 128m 157s, 127w, 157vw,b, 132w, 144s. 125m 181w, 162w, ﬂ"?ﬁﬁ';‘))
120w 110w 115w, 112sh ? 141vw, 109vw
+L(MHy)
8(MnClIsN)
98m, 7660‘\13 66sh, 71vw, 60w 89w, 2?:{1 7w, 98m, 71m 81vw, 60vw +T°(MHy)
+L(MHy)

Key: v, stretching; vs, symmetric stretching; vas, antisymmetric stretching; 8, bending; 8s, symmetric bending; 8as, antisymmetric bending; p,
rocking; T, twisting; ®, wagging; T°, translation; L, libration; vs, very strong; s, strong; m, medium; w, weak; vw, very weak.
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Appendix 1. Additional information regarding SC-XRD data

All the reported compounds were measured at 295 K for phase | (P2:/m, Z=2). For the LT phase Il (P21/n, Z=4) the meas-
urements were performed at 100 K for Ni, Mn and at 120 K for Co. The selection of the unit cell of 11 requires a more detailed
explanation. Basing on the coordinates of atoms, the PLATON software! suggests the unit cell of I. However, with this selection
a large group of diffraction peaks remain unindexed (see example for MHyNiCls in Figure S22). These additional peaks in 11
appear due to the loss of translational symmetry, with the atomic displacement unnoticeable for PLATON calculations. Hence,
a doubled unit cell with Z=4 has to be chosen (Figure S23).

Reciprocal space at 100 K
v

Unit cell of |
. .

4

S
Unit cell of Il

+ . a “

— o % . .

Figure S22. Fragment of reciprocal space of MHyNiCl; meas-  Figure S23. Change of the unit cell choice when going
ured at 100 K. With implementation of the unit cell of phase 1 from RT phase I to LT phase 11

(suggested by PLATON software), ~30% of diffraction peaks

remain unindexed

Appendix 2. Method of calculating AS

The raw heat flow (HF) curve as a function of T was recalculated to Cp using a formula C, = 6015% where HF is heat flow

(mW), M is molar mass (gmol?), m is a mass (mg), and R is temperature rate (Kmin'). Next, the excess heat capacity (ACp),
associated with PT, was evaluated by subtracting the baseline representing variation in the absence of PTs. The change of

entropy (AS) was estimated using the dependence AS = fOT A%dT.

Appendix 3. Pawley fitting

Table S9. Results of Pawley fitting for MHyM"Cl; (M"=Mn, Co, Ni)

MHyMnCls MHyCoCls MHyNiClz
Structure and profile data
Formula sum MH2C|6N4H14C2 C02C|5N4H14CQ NizC|eN4H14C2
Formula mass/ g/mol 416.75 424.74 424.28
Density (calculated)/ g/lcm®  2.0224 2.1756 2.22.00
F(000) 206.00 210.00 212.00
Space group (No.) P12:i/m1(11) P12i/m1(11) P12:/m1(11)
Lattice parameters
al A 7(179) 7(573) 6(454)
b/ A 7(1044) 7(161) 7(61)
b/ A 7(325) 7(291) 7(747)
alpha /° 90 90 90
beta /° 98(616) 98(684) 98(1357)
gamma /° 90 90 90
V/10® pm? 342.14 324.14 316.61

! Spek, A. L. Single-crystal structure validation with the program PLATON. J. Appl. Cryst. 2003, 36, 7-13. DOI:
10.1107/S0021889802022112
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Figure S24. Results of Pawley fitting for MHyM'"Cl;, M"=Ni (a), Co (b), and Mn (c)

Appendix 4. Selection rules and factor group analysis

Free MHy* cation has 24 internal vibrations (14A'+10A"),2 their detailed description is presented in Table S7. In phase I, the
number of internal vibrations corresponding to MHy* increases to 48 (15A4+9A,+9B4+15B,). Remaining modes are distributed
into 6 translations (2Ag+A,+Bg+2B,) and 6 librations (Ag+2A,+2Bg+By) of MHy*, 6 translations of M" (2Ag+A,+Bg+2B,), and
18 modes of CI" ligands (5Ag+4A,+4By+5B,). During the 1—11 PT, resulting in a doubling of the primitive cell, the number of
vibrational modes is also doubled. Specifically, the number of internal vibrations corresponding to MHy™ raises to 96
(24Ag+24A,+24Bg+24B,), MHy* translations and librations to 12 (3Ag+3A.+3Bg+3B, each), M" translations to 12
(3A¢+3A,+3By+3By), and CI- ligands to 36 (9Ag+9A,+9B4+9B.).

2 Ciupa-Litwa, A.; Ptak, M.; Kucharska, E.; Hanuza, J.; Maczka, M. Vibrational Properties and DFT Calculations of Perovskite-Type
Methylhydrazinium Manganese Hypophosphite. Molecules 2020, 25, 5215. DOI: 10.3390/molecules25215215
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Considering the above, the total number of modes in | and Il phases equals to 84 (26A,+16A,+16B4+26B,) and 168
(42Ag+42A,+42By+42By,), respectively. Because A +2By describe acoustic modes in both phases, the remaining optical modes
can be distributed into Raman- (g subscript) and IR-active (u subscript) modes in I (11), namely 26 A4+16Bg (42A4+42Bg) and
15A+24B, (41A,+40By), respectively. It is worth noting that translations of M" are Raman-active in both phases, but IR-active
only in I1.

Appendix 5. Magnetic properties of MHyM'"Cl; (M"=Co, Ni)

MHyCoCls. Temperature dependence of y(T) of MHyCoCls is shown in Figure S24a (left axis). The analysis of its linear
part (i.e. of the experimental data collected above about 70 K) in terms of the Curie-Weiss law yielded the experimental values
of C=3.43(2) emu mol*K and 6,=-5.3(9) K (see the thick solid line in Figure S24a). The effective magnetic moment derived
from C is equal to 5.24(1) ug, which is lower than the theoretical value of 6.63 ug calculated for a free Co?* ion with the electron
configuration 3d” (S=3/2, L=3, J=9/2, g;=1.33) and higher than 3.87 pg expected in the case of the orbital quenching (i.e. for
S=3/2, L=0, J=3/2 and g,=2), what indicates a significant orbital contribution to ues of the cobalt ions in MHyCoCls. The
negative value of 8, points at presence of predominantly antiferromagnetic coupling between the magnetic moments of Co?*,
but weaker than in the system with Mn — || is approximately two times lower in MHyCoCls than in MHyMnCls.

As can be noticed in Figure S243a (right axis), »T of the compound with cobalt achieves at RT a value of about 3.33 emu
molK (see Figure S24a, right axis), which lies between 5.49 emu mol*K and 1.87 emu mol*K expected for Co?* in the absence
and in the presence of the orbital quenching, respectively. At elevated temperature, yT(T) has a concave curvature, being in
line with the fitted negative 6, and pointing once more at presence of predominantly antiferromagnetic interactions in the
system. However, the changes of ¥ T in MHyCoCls are much smaller than in MHyMnCls, what is in line with smaller |6;| in the
former compound. Below about 50 K the curvature of yT(T) changes: T quickly increases with decreasing temperature, goes
through a high maximum and drops down well below the RT value, suggesting some evolution of the interactions between
magnetic moments towards ferromagnetic ones.

Distinct cusp-like anomaly visible in y(T) at low temperatures (Figure S24b) manifests an antiferromagnetic ordering of the
MHyCoCls system below the Néel temperature Tn=3.7 K, being in line with the negative sign of &,. Full overlap of the ZFC
and FC curves also corroborates the antiferromagnetic character of the observed phase transition.

Figures S24c and S24d display field dependence of the magnetization of MHyCoCls plotted in two different scales. As seen,
M(H) is linear up to about 0.9 kOe and does not show any magnetic hysteresis, as expected for antiferromagnets. In higher
fields the magnetization increases sharply from about 0.02 pg to almost 2 pg (i.e. by two orders of magnitude), and above about
10 kOe it exhibits clear tendency to saturation. Such a behavior manifests a metamagnetic transition from the antiferromagnetic
arrangement of the moments to a field-induced ferromagnetism. The value of magnetization at the highest field applied (70
kOe) is equal to Msx=2.3 ps, being not so far from the ordered magnetic moment of Co?* in the presence of orbital quenching
(i.e. uor=3 ug).

MHyNiCls. As can be inferred from Figure S25a (left axis), »(T) of MHyNiCls exhibits linear dependence above about 70
K, which can be described by the Curie-Weiss formula with the least-squares fitting parameters C=1.26(1) emu mol K (yield-
ing uer=3.17(1) pus) and 6,=17.8(4) K (see the thick solid line in Figure S25a). The obtained effective magnetic moment is
lower than the theoretical uer=5.59 ps calculated for a free Ni?* ion (3d®) within the Russel-Sunders approach (i.e. for S=1,
L=3, J=4, g; = 1.25) and higher than the spin-only value 2.83 ug (i.e. calculated for S=1, L=0, J=1, g,=2), which suggests
noticeable orbital contribution to the observed wues. It is however very close to the average value observed in paramagnetic salts
with Ni?* (i.e. 3.12 pg). The positive value of g, points at the presence of predominantly ferromagnetic coupling between the
magnetic moments of Ni%*.

The value of T at 300 K is of about 1.34 emu mol-2K (see Figure S25a, right axis), which lies between the theoretical values
of 3.91 emu mol*K and 1.00 emu mol*K, calculated for Ni?* assuming full and spin-only magnetic moment, respectively, and
it is very close to the averaged experimental value of C=1.22 emu mol*K reported for noninteracting Ni2* ions. The postulated
ferromagnetic character of the interactions between the magnetic moments of nickel can be also inferred from a convex shape
of the yT(T) curve (clearly different from that in the compound with Co), which is well visible from room temperature down
to a few Kelvin, where xT achieves a maximum followed by a sudden drop caused by a magnetic phase transition. Surprisingly,
the character of that transition is clearly antiferromagnetic, and not ferromagnetic, as might be expected from the sign of 6, and
the curvature of yT(T). In particular, x(T) exhibits a distinct anomaly with a cusp at Tn=3.7 K (see Figure S25b) and does not
show any bifurcation of the ZFC/FC curves.

Results of the measurements of the field variation of the magnetization of MHyNiCls shed more light on that discrepancy.
As can be seen in Figures S25c¢ and S25d, the magnetization of the compound increases linearly up to about 1 kOe and does
not show any hysteresis upon increasing and decreasing the magnetic field, confirming the antiferromagnetic character of the
evidenced magnetic ordering at 3.7 K. In higher fields the magnetization increases quickly, manifesting a metamagnetic tran-
sition to field-induced ferromagnetism with Ms=2.1 ps, being very close to the ordered magnetic moment of Ni?* ions with a
spin-only magnetic moment (i.e. uo=2 ug). Although this behavior looks similar to that observed in MHyCoCls, there is a
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noticeable difference between M(H) of the compounds with Co and Ni. In particular, the initial slope of the linear part of M(H),
associated with the antiferromagnetic ground states of the compounds, is much larger in MHyNIiCl; than in MHyCoCls (the
linear dependence ends up at about 0.1 puB and 0.02 pB, respectively), which leads to less abrupt metamagnetic transition in
the former system. It could mean, that the antiferromagnetic correlations are less predominant in the compound with nickel

than with cobalt, which would explain differences between their 6,‘s and the curvatures of yT(T).
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Abstract: The synthesis, structural, phonon, optical, and magnetic properties of two hybrid organic-
inorganic chlorides with monoprotonated methylhydrazinium cations (CH3NH,NH,*, MHy™),
[CH3NH,;NH;]CdCl; (MHyCdCl3), and [CH3NH;NH;]CuCl; (MHyCuCls), are reported. In contrast
to previously reported MHyM!'Cl3 (Ml = Mn?*, Ni?*, and Co?*) analogues, neither compound
undergoes phase transitions. The MHyCuCl; has a crystal structure familiar to previous crystals
composed of edge-shared 1D chains of the [CuCl5N] octahedra. MHyCuClj crystallizes in monoclinic
P21 /c symmetry with MHy" cations directly linked to the Cu?* ions. The MHyCdCl; analogue
crystallizes in lower triclinic symmetry with zig-zag chains of the edge-shared [CdClg] octahedra.
The absence of phase transitions is investigated and discussed. It is connected with slightly stronger
hydrogen bonding between cations and the copper—chloride chains in MHyCuCl; due to the strong
Jahn-Teller effect causing the octahedra to elongate, resulting in a better fit of cations in the accessible
space between chains. The absence of structural transformation in MHyCdCl; is due to intermolecular
hydrogen bonding between two neighboring MHy* cations, which has never been reported for
MHy*-based hybrid halides. Optical investigations revealed that the bandgaps in Cu?* and Cd?*
analogues are 2.62 and 5.57 eV, respectively. Magnetic tests indicated that MHyCuCl3 has smeared
antiferromagnetic ordering at 4.8 K.

Keywords: methylhydrazinium; organic-inorganic hybrid; chloride; phonon; crystal structure;
Jahn-Teller effect

1. Introduction

Hybrid organic-inorganic materials (mostly halides) have received a great deal of
attention in recent years due to their enormous application potential in the field of high tech
industry, particularly as materials for electronic and optoelectronic devices [1,2]. Many of
them exhibit controllable optical [3], electric [4], ferroelectric [5-7], switchable dielectric [6],
and magnetic [8] properties.

Hydrazine is an interesting small inorganic molecule capable of forming an onium or
double onium cation that can be incorporated into crystal structures [9,10]. Compounds
containing onium hydrazine cations (Hy™) are well known and have been the focus of many
investigations [9,10]. The degree of methylation of a hydrazine molecule affects its chemical
properties and ability to bond in the crystal lattice. Simple organic methylhydrazinium
cation (MHy™) has just been recognized as an object of interest due to its small enough size
to form a three-dimensional (3D) organic-inorganic perovskites [11-15]. Only four organic
cations have so far matched the size and shape parameters required to form a 3D perovskite
architecture with divalent metal ions. Next to MHy", these include the methylammonium
(MA™*) [16-20], formamidinium (FA*) [16,18,20-22], and aziridinium (AZ*) [23] cations.

There is also a class of halogenide perovskites of larger monovalent metals (M' = Na,
K, Rb, Cs) that may form a 3D network with the general formula AM'X;5-0.5H,0, where A
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stands for bivalent organic cation. In such networks, the bigger dodecahedral gap accommo-
dates larger organic cations, such as dabconium, methyldabconium, 3-aminopyrrolidinium,
piperazinium, or methylpiperazinium cations [24-27].

Recent research has shown that MHy"-containing hybrid coordination polymers may
also form low-dimensional counterparts, such as layered (2D) [28] or chain (1D) [29,30]
architectures. The most intriguing aspect is that the MHy™ ligand may interact differently
with inorganic metal-ligand subnetworks in the accessible space: (i) organic cation can
simply fill the available space and connect with an inorganic network of metal-ligand
octahedra [MX;] through N-H---X (X = oxygen, halide) hydrogen bonds (HBs), as reported
in [MHy]M'(HCOO); (M" = Mn?*, Mg?*, Fe?*, Zn?*) [13], [MHy]Mn(H,PO,)3 [31], or in
MHyPbl; [29]; (ii) organic cation can be strongly bound with the subnetwork of inorganic
octahedra, resulting in additional short N---M! contacts, as reported in MHyPbX5 (X = Cl~,
Br™) [14,15]; (iii) one of the N atoms can directly be in the first coordination sphere of the
metal, forming non-uniform octahedra of the [M"X5N] type, which has so far only been
found for the MHyMUCl3 (M! = Mn?*, Co?*, Ni?*) crystals [30]. The third type of rare
coordination has also been found for hybrid coordination polymers with Hy™", (Hy)sMnX5
(X=Cl7,Br7) [32], and 1,1,1-trimethylhydrazinium (Me3Hy") [33] cations.

In this study, we synthesized new phases of the hybrid chlorides MHyM!Cl; that
include Cu?* and Cd?* ions. We undertook a comprehensive physicochemical examination
to determine why the structural features, including coordination type and interactions
of MHy" cations with the metal-chloride framework, of those two analogues vary from
other known counterparts. The goal of this work is also to understand why Cu?* and Cd?*
analogues do not exhibit phase transitions (PTs) when compared to other members of this
family of chlorides.

2. Results and Discussion
2.1. Structural Properties

MHyCuCl; adopted monoclinic P21 /c symmetry. It is yet another example of hybrid
MHyM!"Cl; compounds with MT = Co?*, Ni?*, Mn?* reported to date [30], in which
the terminal N atom of MHy" is a co-creator of M!! first coordination sphere. In other
words, [CuClsN] octahedra were formed. The octahedra were arranged by edge-sharing,
parallel chains propagating along the [010] direction (Figure 1a). The P2;/c phase was
isostructural to the low temperature (measured at 100-120 K) phases of Co?*, Ni?*, and
Mn?* analogues [30]. All atoms occupied general positions of C; site symmetry. The Cu~Cl
distances were 2.2691(10)-2.815(1) A, while the Cu-N bond length was equal to 2.061(3)
A. The Cu—Cl distances had a much wider range (~0.55 A) than their Co?* (0.06 A), Ni2*
(0.02 A), and Mn2* (0.07 A) counterparts [30]. Indeed, an axial elongation of the octahedra
was observed (Figure S1), pointing out the presence of the Jahn-Teller effect, characteristic
of Cu?* compounds with octahedral geometries [34]. The MHy™ cations were positionally
ordered and anchored in the structure by several N-H---Cl HBs (green dashed lines in
Figure 1a,b). Both terminal and middle NH; groups interacted with chlorine ion acceptors
from neighboring chains, stabilizing the crystal structure in [100] and [001] directions (with
donor-acceptor (D---A) distances of 3.426(3) Aand 3.269(3) A, respectively). The HBs within
the chains were also present with D---A distances of 3.157(3)-3.631(3) A. The intermolecular
interactions lead to angular and (combined with Jahn-Teller effect) bond length distortion
of the octahedra, as indicated by octahedral angle variance and bond length distortion
values of 0% = 20.7 deg? and A = 0.1225, respectively. Both values were calculated using the
VESTA program [35].

The second newly obtained compound reported herein, i.e., MHyCdCls, crystallized
in triclinic, centrosymmetric P1 symmetry. The motif of MHyCdCl; consisted of inor-
ganic [CdCl3™ ] double chains propagating along the [100] direction, separated by the
MHy"* cations. All atoms adopted C; site symmetry. The chains were composed of edge-
sharing octahedra with Cd—Cl distances of 2.523(1)-2.712(1) A. The MHy" cations were
anchored via N-H---Cl (Figure 1c) and N-H---N (Figure 1d) HBs with D---A distances of
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3.168(4)-3.384(4) and 2.975(5) A, respectively. It is worth noting that both the N1 and N2
atoms of MHy™" were engaged in creating a 3D network of HBs. An interplay between
inorganic and organic constituents affected the octahedra symmetry, expressed in o> and
A values of 17.8 deg? and 0.021, respectively. Analogous atomic alignment, i.e., with 1D
edge-sharing double chains, was reported for MHyPbl3 [29]. Higher symmetry of MHyPbl3
(monoclinic, P21 /¢) is associated with the presence of larger metal cations and halide anions,
which leads to enlarged interatomic distances and, therefore, weaker HBs and less distorted
octahedra (02 = 6.32 degz). Analogous alignment was also reported for [C3H;N,S]CdCls,
where C3H7N,S* is the 2-amino-4,5-dihydro-3H*-1,3-thiazolium cation [36].

(a) MHycuCls, szf

MHyCdCl;, PT

(c)

Figure 1. Crystal structures of (a,b) MHyCuCl; and (c,d) MHyCdCls; dashed lines represent hydro-
gen bonds: N-H---CI (green) and N-H---N (blue).

The phase purity of the MHyCdCl; bulk sample was confirmed by a good match of
its PXRD pattern (Rexp = 1.70, Rprof = 6.26, WRpror = 11.22, GOF = 6.6) with the simulated
one based on the single crystal structure (Figure 2). The measured PXRD pattern of the
MHyCuCl; bulk sample was also in good agreement (Rexp = 1.52, Rprof = 5.44, WR ot = 9.85,
GOF = 6.5) with the calculated one based on the single-crystal data. The Pawley refinement
method was used to obtain the fitted profiles. The PXRD analysis results also revealed
the negligible presence of another phase (CuCl,-H;O) in an amount of about 2%; the peak
from the additional phase is marked with an asterisk in Figure 2.

2.2. Phonon Properties

Table S1 defines and lists the 24 internal (13A’ + 11A”) and 6 external (3A’ + 3A”)
vibrational modes of the free MHy™ ion with Cs symmetry. The presence of two MHy" ions
in the primitive cell doubles the number of modes corresponding to MHy* with the factor
group symmetry C;j in the triclinic MHyCdCl; crystal with Z = 2. As a result, the internal
and external modes are increased to 48 (24Ag + 24A,) and 12 (6Ag + 6Ay), respectively.
Since the number of modes corresponding to MHy™ cations with the Cy, symmetry is
increased by 4 times in the monoclinic MHyCuClj crystal with Z = 4, the number of modes
corresponding to MHy™ cations with the Cy, symmetry is 96 (24Ag + 24A, + 24Bg + 24B,)
and 24 (6Ag + 6Ay + 6Bg + 6By), respectively. Similar considerations apply to metal
cations M and chloride ligands C1~, which have 6 (BAg + 3Ay) and 18 (9Ag + 9Ay)
modes in the triclinic MHyCdClj crystal, respectively, and 12 (3Ag + 3Ay + 3Bg + 3By) and
36 (9Ag + 9Ay + 9Bg + 9By) modes in the monoclinic MHyCuClj crystal.
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To summarize, the total number of expected vibrational modes for MHyCdCl; is
84 (42Ag + 42Ay), which includes 81 optical (42Ag + 39Ay) and 3 acoustic (3Ay), and
168 (42Ag + 42Ay + 42Bg + 42By) for MHyCuCls, which includes 165 optical
(42Ag + 41Ay + 42B;g + 40By) and 3 acoustic. Because g-type modes are only Raman-
active and u-type modes are only IR (infrared)-active, the number of expected bands in the
Raman (IR) spectrum of MHyCdCls is 42 (39). These values are 84 and 81 for the MHyCuCls
analogue, respectively. The number of observed bands in the room-temperature (RT) spec-
tra is lower than expected (Figure 3, Table S2). This effect is caused by the overlapping of
closely spaced bands caused by the low factor group (Davydov) splitting.

- MHyCdCl,
| | i : measurement

l —— MHyCdCl,
calculation

—— MHyCuCl,

measurement
* " 2%: CuCl,"H,0

Intensities (arb. u.)

—— MHyCuCl,
calculation

10 15 20 25 30 35 40 45 50 55 60
26 (°)

Figure 2. The comparison of the experimental and calculated using Pawley method PXRD patterns
for MHyCdCl3 and MHyCuCls samples showing the quality of phase purity; * the additional phase
is marked with an asterisk.

The proposed assignment, presented in Table S2, is based on a comparison with litera-
ture sources, including MHyM'Cl; (M"" = Co?*, Ni?*, Mn?*) [30], 3D and 2D lead halides
comprising the MHy™" cation [12,29,37], MHyMn(H,PO,); [31], and MHyM"(HCOO);
(M = Mg?*, Fe?*, Mn?*, and Zn?*) [13], as well as density functional calculations (DFT)
calculations performed for the MHy" ion [31]. The majority of IR and Raman bands corre-
sponding to the internal vibrations of MHy™ are observed in typical ranges as reported in
the literature.

The IR and Raman spectra of MHyCuClj are qualitatively very similar to those of
MHyM!Cl; (M = Co?*, Ni**, Mn?*) [30]. The differences involving wavenumber up-
or downshifts reaching a few cm~! for MHyCuCl; are mainly due to the higher mass,
different ionic radius, the strength of HBs, and Jahn-Teller effect activity of Cu?* ions
in an octahedral configuration. The most pronounced variations were observed for the
so-called MHy*-cage mode, which can be correlated with the parameter defined as the
space available for cation per formula unit V [30]. This mode was described as a torsional
mode with a strong sensitivity to ligand type due to coupling with the inorganic cage
via HBs bonds [37], which is similar to the behavior of the MA*-cage mode, which has
been initially reported for the MAPbX3 (X = Br—, I7) hybrids [38]. In our previous paper
concerning MHyM!Cl; (M = Co?*, Ni?*, Mn?"), the MHy"-cage mode clearly correlates
to the ionic radius of M and metal electronegativity, i.e., it was observed as an IR band at
515 cm~! for MHyMnCls, 563 cm ™! for MHyCoClg, and at 595 cm ™! for MHyNiCl; [30].
Taking into account the IR and Raman spectra of MHyCdClz and MHyCuCl3, we assigned
the MHy*-cage mode to IR bands at 386 and 606 cm !, as well as Raman bands at 389 and
614 cm !, respectively (see Table S2). The correlation of these values with the ionic radius
is higher for MHyCuClz and much lower for MHyCdCl;. This is not surprising considering
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that MHy™ is not a direct ligand for the metal cation in the MHyM"Cl; series. As a result,
the torsional vibrational energy is predicted to differ.

(@)

MHyCdCl,

l MHyCuCl,

i ! i I ' I I ' T ' ! ' 1
3500 3000 2500 2000 1500 1000 500
(b)

Raman intensity

MHyCdCl,

g NV

¥ T 1 1 1 1 I
3500 3000 2500 2000 1500 1000 500

Absorbance

Wavenumber (cm™)

Figure 3. Raman (a) and IR (b) spectra of MHyMHCl3 (M = Cd?+, Cu?ty; transparent sections of the
MHyCuCl; IR spectrum on panel (b) indicate the absorption ranges of the medium used (nujol).

Another interesting feature that can be analyzed using vibrational spectroscopy is
the strength of HBs. The positions of IR and Raman bands corresponding to stretching
vibrations of both NH, and NH,* groups for the MHyCuCl; analogue have very similar
energies in comparison to the previously studied MHyM"Cl; (M = Co?*, Ni**, Mn?*)
series. However, for MHyCuCl3z, most of the bands observed above 3000 cm~! have the
lowest positions among these four isostructural analogues. It proves our SCXRD analysis,
showing that the MHyCuCl; analogue creates the shortest D---A contacts and thus forms
the strongest hydrogen bonds.

As mentioned before, the vibrational spectra of MHyCdCl3 differ most strongly in
this region, suggesting that the HB network has different properties. Crystallographic
data showed that the MHy+ cations do not enter the first coordination sphere of Cd?* ions,
therefore, they have more freedom in the metal-chloride framework. This leads to the
formation of direct, short, and strong N-H---N HBs between MHy™" cations, which has
never been reported for an MHy™ cation so far. We think that these stronger contacts are
responsible for the formation of the broad bands observed in spectra above 2750 cm ™!,
which are absent for other representatives of the MHyM'Cl; group.

2.3. Optical Properties

The diffuse reflectance spectra of MHyM!Cl3 (M = Cd?*, Cu?*) are shown in Figure 4. In
the low-wavelength range, MHyCdCl;3 exhibits an intense absorption band with a maximum
at 212 nm and a weaker band at 275 nm, similar to FACd(H,PO5)3 (FA* = formamidinium) [39]
and [TPrA]Cd(dca); (TPrA* = tetrapropylammonium, dca™ = dicyanamide) [40]. MHyCuCls
has a much wider low-wavenumber band, with maxima at 249, 330, 379, and 410 nm pre-
viously assigned to the ligand-to-metal charge transfer from Cl~ ligand to Cu?* centers for
(CsHp4Ny)[CuCly] (CsH14N»?* = diprotonated 1,4-diazacycloheptane), (N(CH3),)CdXz:Cu?*
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(N(CH3)4* =tetramethylammonium, X = C1~, Br~), and MA,CuClBry« (MA* = methylam-
monium) [41-43]. The diffuse reflectance spectrum of MHyCuCl; also has a very broad
absorption band with a maximum of about 850 nm, which is caused by Cu?* d-d transitions
in the Dy, coordination centers [41,43,44]. The presence of this band for MHyCuCls, which
is composed of CuCly octahedra, indicates a strong Jahn—Teller effect causing octahedra
elongation, as confirmed by SCXRD studies (see Figure S1).

55, MHyCucCl,
‘0
c
B}
=
o
o
b |
©
£
S
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T F T T T T T T
500 1000 1500 2000 2500

Wavelength (nm)

Figure 4. Diffuse reflectance spectra of MHyM!Cl; (M = Cd?*, Cu?*).

Both spectra show the presence of several bands above 1500 nm that corresponds to
MHy™* overtones and combinations of vibrational modes.

The diffuse reflectance spectra of MHyMHClg, (M = Cd?*, Cu®*) were further recalcu-
lated to determine the bandgap energy using the Kubelka-Munk function F(R) = (1 — R)?/2R,
where R is the reflectance. The results are presented in Figure S2, and the obtained bandgap
energies are 2.62 and 5.57 eV for MHyCuCl; and MHyCdCls, respectively. The obtained
values are within the ranges reported previously for (CsH14N»)[CuCly] (2.56 eV) [41],
FACA(H,POy); (5.42 €V) [39], and [TPrA]Cd(dca); (5.02 eV) [40].

2.4. Magnetic Properties

Figure 5 summarizes the results of the magnetic property measurements carried out
for MHyCuCls, which are very similar to those obtained for MHyMnCl; [30]. As can
be inferred from panel (a), the compound with copper exhibited paramagnetic behav-
ior in almost the entire temperature range studied, and its magnetic susceptibility x(T)
could be described by the Curie-Weiss law x(T) = C/(T — 60,) down to a few kelvins
with the least-squares fitting parameters C = 0.42(2) emu mol~! K (Curie constant) and
0p = —1.7(4) K (Curie-Weiss temperature); see the thick solid line in Figure 5a. The ef-
fective magnetic moment g derived from the Curie constant C was about 1.83(1) us,
which was lower than peg = 3.55 pp expected for a free Cu?* ion with the 3d” electron
configuration (i.e., for S =1/2, L =2,] =5/2, g; = 1.2) and only slightly higher than the
spin-only magnetic moment of 1.73 ug (i.e., calculated for §=1/2,L=0,] =1/2, g = 2),
suggesting a non-negligible, yet still very small, orbital contribution to ji.¢. The estimated
value of the magnetic moment was, in turn, very close to the averaged experimental value
of ¢ reported for paramagnetic salts containing non-interacting Cu®* ions, i.e., 1.83 pp.
Moreover, the fitted value of C was nearly the same as the RT value of the product xT,
i.e., 0.41 emu mol~! K, and the negative sign of 6,, which indicated the presence of antifer-
romagnetic correlations in MHyCuCl3, was in full agreement with the concave shape of the
XT(T) curve observed down to the lowest temperature studied (see Figure 5a, right axis).
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Figure 5. (a) x~U(T) and xT(T) (left and right axis, respectively) of MHyCuCl; plotted with the fitted
Curie-Weiss formula (solid curves). (b) x(T) measured in the ZFC and FC regimes (bright and dark
symbols, respectively); the arrow marks a characteristic temperature T*. (c,d) M vs. H plotted in two
different field ranges; solid lines show linear M(H) dependence in low fields.

At low temperatures, MHyCuCl; exhibited a broad anomaly in the temperature
variation of the magnetic susceptibility with a maximum at T* = 4.8 K (Figure 5b), being
very similar in shape to that found in its counterpart with Mn?*, yet much smaller [30].
In addition, here, x(T) was independent of the magnetic field H (at least in low fields)
and showed no difference between the curves taken in the ZFC and FC regimes, which
suggests antiferromagnetic ordering. The antiferromagnetic-like character of the observed
anomaly was confirmed by the linear field dependence of the magnetization (Figure 5¢,d),
exhibiting only a small change in its slope of about 3 kOe. In the highest field applied
(70 kOe), magnetization M is far from any saturation and achieves a value corresponding
to only 0.45 pg, which is much smaller than pg = 3 ug and 1 pp expected for full and
spin-only magnetic moment of Cu?*, respectively.
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2.5. Effect of Cd?* and Cu?* on the Properties

Cd?* and Cu?* coordination chemistry significantly differs from Ni?*, Co?*, and
Mn2*, which has a significant influence on the structures of MHyCdCl; and MHyCuCl3
in comparison to previously described compounds. To begin, unlike the other metals
discussed, Cd?" has a d'° close-shell electronic configuration. Additionally, according to
Shannon [45], the ionic radius of Cd2* is greater (95 pm) than that of NiZ*, Co?t, Mn?*, and
Cu?* (69-83 pm). Because of these features, the metal cation in MHyCdClj is coordinated
by six chloride anions, and the MHy™* cation is excluded from the first coordination sphere.
MHyCdCl; has a triclinic structure, with the MHy* cations occupying the voids in the
metal—chloride framework. Furthermore, MHy™ cations are stacked in chains that are
linked by stronger intermolecular HB.

The distinct behavior of Cd?* and Cu?* analogues has previously been observed for
other hybrids. Among the AmM"(HCOO)3; (Am* = NHy*; M!! = Cd?*, Co?*, Cu?*, Fe?",
Mg?*, Mn?*, Ni?*, and Zn?*) formates [46], only AmCd(HCOO)3; and AmCu(HCOO);
members adopt the orthorhombic symmetry, which is lower compared to other hexagonal
family members. Furthermore, as the sole representative, the AmCd(HCOO); crystal
exhibits no PT and adopts a perovskite-like topology [47] in contrast to other members,
which have chiral-like crystal architecture.

A similar outcome effect has been observed for [DMA]M(HCOO); (DMA* = dimethy-
lammonium; Ml = Cd?*, Co?*, Cu?*, Fe?*, Mg2+, Mn2*, Ni%*, and Zn?*) formates [46],
where only [DMA]Cu(HCOO)3 and [DMA]Cd(HCOO); do not undergo PTs. However, the
structural symmetry of [DMA]Cd(HCOO); is hexagonal in this example, as it is for all mem-
bers except for [DMA]JCu(HCOO)3, which crystallizes in the lower orthorhombic phase.
In this case, the lack of PT has been attributed to the large size of the cavity occupied by
DMA™" and weak HB contacts between cations and the cadmium-formate framework [48].

To determine the reason for the absence of PTs in the MHyCdCl; and MHyCuCl;, we
compared the estimated structural parameters presented in Table 1. As one can see, the toler-
ance factor (TF) is insufficient to explain this phenomenon, as the values for MHyCdCl; and
MHyCuCl; are comparable to those reported for MHyM!Cl3 (M = Mn?*, Co?*, Ni?*) [30].
A detailed examination of 02 and A, which characterize the framework flexibility, reveals
that the Jahn-Teller effect prevents the emergence of PT. This elongation also causes the
shortest Cu—Cu distances between octahedral chains propagating along the [100] and [001]
directions to be 6.988(1) and 6.505(1) A, respectively. The M'-M"! distances or MHyM!"'Cl;
(M = Mn?*, Co?*, Ni%*) are comparable along the [001] direction (6.489(1)-6.580(1) A) but
much longer along the [100] direction (7.156(1)-7.338(1) A) [30]. The closest Cu—Cu distances
(3.601(1)-3.661(1) A) along the chain are comparable or slightly higher than the MM
distances reported for M = Mn?*, Co?*, Ni?*, which ranged from 3.455(1) to 3.630(1) A [30].
Furthermore, among the other members, the Cu-N bond is the shortest (2.061(3) A) and
contributes the most covalent bonding (2.116(3), 2.194(2), and 2.365(2) A for Ni%*, Co?*, and
Mn?*, respectively). The substantially elongated [CuClsN] octahedra change the available
space for MHy" cations and allow them to fit better in the accessible void, resulting in a
slightly stronger network of HBs. This alignment in the metal-halide network might possibly
be due to the ordered state of the MHy™" cations, which has been reported for MHyMCl;
(M = Mn?*, Co?*, Ni%*) in the low-temperature (LT) phase [30].

Table 1. Comparison of tolerance factors (TFs), octahedral angle variance o2, and bond length
distortion A for MHyM!Cl;.

MU TF A o2 (degz)
Mn?2* [30] 1.16 0.0240 32.093
Co?* [30] 1.23 0.0311 18.368
Ni2* [30] 1.26 0.0350 9.569

Cu?* 1.24 0.1225 20.661

cdaz 1.14 0.0210 17.839
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The inability of Cd?* ions to bind MHy" also makes these cations better fit into the
existing spaces in the network and can get close enough to form a HB between two adjacent
cations. The existence of this unique contact, which is stronger than the HBs normally
formed between organic cations and ligands, efficiently prevents cation disorder and
allows the crystal to adopt lower triclinic symmetry with double edge-connected zig-zag
octahedral chains, which is impossible for Ni%*, Mn?%*, and Co?* transition metal cations.

3. Materials and Methods
3.1. Synthesis

Methylhydrazine (98%, Sigma-Aldrich, Saint Louis, MS, USA), hydrochloric acid
(35-38%, Avantor Performance Materials, Gliwice, Poland), cadmium(Il) (98%, Sigma-
Aldrich, Saint Louis, MS, USA), and copper(Il) (98%, Sigma-Aldrich, Saint Louis, MS, USA)
chlorides were obtained commercially and used without additional purification.

In order to grow MHyM!Cl; (M! = Cu?*, Cd?*) crystals, 1 mmol of M''Cl, was di-
gested in hydrochloric acid. The solution was then dropwise treated with methylhydrazine
(1.5 mmol, 0.2 mL). The resulting mixture was left undisturbed at RT in order to slowly
evaporate the solvent. After 7-30 days, the colorless and green crystals of MHyCdCl; and
MHyCuCl;, respectively, were harvested from the solution and air-dried.

3.2. Single-Crystal and Powder X-ray Diffraction

Single-crystal X-ray diffraction (SCXRD) experiments were carried out with MoK«
radiation using an Xcalibur four-circle diffractometer (Oxford Diffraction, Abingdon, UK),
an Atlas CCD detector, and graphite-monochromated MoK« radiation. Absorption was
corrected by multi-scan methods using CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffrac-
tion, 2018, Tokyo, Japan). Empirical absorption correction using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm, was applied. Hydrogen atoms
were initially placed based on the local geometry and refined using a riding model.
The crystal structure was solved in Olex2 1.5 [49] using SHELXT-2014/4 [50] and re-
fined with SHELXL-2018/3 [51]. The unit cell of MHyCuCl; (monoclinic, P2;/c with
a=6.9879(5) A, b=7.2032(5) A, c = 13.0105(9) A, B = 96.022(7)°, V = 651.3(1) A3, Z = 4) was
chosen with respect to the analysis of diffraction pattern and systematic extinction rules
(Figure S3). MHyCdCl; (triclinic, P1 with a = 3.8660(1) A, b = 9.3519(9) A, ¢ = 10.0790(3) A,
o =106.146(6)°, B = 90.080(3)°, v = 93.734(5)°, V = 349.21(4) A3, 7 = 2) was treated as a
two-domain non-merohedral twin with twin fraction (BASF) equal to 0.5358(11). Exper-
imental details and selected geometric parameters are presented in Tables S3-S5. The
main components of the crystal structures of both compounds are presented in Figure S4.
The CIF files of reported structures can be found in the CCDC Database with deposition
numbers 2047529 for MHyCdCl; and 2047531 for MHyCuCls.

Powder X-ray diffraction (PXRD) experiments were performed in the reflection mode
on a PANalytical X'Pert diffractometer (Almelo, The Netherlands) equipped with a a PIXcel
solid-state linear detector using Ni filtered CuK« radiation (A = 1.54184 A). The X-ray
diffraction patterns were generated at 30 mA and 40 kV. For the processing of the PXRD
data, the program X'Pert High Score Plus (PANalytical, Almelo, The Netherlands) was
involved [52].

3.3. Spectroscopic Measurements

IR spectra in the range of 4000-400 cm ™! (mid-IR) were measured using a Nicolet iS50
infrared spectrometer (Waltham, MA, USA) using a KBr pellet for MHyCdCl3 and a nujol
suspension for MHyCuClz due to the reactivity of the compound with KBr. The far-IR
spectra in the 400-50 cm~! were measured as a nujol suspension on the polyethylene plate
for both compounds. The spectral resolution was set to 2 cm 1.

Raman spectra in the 3500-50 cm ! range with 2 cm ! resolution were measured using
a Bruker FT MultiRAM spectrometer (Billerica, MA, USA) equipped with the YAG:Nd laser

operating at 1064 nm.
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The absorption spectra in the back-scattering mode in the UV-VIS range were measured
using an Agilent Cary 5000 spectrophotometer (Santa Clara, CA, USA) equipped with a
PryingMantis™ diffuse reflectance accessory.

3.4. Magnetic Measurements

Magnetization of randomly oriented single crystals of MHyCuCl; was measured using
a commercial Quantum Design MPMS XL magnetometer (San Diego, CA, USA) from RT
down to 2 K and in applied magnetic fields up to 70 kOe. The diamagnetic background
coming from a sample holder was found to be weak and negligible in comparison to
the signal coming from the samples; hence its subtraction was omitted. Moreover, no
diamagnetization corrections were made to the data reported here.

4. Conclusions

The MHyM"'Cl3 (M"" = Cd?*, Cu?*) hybrid organic-inorganic compounds were syn-
thesized using a conventional technique of crystallization from solution by gradual evapo-
ration. The MHyCuCl; analogue crystallizes in the monoclinic P27 /c symmetry, according
to the single-crystal X-ray diffraction measurement. The structure is similar to previously
reported M = Mn?*, Ni?*, and Co?* structures in that it is made up of edge-sharing
1D chains of the [CuClsN] octahedra running in the [010] direction. MHy™" cations in
MHyCuClj are effectively coordinated by metal ions, as in the three analogues mentioned.
MHyCuCl3, as a single representative, on the other hand, experiences no PT, and the MHy™*
cations are ordered at RT. The absence of PTs was attributed to the significant Jahn-Teller
effect, which was supported by single-crystal X-ray diffraction and diffuse reflectance
measurements. The elongation of the [CuCl5N] octahedra results in a better fit of organic
cations in the accessible space as well as a considerably stronger network of HBs that pre-
vent the disorder. Magnetic measurements revealed that MHyCuClj exhibits only smeared
antiferromagnetic ordering at roughly 4.8 K and no ferromagnetic correlations up to the
highest field investigated. Optical studies confirmed a strong Jahn-Teller distortion and
revealed a bandgap of 2.62 eV for this material.

The cadmium analogue differs significantly from the other representatives in the
MHyM!Cl; class of hybrids. The MHyCdCl3 compound crystallizes in triclinic PT symme-
try, and its crystals are comprised of double zig-zag chains that propagate along the [100]
direction. The MHy™ cations are ordered at RT, and the MHyCdClj crystal, like MHyCuCls,
does not experience PTs. In this case, the absence of structural transition was attributed
to the presence of a unique HB contact between two neighboring MHy™" cations, which
inhibits cation disorder. This type of contact is possible because, uniquely in this case, the
organic cations are not included in the first coordination sphere of the Cd?* ion. According
to optical investigations, MHyCdCl; has a bandgap energy of 5.57 eV.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/molecules28020473/s1, Figure S1: Single [CuCl5N] oc-
tahedron labeled with atoms and bond lengths in A; elongated Pb-Cl distances (marked in red and
bold) indicate the Jahn-Teller effect; Figure S2: The energy band gap estimation for MHyM''Cl; (Cd,
Cu) crystals using the Kubelka-Munk method; Figure S3: Reciprocal space reconstruction of (a) the
hOl and (b) the K1l layers in MHyCuClj; Figure S4: The main components of the crystal structures
of (a) MHyCuCl3 and (b) MHyCdCl; with vibrational ellipsoids at the 50% probability level; Table
S1: Factor group analysis for MHyCdCl; and MHyCuClj; crystals; Table S2: Assignment of IR and
Raman bands for MHyCdCl3 and MHyCuCl;; Table S3: Experimental and refinement details of
MHyCdCl3 and MHyCuCls; Table S4: Selected geometric parameters of MHyCdCl; and MHyCuCls
(A, °); Table S5: Selected hydrogen bond parameters of MHyCdClz and MHyCuCls.
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Figure S1. Single [CuClsN] octahedron labeled with atoms and bond lengths in A; elongated
Cu-—Cl distances (marked in red and bold) indicate the Jahn-Teller effect.
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Figure S2. The energy band gap estimation for MHyM"Cls (M"=Cd?", Cu?) crystals using the
Kubelka-Munk method.



Figure S3. Reciprocal space reconstruction of (a) the 10! and (b) the k1! layers in MHyCuCls;
(a) an extinction of reflexes with [=2n+1 points out to existence of a c glide plane perpendicular
to the [010] direction; (b) the analogous reflexes are visible in the /1l layer. Thus, the unit cell
of P2i/m symmetry and halved c axis, as suggested by PLATON software, cannot be chosen.
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Figure S4. The main components of the crystal structures of a) MHyCuCls and b) MHyCdCls
with vibrational ellipsoids at the 50% probability level. Roman numbers denote symmetry
codes: (i) x+1, y, z; (ii) -x+1, -y+2, -z+1; (iii) x-1, y, z; (iv) -x+1, -y+1, -z+1; (v) -x, -y+2, -z+1; (vi) x,

y+1, z; (vii) x, y-1, z.



Table S1. Factor group analysis for MHyCdCls and MHyCuCls crystals.

Free ion Site Factor group symmetry
Ion Vibrational mode symmetry symmetry* MHyCdCls MHyCuCls
Cs=m Cr=1 C=1 Can=2/m)
Internal

vsNH2+vsNH2* 2A7 2A 2Ag+2Au 2Ag+2Bg+2 Aut2Bu
VasNH2+vasNH2* 2A” 2A 2Ag+2Au 2Ag+2Bg+2 Aut2Bu
ONH+dNH-* 2A’ 2A 2A+2 A 2A+2Bg+2 Aut2Bu
oNHz+oNH>* 2A” 2A 2AA2A, 2 A+2B+2 Au+2B.
TNH2+tNH2* 2A” 2A 2Ag+2Au 2Ag+2Bgt+2 Aut2Bu
wNH2+wNH2* 2A’ 2A 2A+2Au 2AA+2Be4+2Au+2Bu

vsCH3 A’ A AgtAu AgtBg+AutBu
VasCHs A'+A” 2A 2Ag+2Au 2Ag+2Bg+2 Aut2Bu

MHy* 0sCHs A’ A AgtAu AgtBg+AutBu
8asCHs A+A” 2A 2AA2A, 2 A+2B+2 Au+2B.
oCHs A+A” 2A 2AA2A, 2 A+2B+2 Au+2B.

TCHs A” A AgtAu Agt+Bg+Aut+Bu

VasCNN A” A AgtAu Ag+Bg+AutBu

0sCNN A’ A AgtAu AgtBg+Aut+Bu

OCNN A’ A AgtAu Agt+Bgt+AutBu

External

T 2A'+A” 3A 3Ag+3Au 3Ag+3Bg+3Au+3Bu
L A'+2A” 3A 3Ag+3Au 3Ag+3Bg+3Aut3Bu
Cl- T 3A 9A+9Au 9Ag+9Bg+IA+IBu
M! T 3A 3Ag+3Au 3Ag+3Bg+3Aut3Bu

Key: @ the same for both crystals; vs, symmetric stretching; vas, antisymmetric stretching; o,

bending; ds, symmetric bending; das, antisymmetric bending; o, rocking; 1, twisting; w,
wagging; T’, translation; L, libration; Colors: green, IR- and Raman-active; blue, Raman-

active; red, IR-active.



Table S2. Assignment of IR and Raman bands for MHyCdCls and MHyCuCls.

MHyCdCls MHyCuCls Assienments
Raman IR (KBr) Raman IR (nujol) §
3288m 3290m vasNH2
3255sh,
3240m 3241m, 3223sh 3238sh, 3202w 3236m, 3198m vasNH2
3171w 3164sh 3122w 3161m, 3115m vsNH2
3091vw 3117s, 3085s 3077vw VasNH2*
3043w,
3029sh 3048sh, 3041m 3049m, 3033m vsNH2 +vasCH3
3027m
2995sh, .
2962vs 2961sh 2967vs vsCH3
ézggx 2839vw, 2908vw, § WNH
7 2
2748w 2747w, 2673sh 2807w
1606m 1604m 1587w 1596m ONH:
1551m 1558m 1566vw 1564s ONH:z*
1477sh, 1481w,
1460m, 1459w, ﬁi"w’ * 02CHs
14425 1449sh, 1443m W
1424w, 1420vw, 1431vw, .
1413vw 1414w 1410vw oCHs
1396m * wNH2*
1336w 1331vw * TNH2*
1278vw,
1210m 1233m, 1209w 1280vw, 1252s pCHs+ wNH2
1252m
1133m, 1134vw,
1101m 1100m 1111w 116sh, 1109s oNHz+tNH:
1010m 1011m 1020w 1022w vasCNN
900vs 901vw 899w 901m vsCNN
883m, 875m, .
876s 845w 859vw 857m oNH2
389w 386m 614vw 606s MHy*-cage
480m 476m 525vw 528vw OCNN
283m, 253s, 295w, 243s 280sh, 271s,
7 7 7 7 y 7 1L y
213 2095, 1975 ey 285vs, 241m V(MUCIsN)/v(CdCle)+T'(MHy)+L(MHy)
163sh, 150s, 187m, 165m, ] ,
121m 160vs, 135s 126m 192s, 146s, 117s d(CuClsN)/d(CdCle)+T’'(MHy)+L(MHy)
107sh, 87sh, 106s, 91m, 107s, 85m, ) ,
S6vw 73m 77h 95sh O(CuClsN)/d(CdCle)+T’(MHy)+L(MHy)




Table S3. Experimental and refinement details of MHyCdCls and MHyCuCls.

MHyCdCls MHyCuCls
Crystal data
M: 265.84 216.98
Crystal system, space Triclinic, P1 Monoclinic, P21/c
group
Temperature (K) 265 295

a,b,c(A) 3.8660 (1), 9.3519 (9), 10.0790 (3) |6.9879 (5), 7.2032 (5), 13.0105 (9)
a,B,7 () 106.15 (1), 90.08 (1), 93.73 (1) 90, 96.02 (1), 90

V (A3 349.2 (1) 651.3 (1)

z 2 4

t (mm-?) 4.16 4.47

Crystal size (mm)

0.15 x 0.06 x 0.05

0.14 x 0.09 x 0.06

Data collection

Tmin , Tmax

0.940, 1.000

0.930, 1.000

No. of measured,
independent and
observed [I > 20(I)]

9262, 2226, 1954

2773,1237,979

reflections

Rint - 0.023
(sin O/A)max (A1) 0.610 0.610
Refinement

R[F?>20(F?)], wR(F?), S

0.021, 0.062, 1.08

0.026, 0.064, 1.12

No. of reflections 2226 1237
No. of parameters 68 66
Apmax, Apmin (€ A) 0.43, -0.48 0.37,-0.38




Table S4. Selected geometric parameters of MHyCdCls and MHyCuCls (A, ©).

MHyCdCls MHyCuCls

Cd1—-CI2! 2.6953 (11) Cul—Cl1i 2.8149 (9)
Cd1—-CI2 2.7124 (11) Cul—-Cl1 2.3141 (8)
Cd1—Cl2i 2.6978 (10) Cul—CI3 2.2990 (8)
Cd1—-CI3 2.6259 (11) Cul—ClI3¥ 2.7692 (9)
Cd1—-Cl3i 2.6235 (11) Cul—CI2 2.2691 (10)
Cd1—-Cl1 2.5228 (10) Cul—N1 2.061 (3)
Cl2i—Cd1—CI2 82.38 (3) Cl1—Cul—-Cl1i 89.46 (3)
Cl2i—Cd1—-CI2 91.27 (3) Cl1—Cul—CI3¥ 88.95 (3)
Cl2i—Cd1—Cl2i 84.13 (3) ClI3—Cul—-Cl1 172.80 (3)
Cl3i—Cd1—CI2! 86.71 (3) CI3—Cul—Cl1i 90.03 (3)
Cl3i—Cd1—Cl2i 90.56 (3) ClI3v—Cul —Cl1i 166.92 (3)
ClI3—Cd1—Cl2 172.71 (3) CI3—Cul—CI3¥ 89.93 (3)
Cl3i—Cd1—CI2 172.82 (3) Cl2—Cul—-Cl1 92.98 (3)
CI3—Cd1—-CI2 86.30 (3) Cl2—Cul—CI1i 96.07 (3)
CI3—Cd1—Cl2i 88.73 (3) Cl2—Cul—CI3 94.21 (3)
Cl3i—Cd1—CI3 94.86 (3) Cl2—Cul—CI3¥ 96.98 (3)
Cl1—-Cd1—-Cl2i 93.53 (3) N1—-Cul—-Cl1 86.47 (8)
Cl1—-Cd1—Cl2i 174.07 (3) N1—Cul—-Cl1i 84.58 (8)
Cl1—-Cd1—-CI2 92.25 (3) N1—Cul—-CI3v 82.36 (8)
Cl1—-Cd1—-Cl3 94.74 (4) N1—Cul—-CI3 86.33 (8)
Cl1—-Cd1—-CI3 93.44 (3) N1—Cul—-CI2 179.15 (8)
Cd1ii—Cl2—Cd1i  [95.87 (3) Cul—CI3—Cul¥v 90.07 (3)
Cdli—Cl2—Cd1 97.62 (3)

Cd1i—Cl2—Cd1 91.27 (3)

Cd1i—CI3—Cd1 94.86 (3)

Symmetry code(s): (i) x+1, y, z; (ii) -x+1, -y+2, -z+1; (iii) x-1, y, z; (iv) -x+1, -y+1, -z+1.




Table S5. Selected hydrogen bond parameters of MHyCdCls and MHyCuCls.

D—H-A D—H (A) H-A (A) DA (A) D—H-A (°)
MHyCdCls

N2—H2A--CI1 {0.89 2.46 3.168 (4) 137.4
N2—H2B-+-N1i [0.89 2.10 2.975 (5) 166.6
N1—H1A--Cl3i [0.89 2.59 3.404 (4) 151.7
N1—H1B--Cl1i |0.85 2.68 3.384 (4) 140 (4)
MHyCuCls

N2—H2A-Cl1iv {0.89 2.48 3.157 (3) 132.8
N2—H2B--Cl1v [0.89 2.51 3.269 (3) 143.7
N2—H2B--CI3 [0.89 2.65 3.206 (3) 121.3
N1—HI1A--CI2i [0.89 2.82 3.426 (3) 126.5
N1—H1B--CI2v |0.89 2.80 3.631 (3) 155.2

Symmetry code(s): (i) x+1, y, z; (ii) x+1, y-1, z; (iii) -x+2, -y+1, -z; (iv) -x+1, -y+2, -z+1; (v) x, -y+3/2, z-1/2;

(vi) -x+1, -y+1, -z+1.
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ABSTRACT: The synthesis and investigation of the physicochem-
ical properties of a novel one-dimensional (1D) hybrid organic—
inorganic perovskitoid templated by the 1,1,1-trimethylhydrazinium
(Me;Hy") cation are reported. (Me;Hy)[Pbl;] crystallizes in the
hexagonal P6;/m symmetry and undergoes two phase transitions
(PTs) during heating (cooling) at 322 (320) and 207 (202) K. X- 0]
ray diffraction data and temperature-dependent vibrational studies
show that the second-order PT to the high-temperature hexagonal
P6;/mmc phase is associated with a weak change in entropy and is
related to weak structural changes and different confinement of
cations in the available space. The second PT to the low-
temperature orthorhombic Pbca phase that corresponds to the
high change in entropy and dielectric switching is associated with an
ordering of the trimethylhydrazinium cations, re-arrangement and strengthening of hydrogen bonds, and slightly shifted lead-iodide
octahedral chains. The high-pressure Raman data revealed two additional PTs, one between 2.8 and 3.2 GPa, related to the
symmetry decrease, ordering of the cations, and inorganic chain distortion, and the other in the 6.4—6.8 GPa range related to the
partial and reversible amorphization. Optical studies revealed that (Me;Hy)[PbL;] has a wide band gap (3.20 V) and emits reddish-
orange excitonic emission at low temperatures with an activation energy of 65 meV.
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B INTRODUCTION

Lead halides are one of the most well-known and researched
groups of hybrid organic—inorganic perovskites, particularly
for their photovoltaic applications.”” They may exhibit
. . B . 6,7 . '8
interesting ferroelectric, ferroelastic,”” magnetic,” second
harmonic generation,9 switchable dielectric,’® or lumines-
$1011 properties. While typical hybrid perovskites with
a tolerance factor (TF) of 0.8 to 1 adopt a three-dimensional

Despite many advantages of the commonly used MAPbI; and
FAPbI; (MA* = methylammonium cation; FA* = formamidi-
nium cation), such as low-production costs and high-power
conversion efficiency, PSCs have relatively low intrinsic
stability. One of the suggested ways to boost photovoltaic
properties of PSCs is the passivation of the surface with other
1D perovskitoids templated by bulky ammonium cations, like
diethyl-(2-(:hloroethyl)ammonium,16 cyclohexylmethylammo-
nium,'® or methyl-1,3-propanediammonium.15

(3D) corner-sharing structure, compounds with higher TF are
more likely to form one- or two-dimensional structures. Some
of them have recently been called “perovskitoids.”

Stoumpos et al. introduced this new term in materials
science to describe compounds having ABX; stoichiometry and
exclusively face-sharing connectivity between BX; octahedra.'”
The physicochemical properties of those hybrids (in oxide
nomenclature termed 2H polytype) significantly differ from
corner-sharing archetypical perovskites (3C polytype).'” Later,
the term “perovskitoid” was extended to include structures
similar to perovskite but with connectivity other than corner-
sharing, such as face- or edge—sharing.13

Similar to perovskites, perovskitoids also have interesting
physicochemical properties that are important for optoelec-
tronics.”>~'* One of them is the improvement of the
application properties of perovskite solar cells (PSCs).">™"”

© 2022 The Authors. Published by
American Chemical Society
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In recent years, hybrids templated by the hydrazinium
cation'” and its derivatives, such as methylhydrazinium®~""*
or 1,1-dimethylhydrazinium,”"** have received attention. Both
cations were successfully employed to form 3D or two-
dimensional (2D) perovskites in halide,” """ hypophosphite,®
or formate frameworks.”' =

Despite the suggestions that partially substituting the MA*
in MAPbI, with the 1,1,1-trimethylhydrazinium cation
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(Me;Hy") would improve the photovoltaic properties and
increase the intrinsic stability,'” there is no published structure
and detailed physicochemical characterization of (Me;Hy)-
[PbI;]. As a result, we have decided to undertake
methodological research on this perovskitoid in order to
define the observed phase transitions (PTs), clarify their
mechanisms in detail, and to characterize the optical and
phonon properties of each phase. We have also performed
high-pressure Raman measurements of the low-wavenumber
mode region, which is believed to be particularly sensitive even
to very subtle structural changes, in order to assess the stability
and flexibility of (Me;Hy)[PbL,].

B EXPERIMENTAL SECTION

Materials and Synthesis. Commercially available lead(1I) iodide
(99%, Sigma-Aldrich, US), 1,1,1-trimethylhydrazinium iodide (97%,
Sigma-Aldrich, US), N,N-dimethylformamide (DMF) (99.8%, Sigma-
Aldrich, US), dimethylsulfoxide (DMSO) (99.9%, Merck), and
methyl acetate (99.5%, Sigma-Aldrich, US) were employed without
additional purification.

The antisolvent method was used to synthesize (Me;Hy)[PbL;].
Lead(1I) iodide and 1,1,1-trimethylhydrazinium iodide were dissolved
in a mixture of DMF and DMSO (5:1). This solution was placed in a
glass vial with a loose top, which was then placed in a bigger vial
containing methyl acetate (antisolvent). After S days, yellow crystals
were extracted, filtered from the mother solution, and dried at room
temperature in air. The phase purity of crystals was validated by the
good agreement of the powder X-ray diffraction (PXRD) pattern with
the simulated one based on the single-crystal data (Figure S1).

X-ray Diffraction. All of the data for (Me,Hy)[Pbl,] were
collected using an XtaLAB Synergy-S (Rigaku—Oxford Diffraction)
four circle diffractometer with monochromatic and microfocus MoKa
(4 = 0.71073 A) radiation. Experiments were carried out for a single
yellow crystal with dimensions 0.139 X 0.112 X 0.083 mm, at 215,
230, 260, 290, 310, 330, 350, and 375 K temperatures. The complete
data sets were collected at 230 and 375 K. For other temperatures, the
strategy implemented in CrysAlis was applied. The data sets were
obtained and processed with CrysAlisPro software (CrysAlisPRO
(ver. 41_64.104a), Oxford Diffraction/Agilent Technologies UK Ltd,
Yarnton, England). Absorption correction was also taken into account
in CrysAlisPro software. The structures were solved using
SHELX2014 program packages by direct methods and refined with
the full-matrix least-squares method on F2.>* Nonhydrogen atoms in
all phases were refined anisotropically, and the positions of hydrogen
atoms were idealized with geometry and constrained during
refinement with an implemented model in SHELX. The final
refinement cycles were performed with the EXTI command due to
the very high absorption coefficient reaching ca. 20 mm™". In the final
model of the structure at 375 K, two hydrogen atoms from theNH,
group are missing. The figures of (Me;Hy)[Pbl,] were prepared using
Mercury 4.0 software.”®

The powder data for low-temperature (LT) phase were collected
using a Rigaku XtaLAB Synergy-S system and CuKa radiation (4 =
1.54056 A). The data were reduced first in CrysAlisPro and then in
EXPO2014. The cell parameters were found using the McMaille
routine, and then the space group was determined. The structure was
solved by direct methods followed by a resolution bias modification
procedure, and the chain was identified. Fourier recycling resulted in
the location of the organic cation. Hydrogen atoms were assigned to
calculated positions. To keep the reasonable geometry of the Me;Hy"
cation, several restraints for bond lengths and valence angles were
applied. In the final model, two nitrogen atoms from the NH, group
were missing.

The structural data have been deposited at the Cambridge
Crystallographic Data Centre [2159778 for the room-temperature
(RT) phase and 2159781 for the high-temperature (HT) phase].

Thermal Properties. Heat capacity was measured using a Mettler
Toledo DSC-1 calorimeter (DSC, differential scanning calorimetry)

with a high resolution of 0.4 yW. Nitrogen was used as a purging gas,
and the heating and cooling rate was 5 K min~". The mass of the
measured sample was 16.46 mg. The excess heat capacity associated
with the PT was calculated by subtracting from the data a baseline
representing the system variation in the absence of PTs.

Thermogravimetric analysis (TGA) was performed in the temper-
ature range of 303—973 K using a PerkinElmer TGA 4000. The
sample weighed 28.80 mg, and a 5 K min™" heating rate was used. The
atmosphere was pure nitrogen gas.

Dielectric Properties. Dielectric measurements of the examined
samples were carried out using a broad-band impedance Novocontrol
Alpha analyzer. Since the obtained single crystals were not large
enough to perform single-crystal dielectric measurements, a pellet was
placed between two copper, flat electrodes of the capacitor with a gap
of 0.5 mm. A sinusoidal voltage with an amplitude of 1 V and a
frequency in the range of 1 Hz to 1 MHz was applied across the
sample. The measurements were taken every 1 K in the temperature
range of 140—360 K. The temperature stability of the samples was
better than 0.1 K. The temperature was stabilized by means of
nitrogen gas using the Novocontrol Quattro system.

Vibrational Properties. The Raman spectra (3500—7S cm~
range) of a polycrystalline sample were recorded at RT using a
Bruker FT 100/S spectrometer and YAG:Nd laser excitation at 1064
nm. Temperature-dependent (80—400 K) Raman spectra of randomly
oriented single crystals in the 3500—50 cm™' range were measured
using a Renishaw inVia Raman spectrometer with a confocal DM2500
Leica optical microscope, a thermoelectrically cooled CCD detector,
and an Ar” ion laser operating at 488 nm. A Linkam THMS600 stage
was used to regulate the temperature.

A Labram Evolution spectrometer from Horiba equipped with a
microscope was used to record the high-pressure Raman spectra. A
solid-state 514.5 nm laser line was used for excitation. The spectral
resolution was set to 2 cm™'. A diamond anvil cell Diacell
4#ScopeDAC-RT(G) from Almax easyLab with a diamond of 0.4
mm culets was used to achieve high pressures. The sample was put
into a 100 ym hole drilled in a stainless-steel gasket with a thickness
of 200 pm using an electric discharge machine from Almax easyLab.
The pressure transmitting medium was Nujol (mineral oil). The
values of pressure were calculated using the shifts of the ruby R; and
R, fluorescence lines.

Mid-infrared (IR) (4000—400 cm™) and far-IR (500—50 cm™)
transmittance spectra were measured in the KBr disc and Nujol mull
in a polyethylene plate, respectively, using a Nicolet iS50 FT-IR
spectrometer with a resolution of 2 cm™. The temperature-dependent
IR spectra in the 4000—600 cm ™' range were collected using a Nicolet
iN10 FTIR microscope and a Linkam THMS600 cryostat cell
equipped with ZnSe windows.

Optical Properties. The absorption measurement was performed
in the back-scattering mode using an Agilent Cary 5000
spectrophotometer. Temperature-dependent emission spectra were
measured with the Hamamatsu photonic multichannel analyzer PMA-
12 equipped with a BT-CCD linear image sensor. The laser diode
operating at 405 nm was applied as an excitation source. The
temperature of the samples during emission measurements was
controlled by a Linkam THMS600 heating/freezing stage. The
luminescence decay profiles were recorded using a femtosecond laser
(Coherent Model Libra).

1

B RESULTS AND DISCUSSION

Thermal Properties. The PT behavior of (Me;Hy)[PbL,]
was investigated before performing detailed crystal structure
characterizations. The DSC curve demonstrates that (Me;Hy)-
[Pbl;] undergoes two PTs during heating (cooling) at T, =
322 (320) K and T, = 207 (202) K (Figure S2). The AC,
peaks associated with the PT at T are asymmetric and do not
show temperature hysteresis between heating and cooling
cycles (Figure 1). The associated change in entropy (AS)
varies continuously with temperature, indicating the second-
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Figure 1. Temperature dependence of the excess heat capacity (AC,)

obtained for heating (red) and cooling (blue); the inset shows the
corresponding change of entropy (AS).

order nature of PT at T,. The heat capacity peaks associated
with PT at T,, on the other hand, are symmetrical, sharp, and
with thermal hysteresis (S K), indicating a first-order PT. This
is further supported by the associated discontinuous change in
AS (see Figure 1). The entropy changes were experimentally
determined to be approximately 1.8 J mol™' K™' at T, and 28.5
Jmol™ K™ at T,.

According to X-ray diffraction (XRD) data (see further
sections of this paper), the Me;Hy" cations exhibit a sixfold
disorder above T,. Assuming that the LT phase III is
completely ordered, the PT at T,, separating the RT (II)
and LT phases, according to the Boltzmann equation, would
have a ratio of Nyp/Nir = 6, where N, is the number of
accessible microstates in the ith phase and R is the gas
constant. As a result, the predicted entropy change at T, would
be around 15 J mol™ K. Nearly twice as low as the
experimental value may imply that this PT is more complicated
than a simple order—disorder model would predict.

The estimate of the AS is higher than expected, suggesting
that the disorder may be caused by both the movement of the
cations and the disturbance of the entire skeleton. A further
increase in entropy after going from RT to the HT phase is
associated with subtle changes in unit cell parameters (see
further sections). Furthermore, the total change of AS in
(Me;Hy)[Pbl,] is higher than recently reported for other
known lead iodides, such as (methylhydrazinium),[Pbl,] (2D)
(~2.88 J mol™' K'), (N-methyldabconium)[PbI;] (1D)
(~43 J mol™ K™'), and (R-2-methylpiperidinium)[Pbl,]
(1D) (~29.5 J mol™' K1) ;1na10gues.26728

Thermal stability has been used to evaluate the thermal
stability of (Me;Hy)[Pbl,]. The compound is stable up to
roughly 573 K, according to the registered TGA curve shown
in Figure S3. The (Me;Hy)[Pbl,] decomposes in three stages,
with weight losses of around 4.7, 19.2, and 44.8% at inflection
points at 595, 650, and 830 K, respectively. According to the
literature data, the first step of trimethylhydriazine decom-
position leads to N-methylmetanimine and the release of
methylamine,”” which is in good agreement with the registered
weight loss. The residual N-methylmetaniminium lead iodide
decomposes into N-methylmetanimine, Pbl,, and HI in the
subsequent stage at 650 K. The third stage involves the
formation of HCN, CH,, and the I, molecules, as well as
residual of pure lead.*

Dielectric Properties. In order to characterize the
dielectric response of (Me;Hy)[PbL;], the complex dielectric
permittivity as a function of frequency and temperature was

investigated. Parts a and b of Figure 2 show the temperature
dependences of the real &' and imaginary &” parts of the
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Figure 2. Temperature dependence of the dielectric permittivity (a)
and dielectric loss (b) as a function of temperature measured for the
pelletized (Me;Hy)[Pbl,] during heating. The dashed lines represent
the PT temperatures determined by DSC measurements.

complex dielectric permittivity €* = ¢’ — ie”. During heating,
after the PT at T,, &' first shows a step-like rise from 26.5 to
30.4. Such a sharp increase in the dielectric response related to
a first-order PT is a common example of the phenomenon
called dielectric switching.u'zg’sl’32 During continued heating,
a high-frequency dispersion becomes dominant in the RT
phase, which is most likely associated with ionic/electrical
conductivity processes. Some hybrid perovskites, such as
(FA)MH[HZPOZ]3 (M" = Cd, Mn), (MHy),[PbL,], (MHy)-
[PbBry] (MHy" = methylhydrazinium cation), or
[(CH,),N],PbsCly,, already demonstrated similar behav-
iors 10113334

To better visualize the relaxation dynamics and exclude the
contribution of electrode polarization, the frequency-depend-
ent electric modulus (M* = 1/&*) for several isotherms was
analyzed for selected ones (Figure S4). The occurrence of the
ionic/electrical conductivity process at HTs was revealed by
isothermal complex electric modulus spectra with the
characteristic bell (M”) and step (M’) shapes. Additionally,
the dielectric permittivity was measured as a function of
temperature and time to confirm the phase stability during
many switches between on/off states. The material was left at
the specified temperatures for 20 min following the switching
cycles, which involved temperature changes between 180 and
210 K at a rate of 2 K min™" (Figure 3). These results indicate
that the examined material, when subjected to repeated
temperature changes, is reversible and stable.

Single-Crystal XRD. Depending on the temperature
(Me;Hy)[Pbl,] crystal exists in three phases, namely HT
phase I, RT phase II, and LT phase III. The crystal data and
refinement details for I and II phases are gathered in Table S1.

https://doi.org/10.1021/acs.inorgchem.2c03287
Inorg. Chem. 2022, 61, 20886—20895


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03287/suppl_file/ic2c03287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03287/suppl_file/ic2c03287_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c03287/suppl_file/ic2c03287_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03287?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

31

AR
(=]
=

high dielectric state (ON)
N

SAANARARRAT

28}

2"'Huuuuuuuwuw

low dielectric state (OFF)
1 2 3 4 5 6 7 8 9 10 11
Switching cycles

26

Figure 3. Several cycles of the temperature-induced dielectric
switching of (Me;Hy)[Pbl,] at a frequency of 0.0S MHz.

Tables S2 and S3 list the geometric parameters for phases I
and II, respectively. Crystals in the phase I adopt hexagonal
P6;/mmc symmetry with unit cell volume Vi = 658.44 A’
The PT to the phase II is associated with a symmetry lowering
to P6;/m and a reduction in the unit cell volume to Vi =
635.57 A’. The disappearance of ¢ planes during PT at T,
(P6y/mmc — P6,/m) was confirmed by systematic absence
analysis. Eventually, each structure-solving attempt with higher
symmetry in phase II failed. In phase III, (Me;Hy)[Pbl,]
crystal alters symmetry to the orthorhombic system with the
Pbca space group.

It should be highlighted that structural and symmetry
modifications justify DSC data showing a strong peak at T, and
a weak one at T}. In the former case, this strong peak, with a
corresponding high change in entropy, represents considerable
symmetry and unit cell volume change. In the latter case, both
parameters change slightly, and the crystal structure is very
similar. Furthermore, repeated cycle diffraction experiments in
the 215—375 K range showed that crystal-to-crystal PT at T is
totally reversible and the crystal integrity is fully preserved. In
contrast, the PT at T, leads to permanent crystal disintegration
and multidomain diffraction pattern (see powder experiments).

In phases I and II, the inorganic part of the structure was
built by two Pb** cations and six I” ions. The face-sharing
octahedral chain is created by [Pbl¢]*™ ions with three iodine
atoms shared between every two octahedra (Figure 4).

The polymer chains are oriented along with the [001]
direction, and the distance between the Pb atoms in the chain
is ¢/2. The distance between adjacent lead atoms in the
directions [100] and [010] defines the parameters a and b of
the unit cell and is at 230 and 375 K, respectively, 9.620 and
9.774 A. The organic part of the unit cell contains Me;Hy",
located in the voids of the framework. They fill the whole
available volume, assuring dense packing. In I and II, cations
show significant disorder due to rotation around sixfold
inversion axes (N1 nitrogen atom is located at this axis and N2
in the m plane). The positions of the organic part are stabilized
by a system of N—H---I and C—H---I hydrogen bonds. Due to
the high symmetry, the intermolecular interactions are
multiplied by symmetry operations, and the robust hydrogen
bond network is created. Selected examples of contacts for II
were presented in Table S4. For phase I, only C—H--I
interactions were found (Table SS). No N—H--I interactions
were found for the structure model in the HT phase, which is
related to the high measurement temperature resulting in
missing hydrogens in the amino group. The hydrogens from

Figure 4. Packing of (Me;Hy)[Pbl;] at 375 K (I) (a) and at 230 K
(I1) (b) (with the thermal ellipsoids plotted at 30% probability) and
at 190 K (III) (c) (structure solved from powder measurement); all
structures are plotted along the [100] direction; hydrogen atoms are
omitted for clarity.

the terminal NH, group cannot be observed from electron
density because of higher thermal distortion parameters related
to the elevated experiment temperature.

The PT at T, is connected with distortions in the organic
part. The chain structure is composed of slightly distorted
octahedra. It is rigid and remains unchanged with temperature
and symmetry increase (Figure S5). The values of the [-Pb—I
angles are practically identical for both polymorphs, being ca.
86 and 94°. Similarly, Pb—I distances are nearly identical—
3.2361 and 3.2279 A, in I and II, respectively. It is justified by
subtle changes in cell parameters and cell volume. The ¢
parameter shows some fluctuations (Figure S), whereas for g,
we observed a steady increase. The most linear increase was
found for the cell volume, which showed an expansion of ca.
3.6% with a temperature increase from 215 to 375 K.

The single crystal studies for phase III (below 205 K)
showed that single crystals crack into several domains related
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Figure S. Superposition of (Me;Hy)[Pbl,] structures at 375 K (blue,
phase I) and at 230 K (gray, phase II) with the thermal ellipsoids
plotted at 30% probability (along the [001] direction); hydrogen
atoms are omitted for clarity.

by rotation around the ¢ axis (Figure S6). The treatment of
them as domains of the twinned crystal failed. These
experiments provided cell parameters, but the space group
was incorrectly assigned and SHELXT** did not show a
reasonable solution in the correct space group. Hence, the
powder experiments were carried out (obtained data is in
Table S6).

The cell parameters of the LT phase III showed that the
volume expanded by approximately four times, and the ¢
parameter remained retained. This parameter corresponds to
the chain direction, forming the most robust part of the
structure. Hence, we can assume that this topology might be
preserved. The structure determination from powder data
indicated a centrosymmetric Pbca space group. The structure
clearly confirms that the chain composed of face-sharing Pbl
octahedra is robust and did not undergo disruption despite the
single crystal integrity being lost. The Pb—I distances range
from 3.18 to 3.28 A (d,, = 3.244 A), which is comparable to
the phases I and II (d,, being 3.228 and 3.236 A for phases II
and [, respectively). We conclude that there are subtle changes
related to lowered symmetry of the [PbIs]*” octahedron
(Figure 4 and Table S7). It should be noted that adjacent
chains are slightly shifted. It can be assessed by lead atom
position—in I and II it is positioned in the (001) plane,
whereas in III it is displaced by ca. 0.06 (in fractional
coordinates) from this plane. The positions of (Me;Hy)"
cations in the unit cell show that they were slightly
repositioned in the crystal framework (Figure S7), which
should affect hydrogen bonds network. Moreover, PT results
in reorientation of the cations in phase III, causing that the N—
N bonds to be approximately parallel to the chain direction. It
is conceivable that this change affects the hydrogen bond
network. This effect cannot be fully discussed because in the
final model, two hydrogen atoms from the NH, group are
missing. Nevertheless, the organic cation is trapped in the
crystal network by a robust network of C—H--I hydrogen
bonds (Table S8). Summarizing, we can hypothesize that
crystal cracking below T, and PT are related to the mutual shift
of adjacent chains, the relocation of the cation and its
reorientation in terms of the N—N bond position according to
the chain propagation direction. All these factors can affect the
N—H-I and C—H-I hydrogen bond network. These
structural changes are much more severe than those between
I and II phases and justify the big entropy change as well as
distinct features observed in IR and Raman spectra (see
Temperature-Dependent Raman and IR Studies).

Vibrational Properties. Molecular Vibrations of the
(MesHy)* Cation. The free Me;Hy" cation has 42 vibrational

degrees of freedom, including 14 stretching (v) and 28
deformational modes. The stretching modes can be described
as yNH, (symmetric), v,,NH, (antisymmetric), 3X v ,CH,, 6X
v,,CH;, NN, v,CNC, and v,,CNC, whereas the bending as
S6NH, (bending), pNH, (rocking), TNH, (twisting), ®NH,
(wagging), 3x 8,CHs, 6x §,CH;, 6X pCHj, 3X 7CH;, 3X
O0CNN, and 3X 6CNC.

Assignment of Bands. RT Raman and IR spectra are
presented in Figure S8. The proposed assignment, presented in
Table S9, was based on comparative analysis with literature
sources, including papers describing IR and Raman spectra of
1,1,1-methylhydrazinium iodide,” coordination nickel(II)
compound with 1,1,1-trimethylhydrazinium as ligand36 and
perovskite-like compounds templated by 1,1-dimethylhydrazi-
nium>® and methylhydrazinium®”*® cations. Bands corre-
sponding to internal vibrations of Me;Hy" are observed in a
characteristic ranges as reported in literature.

The strongest Raman band, which has a maximum at 105
cm™" and an IR counterpart at 101 cm™’, was assigned to Pb—1I
stretching modes, while the weaker Raman band, which has a
maximum at 60 cm™!, was attributed to bending I-Pb-I
vibrations as well as librational motions of the entire Pbl, units.

Temperature-Dependent Raman and IR Studies. In order
to understand the mechanisms of PTs, IR and Raman spectra
were measured upon heating as a function of temperature in
the range of 80—400 K (see Figures S9—S13). As may be seen,
IR and Raman spectra evolve with noticeable changes at T,
and very minor changes at T). This is consistent with the XRD
measurements, which demonstrate an increase in symmetry
from orthorhombic to hexagonal at T, and maintain hexagonal
symmetry at T). Furthermore, it can be noticed that PT at T,
causes strong splitting of the IR and Raman bands, which are
due to symmetry change and the expected increased number of
inequivalent Me;Hy" cations in phase III. Furthermore, all the
IR and Raman bands are very narrow in phase III, suggesting
that the organic cations become fully ordered. The abrupt
nature of the changes seen at T, demonstrates that organic
cations completely order shortly below T, rather than gradually
freeze upon cooling.

The Me;Hy" cation is distinct among other hydrazine
derivatives since only one amino group may create hydrogen
bonding with the Pblg octahedra. The positions of bands
corresponding to stretching vibrations of the NH, terminal
group are a determinant of the strength of these interactions.
Lorentz curves were used to fit spectra in order to identify
shifts in band maxima and variations in full-width-at-half-
maxima (fwhm) with temperature. Figures 6 and 7 show
results obtained for stretching vibrations of the NH, terminal
group. The positions of bands and fwhms hardly change during
PT at T,. In contrast, at T,, a majority of bands are
downshifted in phase III. The most pronounced shifts, by
16.4 and 15.8 cm™!, were noticed for the Raman band at 3313
cm™' and the IR band at 3314 cm™, respectively (see Figure
6). Additionally, while changes in fwhms at T, are
undetectable, shifts at T, are accompanied by a considerable
strong narrowing of bands, decreased most by 17.7 cm™" for
the Raman band at 3313 cm™' (Figure 7). These findings
suggest that the HB network is irrelevant to the mechanism of
PT at T, while it is reorganized and strengthened during PT at
T,, which is driven by the ordering of the Me;Hy" cations.
This implies that phase III is stabilized by stronger HBs, which
prevent further disorder of the cations and cause their lock-in.
The same results are achieved by observing other characteristic
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Figure 6. Thermal evolution of positions of the Raman (blue) and IR
(red) bands corresponding to stretching vibrations of the amino
group; vertical lines correspond to temperatures of PTs determined
from DSC.
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Figure 7. Thermal evolution of fwhms of the Raman bands
corresponding to stretching vibrations of the amino group; vertical
lines correspond to temperatures of PTs determined from DSC.

vibrations related to the amino group (Figure S14). In
addition, the 6NH, and pNH, vibrations are more sensitive
to PT, exhibiting modest inflections at T,.

The thermal behavior of vibrational modes corresponding to
the skeleton of Me;Hy" cations (without H atoms) is depicted
in Figure S1S5. Changes at T) are, as predicted, within the
fitting error, but they are apparent at T,. However, the changes
at T, are minor, implying that the geometry of the skeleton is
only marginally changed during this PT.

The positions of bands corresponding to stretching and
bending vibrations of methyl groups shift during PT at T, (see
Figure S16), which supports the dynamic character of this PT.
The variations at T, are less pronounced because they are
likely related to confinement changes induced by changes in
cell volume.

The significant splitting and narrowing of low-wavenumber
Raman modes below T, demonstrate that the symmetry is
reduced to orthorhombic (Figure S17). The splitting of the
Raman band near 100 cm™ into three narrow components
also demonstrates the presence of unequal Pb—I bonds in the
LT phase. This kind of splitting needs to be connected with
distortion of the lead-iodide chains. Moreover, the abrupt

evolution of Raman spectra at T, confirmed the discontinuous
nature of the transformation.

High-Pressure Raman Studies. In order to better under-
stand the stability of (Me;Hy)[PbL;], the low-wavenumber
Raman spectra were measured as a function of pressure
(Figure 8a). Figure 8b presents the pressure-dependent
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Figure 8. (a) Low-wavenumber Raman bands in the 0—10.0 GPa
range during compression compared to a spectrum at 2.0 GPa
measured during decompression (D, dashed line) and Raman
spectrum obtained at ambient pressure at 80 K; (b) pressure
evolution of Raman bands; the vertical dashed lines in (b) indicate the
high-pressure PTs.

evolution for the observed modes. The values of pressure
coefficients (@ = dw/dP) and wavenumber intercepts at zero
pressure (@,) derived by fitting the experimental data with a
linear function w(P) = w, + aP are shown in Table S10.

At first, the increase in pressure causes only minor changes.
At 2.0 GPa, the components of the strongest band at 100 cm™
start to experience intensity changes. At 3.2 GPa, the spectrum
changes qualitatively, including the appearance of new bands,
indicating a high-pressure PT (1st high-pressure phase, HPI)
occurring between 2.8 and 3.2 GPa. The fact that there are
more bands suggests that the HPI phase has lower symmetry
than ambient-pressure (AP) phase. It is also possible that the
symmetry of the HPI phase is orthorhombic based on the
comparable number of bands observed at ambient pressure at
80 K (see Figure 8a). Strong narrowing of low-wavenumber
modes also implies that the HPI phase may be ordered.

Furthermore, a coefficients change values, which confirms
the PT between 2.8 and 3.2 GPa. Bands shift strongly toward
higher wavenumber with increasing pressure in both the AP
and HPI phases, indicating significant compression of the Pb—
I bonds, similar to MHyPbCl,.*” A few Raman bands disappear
when the pressure rises to 6.4—6.8 GPa, and the remaining
bands broaden. This may simply be another PT to 2nd HP
(HPII) or start of amorphization. The quality of the crystal
remains unchanged up to 10 GPa and after decompression
(see Figure S18). However, without more investigation, this is
difficult to address. The process is entirely reversible, whether
or not there is partial amorphization (see Figure 8a).

Optical Properties. The diffuse reflectance spectrum of
(Me,;Hy)[Pbl,] crystals recorded at RT is presented in Figure
S19a. It consists of a broad band in the 200—500 nm range. On
its edge (at 400 nm) one can observe an excitonic band
characteristic for halide perovskites.'”*” The recalculation of
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the data obtained from the absorption measurements made it
possible to determine the energy band gap of the analyzed
(1 - Ry

2R
, where R stands for reflectance.”’ The band gap energy (E,) of
the (Me;Hy)[Pbl;] crystals was calculated to be 3.20 eV
(Figure S19b). The obtained value is similar to the size of the
energy band gap of other 1D iodide hybrid perovskites (2.58—
3.18 eV),” but higher compared to organic or inorganic 3D
analogues such as MAPbI; (1.57 eV), FAPbI; (1.48 eV), or
CsPbl, (1.73 eV).*

The temperature-dependent emission spectra of (Me;Hy)-
[Pbl,] crystals measured in the range of 80—270 K in S K steps
at 405 nm is plotted in Figure 9a. It can be seen that the

compound using the Kubelka—Munk function F(R) =
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Figure 9. Temperature-dependence emission spectra (a), integral
emission intensity (b) and the CIE chromaticity coordinates (c) of
(Me;Hy)[PbL] crystals. Inset presents the photograph of the glowing
sample.

emission bands cover a wide spectral region and exhibit two
maxima, weaker and stronger, located at 520 and 700 nm,
respectively. It was found that, the most intense luminescence
was obtained at 80 K. Heating the sample causes a gradual
decrease of its intensity until complete quenching at 190 K
(Figure 9b) due to the thermally activated nonradiative decay
channels.”* The large Stokes shift between the excitonic
absorption and the nearest emission band (120 nm) (Figure
S20), the large fwhm of the main emission band (over 200
nm), and the strong temperature quenching of luminescence
lead to the conclusion that the origin of the transition recorded
in Figure 9a is associated with self-trapped excitons
(STEs).'>**~*" The presence of two bands indicates the
existence of two kinds of defects with different depths. It is
worth noting that excitation of the sample with the 405 nm
line or with laser diodes of higher energy, that is, 266 and 375

nm, results in the absence of an emission band that could be
assigned to FE (free exciton) and BE (bounded exciton), as
shown in Figure S21. Since the position of the emission bands
does not change with increasing temperature, the chromaticity
coordinates were determined for the measurement performed
at 80 K and presented on the CIE diagram (Figure 9c).

In order to study the thermal kinetics of (MesHy)[Pbl,]
IO

crystals, the following expression was used: I = T,
T,

where I is the intensity, I, is the initial intensity at LT, T,

denotes the radiative decay rate, I'y is the attempt rate for

thermal quenching, and AE is the activation energy for thermal
.48 . .

quenching.”™ This equation has been recalculated as
1 I,

% = —1n(7° - 1) + In(F"), in order to determine the

activation energy of the investigated material (AE is the slope

ofln(% — 1) as a function of 1/kT and ln(%

v

) is a constant).

The calculated activation energy of (Me;Hy)[Pbl,] crystals
was determined to be 65 meV (Figure $22).*

The luminescence decay profiles of (Me;Hy)[Pbl,] crystals
recorded at the 405 nm excitation line, monitored at 520 and
700 nm at 80 K, corresponding to the two peaks observed in
the emission spectrum, are presented in Figure S$23. It was
found that analyzed compound exhibits curves that can be
fitted by a double exponential function regardless of the
monitored wavelength using the following expression

I(t) = A exp(—&) + A, exp(—f), where I(t) is the

emission intensity, A; and A, are fitting constants, and 7,
and 7, are their corresponding lifetimes. The lifetimes
determined for both emission peaks observed at 520 and
700 nm are 7; & 260 ns and 7, & 725 ns. Two components
visible in the luminescence decays indicate the existence of
non-radiation energy transfers in the (Me;Hy)[Pbl,] crystals.
The obtained values are very similar for both bands, which
proves the same nature of the defects.

B CONCLUSIONS

We synthesized a new perovskitoid 1,1,1-trimethylhydrazinium
lead iodide, composed of 1D face-shared chains of [PbIs]*"
octahedra along the [001] direction and disordered organic
cations, to evaluate its structural, thermal, phonon, and
emission properties using a variety of techniques. DSC
measurement revealed the presence of two PTs at 322 (320)
K and 207 (202) K upon cooling (heating), and the TGA
measurement demonstrated that the material is stable up to
300 °C.

DSC, single-crystal XRD, and vibrational studies revealed
that the transformation from the RT P6;/m phase to the HT
P6;/mmc phase has a second-order nature and is associated
with minor structural changes. In contrast, the PT to the LT
orthorhombic (Pbca) phase has a first-order nature and is
characterized by a significant change in entropy. It is associated
with the ordering (locking) of the organic cations, rearrange-
ment and strengthening of hydrogen bonds, deformation of the
lead-iodide octahedral chains, and an increase in the number of
inequivalent structural units. The abrupt character of this PT
displays the desired switchable dielectric behavior between low
(off) and high (on) dielectric states, designating it as a
potentially switchable material.
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The high-pressure Raman data indicated the presence of two
high-pressure PTs, in the 2.8—3.2 and 6.4—6.8 GPa ranges.
The low-pressure PT is associated with the ordering of the
organic cations, compression of Pbly octahedra, and distortion
of the lead-iodide framework, while the second PT is most
likely related to the partial and reversible amorphization.

The band gap energy of the crystals, as determined by
optical measurements, is 3.20 eV. At LTs, they emit a reddish-
orange broad-band emission that is related to STEs. The
activation energy of the emission was found to be 65 meV.
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Figure S1. The comparison of an experimental room-temperature XRD pattern with a simulated one based on the single-crystal
measurement at 230 K
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Figure S5. Packing of (Mes;Hy)[Pbls] at 375 K (phase I) (a) and at 230 K (phase II) (b) (with the thermal ellipsoids plotted at
30% probability) and 190 K (III) (c) (structure solved from powder measurement); all structures are plotted along the [001]
direction; hydrogen atoms are omitted for clarity

S7



> Component #1

« * Component i’

Figure S6. Ewald sphere for six domains detected in the cracked single crystal related by rotation around ¢ axis. Their abun-
dance is similar.
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Figure S7. Packing along ¢ axis in phase III. It shows maintained chain topology and altered positions of organic cations.
Distances are given between central nitrogen atoms of the MesHy™ cations. Reorientation of the organic cations in terms of N-
N bond direction according to chain propagation direction is also visible. In the final model two nitrogen atoms from NH»
group are missing
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Figure S8. RT Raman (a) and IR (b) spectrum of (Mes;Hy)[Pbl;]
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Figure S9. Temperature-dependent Raman spectra in the 3350-2700 cm! range
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Figure S10. Temperature-dependent Raman spectra in the 1750-150 cm™! range
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Figure S11. Temperature-dependent Raman spectra in the 150-20 cm™ range
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Figure S12. Temperature-dependent IR spectra in the 3400-2750 cm-! range
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Figure S13. Temperature-dependent IR spectra in the 1750-600 cm-! range
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compression decompression

7.7 GPa

Figure S18. Changes of (Me;Hy)[Pbl;] crystal (C) loaded into a 100 pm hole in the stainless steel gasket, along with piece of
ruby (R) at selected pressures during compression and after decompression to 4.3 GPa.
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Figure S19. The diffuse reflectance spectrum of (Me;Hy)[Pbl;] crystals (a) and the calculation of its energy band gap by the
Kubelka-Munk function (b)
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Figure S20. Diffuse reflectance at 300 K and emission spectra at 80 K of (Me;Hy)[Pbl;] crystals
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Figure S21. The emission spectra of (MesHy)[Pbls] crystals measured under 266 (a) and 375 nm (b) excitation
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Figure S22. The activation energy of the thermal quenching of emission bands of (Me;Hy)[Pbls]
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Table S1. Crystal data and structure refinement for I and II phases of (Mes;Hy)[Pbls]

Phase II (230 K) Phase I (375 K)
Crystal data
Crystal system, space group Hexagonal, P63/m Hexagonal, P63/mmc
Temperature (K) 230(2) 375(2)

Completeness to theta = 25.242°

a=bcA) 9.6202(3), 7.9298(2) 9.7735(5), 7.9594(3)
a=p7() 90, 120 90, 120
V (A% 635.57(4) 658.44(7)
Z / calculated density (g cm?) 2/3.465 2/3.344
Absorption coefficient, p (mm™) 20.508 19.796
11<=h<=12, “12<=h<=12,
Index ranges -12<=k<=11, -12<=k<=12,
-9<=1<=9 -9<=1<=9
Data collection
Theta range (°) 3.547 -26.367 2.406° -26.301
No. of measured / independent re- | 4672/ 459 7706/ 283
flections
R(int) 0.0275 0.0585
98.5 % 99.2 %

Refinement

R [1>26(1)], wR2 (I), S

0.0195, 0.0408, 1.129

0.0187, 0.0430, 1.147

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Absorption correction Gaussian Gaussian
Data / restraints / parameters 459/6/32 283/9/26
Largest diff. peak and hole (e A) | 0.993,-0.727 0.384, -0.332
Extinction coefficient 0.0032(3) 0.0022(3)

For both phases M=663.03 g mol’'; crystal size 0.139 x 0.112 x 0.083 mm.
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Table S2. Geometric parameters (bond lengths (A) and angles (°)) for phase I (HT) of (Me;Hy)[Pbl;]

Pb1-11#1 3.2361(6) 11#2-Pb1-1145 93.850(12)
Pb1-11#2 3.2361(6) 11#3-Pb1-1145 86.150(12)
Pb1-11#3 3.2361(6) 11-Pb1-T1#5 86.150(12)
Pb1-I1 3.2361(6) 11#4-Pb1-1145 180.0
Pbl-11#4 3.2361(6) Pbl-I1-Pb1#11 75.889(16)
Pbl-11#5 3.2361(6) N2#6-N1-N2#7 120.0
N1-N2#6 1.39(2) N2#6-N1-N2 120.002(1)
N1-N2#7 1.39(2) N2#7-N1-N2 120.002(1)
N1-N2 1.39(2) N2#6-N1-C2#7 118.8(10)
N1-C2#8 1.47(2) N2#7-N1-C2#7 16(6)
N1-C2#7 1.47(2) N2-N1-C2#7 118.8(10)
N1-C2#9 1.47(2) C2#8-N1-C2#7 122(2)
N1-C2#6 1.47(2) N2#6-N1-C2#9 118.8(10)
N1-C2 1.47(2) N2#7-N1-C2#9 16(6)
N1-C2#10 1.47(2) N2-N1-C2#9 118.8(10)
N1-Cl 1.50(3) C2#8-N1-C2#9 113(5)
C2-H2A 0.9600 C2#7-N1-C2#9 32(10)
C2-H2B 0.9600 C2#8-N1-C2#6 32(10)
C2-H2C 0.9600 C2#7-N1-C2#6 113(5)
Cl-HIA 0.9600 C2#9-N1-C2#6 122(2)
CI1-HIB 0.9600 C2#8-N1-C2 122(2)
CI-HIC 0.9600 C2#7-N1-C2 113(5)
[1#1-Pb1-1142 86.151(12) C2#9-N1-C2 122(2)
[1#1-Pb1-11#3 93.849(12) C2#6-N1-C2 113(5)
[1#2-Pb1-11#3 180.00(2) C2#8-N1-C2#410 113(5)
[1#1-Pb1-11 180.0 C2#7-N1-C2#10 122(2)
[1#2-Pb1-11 93.849(12) C2#9-N1-C2#410 113(5)
[1#3-Pb1-11 86.151(12) C2#6-N1-C2#410 122(2)
[1#1-Pb1-1144 86.150(12) C2-N1-C2#10 32(10)
[1#2-Pb1-1144 86.150(12) N1-C2-H2A 109.5
[1#3-Pb1-1144 93.850(12) N1-C2-H2B 109.5
11-Pbl-114#4 93.850(12) H2A-C2-H2B 109.5
[1#1-Pbl-11#5 93.850(12) N1-C2-H2C 109.5
H2A-C2-H2C 109.5 HIB-CI-HIC 109.5
H2B-C2-H2C 109.5 NI1-CI-HIA 109.5
NI-CI-HIA 109.5 NI1-C1-HIB 109.5
N1-C1-HIB 109.5 HIA-C1-HIB 109.5
HIA-C1-HIB 109.5 NI-CI-HIC 109.5
NI-CI-HIC 109.5 HIA-C1-HIC 109.5
HIA-C1-HIC 109.5 HIB-CI-HIC 109.5

Symmetry transformations used to generate equivalent atoms:

#1 x+2,-y,-z+1; #2 x-y,x-1,-z+1; #3 -x+y+2,-x+1,z; #4 y+1,-x+y+1,-z+1; #5 -y+1,x-y-1,z; #6 x+y+1,-x+1,z; #7 -y+1,X-y,z;

#8 -x+y+1,-x+1,-z+1/2; #9 -y+1,x-y,-z+1/2; #10 x,y,-z+1/2; #11 -x+2,-y,z-1/2
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Table S3. Geometric parameters (bond lengths (A) and angles (°)) for phase II (RT) of (Me;Hy)[Pbl;]

Pbl-11#1 3.2279(4) I1-Pb1-11#5 86.229(8)
Pbl-11#2 3.2279(4) [1#4-Pb1-11#5 180.0
Pbl-11#3 3.2280(4) Pbl1-11-Pb1#8 75.780(11)
Pbl-11 3.2280(4) CI-N1-N2 54.909)
Pbl-11#4 3.2280(4) CI-N1-N2#6 104.0(16)
Pbl1-11#5 3.2280(4) N2-N1-N2#6 120.002(1)
N1-C1 1.498(18) CI1-N1-N2#7 109.5(17)
NI1-N2 1.56(7) N2-N1-N2#7 120.000(19)
N1-N2#6 1.56(7) N2#6-N1-N2#7 120.00(2)
N1-N2#7 1.56(7) N2-N1-C2 20(5)
N1-C2 1.44(10) N2#6-N1-C2 103(5)
C2-H2A 0.9700 N2#7-N1-C2 135(5)
C2-H2B 0.9700 N1-C2-H2A 109.5
C2-H2C 0.9700 N1-C2-H2B 109.5
N2-C1 1.41(4) H2A-C2-H2B 109.5
N2-H4D 0.8572 N1-C2-H2C 109.5
N2-H4E 0.8867 H2A-C2-H2C 109.5
Cl-H1A 0.9700 H2B-C2-H2C 109.5
Cl-HIB 0.9700 C1-N2-N1 60(3)
Cl1-H1C 0.9700 NI1-N2-H4D 112.3
[1#1-Pb1-11#2 180.000(14) NI1-N2-H4E 94.3
11#1-Pb1-11#3 86.230(8) H4D-N2-H4E 119.5
11#2-Pb1-11#3 93.770(8) N2-C1-N1 65(3)
[1#1-Pbl-I1 93.771(8) N2-C1-HI1A 109.5
11#2-Pb1-I1 86.229(8) N1-C1-HIA 155.7
11#3-Pb1-11 180.0 N2-C1-HIB 109.5
[1#1-Pb1-11#4 86.229(8) N1-CI-HIB 55.7
11#2-Pb1-11#4 93.771(8) HIA-CI-HIB 109.5
[1#3-Pbl-11#4 86.229(8) N2-C1-HIC 109.5
I1-Pbl-11#4 93.771(8) NI-C1-HIC 94.4
11#1-Pb1-11#5 93.771(8) HIA-CI-HIC 109.5
[1#2-Pb1-11#5 86.229(8) HIB-C1-HIC 109.5
[1#3-Pb1-11#5 93.771(8)

Symmetry transformations used to generate equivalent atoms:
#1 x-y+1,x,-z+1; #2 x+y+1,-x+2,z; #3 -x+2,-y+2,-z+1; #4 y,-x+y+1,-z+1; #5 -y+2 x-y+1,z; #6 -x+y+1,-x+1,z; #7 -y+1,x-y,z;
#8 -x+2,-y+2,z-1/2
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Table $4. Bond lengths (A) of selected intermolecular contacts for phase II (RT) of (Me3sHy)[Pbls]

D-H-A H---A (A) DA [A] ZD-HA[’]
N(2) —H(@4D) ---1(1) [-x+y,1-x,z] 3.260 3.494 98.63

C(1) —H(1A) ---1(1) [1-x,1-y,-1/2+Z] 2.610 3.581 176.41
C(2)-H(2A) ---1(1) 3.190 3.808 122.95

N(2) — H(4D) ---1(1) [1-y,x-y.Z] 3.210 3.883 137.19

Due to high symmetry, intermolecular interactions are multiplied by symmetry operations.
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Table SS. Bond lengths (A) of selected intermolecular contacts for phase I (HT) of (Me3Hy)[Pbls]

D-H-A H---A (A) DA [A] ZD-HA[’]
C(2) —H(2A) ---1(1) [x, x-y, 0.5-Z] 2.947 3.809 150.15
C(2) —H(2B) ---I(1) [1-x+y, 1-x, 7] 3.014 3.809 163.39

Due to high symmetry, intermolecular interactions are multiplied by symmetry operations.
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Table S6. Crystal data obtained from PXRD experiment for phase III (LT) of (MesHy)[Pbl;]

Phase III (190 K) PXRD
Crystal system, space group Orthorhombic, Pbca
Temperature (K) 190(2)

Theta range (°)

a,b,c(A) 18.4083(3), 17.2246(4), 7.8215(2)
w=p.7() 90, 90, 90
V (A%) 2430.02(5)
Z / calculated density (g cm?) 8,3.541
Absorption coefficient, p (mm™) 84.34
2-45

RP’ RWP

0.0500, 0.0747

For phase I1I M=663.03 g mol!
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Table $7.Geometric parameters (bond lengths [A] and angles [°]) for phase III (LT) of (Me;Hy)[Pbl;]

Pbl-11 3.184 12-Pb1-13#1 87.59
Pb1-12 3.229 12-Pb1-11#1 94.23
Pb1-13 3.282 12-Pb1-12#1 88.50
Pbl-12#1 3.225 12-Pb1-13#1 175.54
Pbl-13#1 3.261 13-Pb1-11#1 88.21
Pbl-11#1 3.287 13-Pb1-13#1 96.23
11-Pb1-12 86.28 13-Pb1-12#1 171.58
11-Pb1-13 89.62 11#1-Pb1-13#1 88.20
11-Pb1-11#1 177.75 11#1-Pb1-12#1 84.65
11-Pb1-13#1 91.44 I3#1-Pb1-12#1 88.01
11-Pb1-12#1 97.56

#1 x, 1.5-y, -0.5+z
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Table S8. Bond lengths (A) of selected intermolecular contacts for phase I1I (LT) of (Me3Hy)[Pbl;]

D-H---A H-A[A] DA [A] ZD-H-A[]
C(3)-H(3B)--1(1) [, 1.5-y, 0.5+2] 2.977 3.547 118.75
C(6)-H(6B)---I(1) [-0.5+X, 1.5-y, 1-7] 3.110 4.072 171.30
C(6)-H(6A)---1(1) [0.5-x, -0.5+y, 1+z] | 3.038 3,835 140.45
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Table S9. Assignment of IR and Raman bands observed for (Me;Hy)[Pbls]

(MesHy)[PbIs] Assignment
IR (cm™) Raman (cm™)
3311m, 3247w 3314y, 3251y VasNH2
3169 3173w vsNH;
3030y, 3019, 3032y, 3020y, 30134, vasCH3
2946y, 2923w, 2852w, 2798w 2956w, 2931, 23;)86\:;288%% 2846w, vsCH3;
1600y, 1600y ONH;
14685, 1454, 1470w, 1454, 8.sCH3
1439,, 14324, 1405y, 1436y, 1407y 6sCH3;
1374 1375w oNH;
1273w 1276w, 1251y TNH;
1251w, 12031‘/8’3;178“”’ 135, 1206w, 11364y, 11064y, 1041,y pCHj3;
942, 945, vCN
889m 891w pNH>
750y, 737w 753w,739 vNN
475y, 457w 4764w, 459w 6CNC
373w 375w ©CH;
291y, 216y 291w ©CH;
105;, 80 101ys, 934h vPbl
60, SPbI+L(Pbl,)

Key: v, stretching (s, symmetric; as, antisymmetric); 6, bending (s, symmetric; as, antisymmetric); p, rocking; , wagging; T,
twisting; vs, very strong; s, strong; m, medium; w, weak; vw, very weak
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Table S10. Raman pressure intercepts (wo) and coefficients (a) for three phases of (MesHy)[Pbls] together with proposed

assignment
Mode AP phase HPI phase HPII phase
1o o o=dw/dP wo a=dw/dP wo a=dw/dP Assignment
(cm™) (cm'GPa™) (cm™) (cm'GPa™) (ecm')  (cm'GPa™)

1 132.6 8.61 vPbl

2 111.1 8.49 vPbl

3 101.4 5.52 99.5 2.08 96.2 2.49 vPbl

4 89.7 2.02 93.8 1.22 vPbl

5 74.8 1.98 SPbI+L(Pble)
6 72.6 -1.38 SPbI+L(Pble)
7 66.0 0.88 60.9 2.75 61.1 0.37 SPbI+L(Pble)
8 44.3 2.83 SPbI+L(Pble)

Key: v, stretching; 8, bending; L, libration
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jonami Yb**/Tb*", czyli 0 tym, zZe technika rowniez ma znaczenie”, L Ogélnopolska
Szkota Chemii ,,50 twarzy chemii”, Smardzewice 30.04.-4.05.2019 r.

Poster, autor prezentujacy, , Controlled synthesis and up-conversion
characterization of Yb**/Tb*" ions co-doped hexagonal and orthorhombic EuFs
nanoparticles ”, 8" International Symposium on Optical Materials,

Wroctaw 9-14.06.2019 r. (konferencja miedzynarodowa)

Referat, autor prezentujacy, ,, Biokompozyty oparte 0 p-diortofosforan triwapnia
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7.

Rysunki

Rysunek 1

Rysunek 2

Rysunek 3

Rysunek 4
Rysunek 5
Rysunek 6
Rysunek 7

Rysunek 8

Rysunek 9
Rysunek 10

Rysunek 11

Rysunek 12

Rysunek 13

Rysunek 14

Indeks rysunkéw i tabel

Poréwnanie schematycznej struktury tréjwymiarowych perowskitow —
tlenkowego CaTiOs (a), hybrydowego halogenkowego [MA]Pbl; (MA* =
kation metyloamoniowy) (b) oraz hybrydowego mréwczanowego
[DMA]Mn(HCOO); (DMA* = kation dimetyloamoniowy) (c).
Schematyczne  poréwnanie  struktury  tréjwymiarowej 3D  (a),
dwuwymiarowej (warstwowej) 2D (b), jednowymiarowej (fancuchowej) 1D
(c) oraz zerowymiarowej (d).

Schemat tancuchowej heksagonalnej struktury P63/m typu perowskitoidu na
podstawie danych krystalograficznych zwigzku [TMA]Snls
zaprezentowany wzdluz kierunku [001] (a) oraz [010] (b) [42];
nieuporzadkowane kationy tetrametyloamoniowe (TMA™) narysowano bez
atomow H.

Schemat przemian fazowych obserwowanych dla [MHy]Mn(HCOO)s;
atomy H zostaty pominigte [50].

Fazy nisko- i wysokotemperaturowe trojwymiarowych perowskitow
[MHy]PbXs, gdzie X = Br-, CI-.

Struktury poszczeg6lnych faz 2D perowskitu [MHy].PbCls. Atomy H
zostaty pominigete.

Poréwnanie znieksztatcenia szkieletu manganowo-mrowczanowgo (a) oraz
manganowo-podfosforynowego (b). Atomy H zostaly pominigte.

Zmiany na widmie Ramana zaobserwowane dla [MHy]PbBr; w wyniku
przemiany fazowej porzadek-nieporzadek; niebieski kolor oznacza
niskotemperaturowa faze uporzadkowang P2;, natomiast czerwony
nieuporzadkowang, wysokotemperaturowa faze Pm3m.

Schematy syntez z wykorzystaniem metody przeciwrozpuszczalnikowej

(a) oraz dyfuzyjnej (b).

Poréwnanie nieuporzadkowanej fazy wysokotemperaturowej oraz
uporzadkowanej fazy niskotemperaturowej w [DMHy]Mn(HCOO)s.
Temperaturowo-zalezne widma Ramana w zakresie drgan rozciggajacych
C-H oraz N-H (a) oraz zmiany polozenia wybranych pasm w funkcji
temperatury dla zwigzku [MHy]MnCl; (b).

Struktury zwigzkow [MHy]M'Cls, gdzie M" = Mn?, Co?* Ni?*,
[MHy]CuCls, oraz [MHy]CdCls. Atomy H zostaly pominigte.

Porownanie struktur fazy nieporzadkowanej w temperaturze pokojowej i
uporzadkowanej niskotemperaturowej (a) oraz 10 cykli tzw. przelaczania
dielektrycznego indukowanego temperaturg; rysunek opracowany na
podstawie rysunkow 3 i 4 z pracy [D5].

Ewolucja widm Ramana zwigzku [Me3Hy]PbI3 w funkcji temperatury (a)
oraz cisnienia (b); symbol D w czesci (b) oznacza widmo zmierzone w
trakcie dekompresji; rysunek opracowany na podstawie rysunkow 81 S10 z
pracy [D5].

18

19

23

25

26

28

29

32

37

38

40

42

43
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Tabele

Tabela 1 Zestawienie zmiennych chemicznych, uktadow krystalograficznych oraz 15
warto$ci TF dla wybranych HOIP.

Tabela 2 Wozory strukturalne, oznaczenia oraz promienie jonowe metylowych 20
pochodnych kationu hydrazyniowego.

Tabela 3 Zestawienie otrzymanych zwiazkow, metod syntezy oraz przemian 36

fazowych, ktorym ulegaja w temperaturach T.
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8.

Indeks skrotow stosowanych w pracy

AZ*
AZE"
BA*

BTBA®
BTEA®
DABCO*

DFT
DMA*
DMHy
DMHy*
EA*
FA*
FT
GUA*

HOIP

Hy*
IM*
IR
LED
MA*

kation azyrydyniowy

kation azetydyniowy

kation butyloamoniowy

kation  benzylotributyloamonio-
wy

kation benzylotrietyloamoniowy
kation  1,4-diazabicyklo[2.2.2.]-
oktaniowy

teoria funkcjonatow gestosci
kation dimetyloamoniowy
dimetylohydrazyna

kation dimetylohydrazyniowy
kation etyloamoniowy

kation formamidyniowy
transformacja Fouriera

kation guanidyniowy

hybrydowe organiczno-nieorga-
niczne perowskity

kation hydrazyniowy

kation imidazoliowy
podczerwien

dioda emitujaca $wiatto

kation metyloamoniowy

MD
MesHy"
MHy*

MO
MOF
MP

MS
NIR
PED
PIP*
SHG
SPhs*
TF
TGA
TMA*
TrMA*
uv
Vis
XRD
YAG

metoda dyfuzyjna

kation trimetylohydrazyniowy
kation metylohydrazyniowy
Metoda powolnego odparowy-
wania roztworu

szkielety metalowo-organiczne
metoda pzeciwrozpuszczalniko-
wa

metoda stragceniowa

bliska podczerwien

dystrybucja energii potencjalnej
kation piperazyniowy

generacja drugiej harmonicznej
kation trifenylosulfoniowy
parametr dopasowania

Analiza termograwimetryczna
kation tetrametyloamoniowy
kation trimetyloamoniowy
ultrafiolet

Zakres widzialny

dyfrakcja promieniowania re-
ntgenowskiego

granat itrowo-aluminiowy
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