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1. Streszczenie/Abstract

W nini¢jszej pracy okreslono wplyw malych koncentracji (do 1%wag.) wybranych
submikroczastek oraz nanoczgstck na wlasciwosci  fizyczne  organicznych  zwigzkow
maloczasteczkowych, wykazujacych cieklokrystaliczne chiralne fazy smektyczne. Po raz pierwszy
zaprezentowano wplyw domieszkowania na wlasciwosci antyferroelektrycznej fazy SmC*,, stosujac
dwa typy materialow: ferroclektryczne submikroczastki 1 nanoczgstki tytanianu baru (45 1 280nm)
oraz nanoczastki zlota (2-4nm) o wlasciwosciach plazmonicznych. Pokazano takze wplyw kilku
koncentracji ferromagnetycznych nanoczgstek maghemitu (< 50nm) oraz wplyw kwasu oleinowego
(czynnik dekorujacego) na wlasciwosci ferroelektrycznej fazy SmC*. Jako matryce organiczne
zastosowano zaréwno materialy komercyjnie dostgpne jak i nowo zsyntezowane. Przygotowano oraz
przebadano cztery matryce cieklokrystaliczne (w tym jedna mieszanina dwuskladnikowa), osiem
kompozytow dwuskladnikowych oraz jeden kompozyt trojskladnikowy. W celu sprawdzenia wplywu
domieszkowania na wlasciwosci zwigzkow wykazujacych fazy SmC* i/lub SmC*, wykonano
porownawcze badania kompozytow 1 matryc metodami komplementarnymi, do ktorych naleza metody
elektro-optyczne, magnetyczne, mikroskopowe, spektroskopowe, strukturalne oraz termo-optyczne.
Motywacja do realizacji badan bylo wypekienie luki badawczej w zakresie szczegélowej analizy
wplywu nanoczastek na wlasciwosci cieklokrystalicznej antyferroelektrycznej fazy SmC* 4.
Otrzymane wyniki badan poszerzajg znaczaco zakres wiedzy w obszarze wplywu domieszkowania na
wlasciwosci cieklokrystalicznych chiralnych faz smektycznych.

In the frame of thesis, the influence of small concentrations (up to 1%wt.) of selected
submicroparticles and nanoparticles on the physical propertics of low molecular weight organic
compounds exhibiting chiral liquid crystalline smectic phases was determined. For the first time, the
effect of doping on the properties of the antifferroelectric SmC* 4 phase was presented, by using two
type of materials: ferroelectric submicroparticles and nanoparticles of barium titanate (45 and 280nm)
and gold nanoparticles (2-4nm) with plasmonic properties. The influence of several concentrations of
ferromagnetic maghemite nanoparticles (<50nm) and the influence of oleic acid (decorating factor) on
the properties of the ferroelectric SmC* phase were also shown. Both commercially available and
newly synthesized materials were used as organic matrices. Four liquid crystalline matrices (including
ong two-component mixture), eight two-component composites and one three-component composite
were prepared and studied. In order to verify the effect of doping on the properties of compounds
exhibiting SmC* and/or SmC*, phases, comparative studies of composites and matrices were
performed using complementary methods, including electro-optic, magnetic, microscopic,
spectroscopic, structural and thermo-optical methods. The motivation for the research was to fill the
research gap in the field of detailed analysis of the nanoparticles influence on the properties of the
liquid crystalline antifferroelectric SmC* , phase. The obtained research results significantly broaden
the scope of knowledge in the area of the influence of doping on the properties of chiral liquid
crystalline smectic phases.
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2. Wstep

Nieprzerwalny rozw6j roéznych galezi przemyshu stanowi sile¢ napedowa do poszukiwania
nowych materialow, ktore wykazywalyby okreslone/dobrze sprecyzowane wlasciwosci dla danego
typu zastosowania. Taki wymdg dotyczy réznych klas materialéw, wliczajagc w to takze materialy
organiczne, w tym ciekle krysztaly. Chociaz od odkrycia stanu cieklokrystalicznego (mezofazy)
uplynelo prawie 140 lat i materialy te znalazly wicle zastosowan, to chemicy po dzis dzien projektuja
nowe zwiazki, coraz bardziej zlozone, podstawiajac nicktore atomy lub ich ugrupowania innymi oraz
laczac zwigzki w wieloskladnikowe mieszaniny. Ma to na celu wytworzenie materialu o Scisle
okreslonych wlasciwosciach. Jednak taki sposob jest zwykle wicloetapowy, kosztowny oraz
czasochltonny, wymagajacy specjalistycznych laboratoriow do syntezy oraz bardzo szczegodlowej
wiedzy z zakresu chemii organiczne;j.

Alternatywnym podejs$ciem do projektowania nowych materialow, dostosowanych do potrzeb
danego zastosowania jest proces domieszkowania zwigzkdéw/mieszanin wykazujacych fazy
cicklokrystaliczne, ktére sa komercyjnie dostgpne. W zdecydowane] wigkszosci przypadkow
w zastosowaniach przemyslowych materialy wykazujace mezofazy sa stosowane w postaci cienkich
warstw (rzedu kilku, kilkunastu mikrometréw). Dlatego do procesu domieszkowania cieklych
krysztalow uzywa si¢ male koncentracje materialdw o rozmiarach podobnych do molekul
organicznych. Zastosowanie domieszki o rozmiarach znacznie wickszych od molekuly
cicklokrystalicznej (w postaci duzych ziaren) utrudni wytworzenie cienkiej warstwy (np. przez duza
chropowato$¢ powierzchni) a dla domieszki o duzym przewodnictwie elektrycznym moze dojs¢ do
uformowania $ciezek perkolacji. Z kolei duza koncentracja domieszki skutkowaé bedzie silnym
procesem aglomeracji, zaburzeniem porzadku orientacyjnego 1 pozycyjnego molekul matrycy
cicklokrystalicznej 1 finalnie spowoduje degradacje wlasciwosci cieklokrystalicznych. Dlatego do
procesu domieszkowania najlepszymi kandydatami sg nanomaterialy (nanoczgstki, nanodruty, kropki
kwantowe) o koncentracjach do 1-2%wag.. Wazna jest takze czystos¢ chemiczna wytwarzanego
kompozytu, gdyz wszelkie zanieczyszczenia, w postaci nieprzercagowanych polproduktow czy
obcych wtracen, moga w nickontrolowany sposob wplywac na parametry wyjsciowego kompozytu.
Szybki rozwdj nanotechnologii na przestrzeni ostatnich kilku lat otwiera bardzo duze mozliwosci dla
wyboru domieszki nie tylko w postaci pierwiastkow, ale takze zwigzkow chemicznych w skali
nanometrycznej. Dobrze opanowane syntezy nanomaterialow daja takze mozliwos¢ doboru domieszki
réznych rozmiardéw 1 ksztaltow. Z ekonomicznego punktu widzenia nanomaterialy sa powszechnie
dostepne oraz wyraznie tansze niz zwiazki ciecklokrystaliczne.

Zainteresowanie zagadnieniem domieszkowania cieklych krysztalow trwa od okolo 15 lat, ale
glownie jest ukierunkowane na modyfikacje parametrow fazy nematycznej, poniewaz to wlasnie
nematyki znalazly, jak na razie, najwicksze zastosowaniec na rynku (dobrze znane wszystkim
wyswietlacze cieklokrystaliczne, z ang. LCD). Z punktu widzenia molekularmego nematyki wykazujg
jedynie porzadek orientacyjny bez samoorganizacji w uklady warstwowe, jak ma to miejsce w fazach
smektycznych. Do chwili obecnej ukazala si¢ bardzo ograniczona liczba artykuléw naukowych, gdzie
podejmowano préby domieszkowania pretopodobnych zwiazkow wykazujacych fazy inne niz
nematyczna, jednakze ograniczajac si¢ zasadniczo do paraelektrycznej ortogonalnej fazy SmA* oraz
ferroelektrycznej pochylonej fazy SmC*. Faza antyferroelektryczna SmC* 4 oraz fazy cechujace sig
wickszym uporzadkowaniem (np. porzadkiem pozycyjnym krétkiego/diugiego zasiggu srodkow
cigzkosci molekul w obszarze warstw, np. SmB, Sml, SmF, SmJ, SmG), wedle mojej wiedzy, nie byly
przedmiotem badan w kontekscie domieszek nanomaterialami.

Bazujac na powyzszym, postanowilem w ramach rozprawy doktorskiej zsyntezowa¢ kilka
nanokompozytéw na bazie materialdw wykazujacych antyferroelektryczng fazg SmC*, i/lub
ferroelektryczng fazg SmC*. Jako domieszki wybralem trzy rodzaje nanomaterialéw: ferroelektryczne
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nanoczastki oraz submikroczastki tytanianu baru BaTiO;, ferromagnetyczne nanoczastki maghemitu
v-Fe,0; oraz dekorowane nanoczastki zlota Au o wlasciwosciach plazmonicznych. Nanoczastkami
v-Fe,0; i Au domieszkowano komercyjnie dostgpne zwiazki, odpowiednio EHPDB' wykazujacy
ferroelektryczna faze SmC* i (S)-MHPOBC’® wykazujacy antyferroelektryczna faze SmC*,. W obu
zwigzkach fazy helikoidalne (SmC* oraz SmC* ) wystepuja w szerokim zakresie temperatur, ponadto
cechuja si¢ one bogatym polimorfizmem, obejmujacym m.in. fazy N*, SmA*, SmC*,, SmC*, czy
SmI*. Z tego wzgledu badania modyfikacji wlasciwosei matrycy cieklokrystalicznej po
domieszkowaniu rozszerzono na wszystkic wymienione fazy. Z kolei domieszke BaTiQ; zastosowano
do matrycy bedacej mieszaning dwuskladnikowg nickomercyjnych, nowo zsyntezowanych zwigzkoéw
z szeregu homologicznego nFmX;PhX,>*. Wyniki przeprowadzonych badan sa zebrane w formie
picciu artykulow naukowych (trzy z nich zawieraja informacje uzupelniajace, tzw. Suplementary
Information) opublikowanych w recenzowanych czasopismach z listy JCR 1 wysoko punktowanych na
Liscie Czasopism Ministerialnych. Artykuly prezentuja wyniki z szerokiego spektrum badan
podstawowych,  obejmujacego  pomiary  clektro-optyczne, magnetyczne, mikroskopowe,
spektroskopowe, strukturalne, termiczne oraz termo-optyczne.

Ninigjsza dysertacja zostala podzielona na nastgpujace sekcje: streszczenie, wstep,
charakterystyka wybranych faz cieklokrystalicznych, metody badawcze, oméwienie wynikow badan,
podsumowanie, literatura i kopie artykulow bedacych podstawa rozprawy.

! 4-[(8,8)-2,3-epoksyheksyloksy|fenyl 4-(decyloksy)benzoesan.

2 (8)-4-[(1-metyloheptyloksy karbonylofenyl 4'-oktyloksy-4-bifenylokarboksylan.

3 (S)-4'-(1-metyloheptyloksykarbonylo)bifenyl-4-ilu 4-[5-(2,2,3,3,4.4,4-heptafluorobutoksy )pentylo-1-oksy]-2-fluorobenzoesan.
4 (S)>-4'-(1-metyloheptyloksykarbonylo)bifenyl-4-ilu 4-[7-(2,2.3,3,4.4,4-heptafluorobutoksy Jheptylo-1-oksy]-1-fluorobenzoesan.
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3. Charakterystyka wybranych faz ciektokrystalicznych

Stan cieklokrystaliczny jest ulokowany miedzy fazg krysztatu (uporzagdkowanie 3D) i cieczg
izotropowg (Rys. 1). Ciekie krysztaty wykazujg czeSciowe uporzadkowanie i sg podzielone na dwie
kategorie: termotropowe i liotropowe [1]. Pierwsza grupa jest obserwowana pod wptywem zmian
temperatury, z kolei druga jest formowana w obecnosci rozpuszczalnika (dodatkowg zmienng jest
koncentracja). Ze wzgledu na ksztatt molekut, termotropowa kategoria dzieli sie na nastepujace grupy:
kalamityczne (molekuty pretopodobne), dyskotyczne (molekuty w ksztatcie dysku), sanidyczne
(molekuty ksztattem przypominajgce cegietki) i banano-podobne. Ze wzgledu na przedmiot rozprawy,
w dalszej czeSci omawiane sg tylko wiasciwosci termotropowych ciektych krysztatow o molekutach
kalamitycznych.

fazy
ciekfokrystaliczne

! )
I'—___-_'"I ________ 5 T

liotropowe, Ac termotropowe, AT

fazy krystaliczne faza cieczy faza gazowa

Rys. 1 Umiejscowienie faz ciektokrystalicznych w obrebie ogdlnego schematu powszechnie znanych stanéw
materii. Wyrdznia sie dwie podstawowe grupy ciektych krysztatow: liotropowe (ktdére formuja sie, jako funkcja
koncentracji w obecnosci rozpuszczalnika) i termotropowe (ktére formujg sie w wyniku zmiany temperatury).

Wspdlna cecha strukturalng molekut pretopodobnych jest wzglednie sztywny rdzen (czesto
zawierajacy grupy fenylowe i bifenylowe) oraz dwie elastyczne grupy koncowe (czesto alkilowe lub
alkoksylowe fancuchy). Ogoélny podziat faz ciektokrystalicznych dla molekut pretopodobnych,
pochodzi od Friedel'a, ale zostat na przestrzeni lat rozwiniety (zwkaszcza rodzina faz smektycznych).
Zasadniczo fazy smektyczne byly nazywane w porzgdku alfabetycznym w miare odkrywania
kolejnych faz, a wraz z odkrywaniem pod-faz np. fazy SmC*, zaczeto dodawac indeks dolny na ich
rozréznienie np. SmC*a, SmC* p, SmC*Y. Jezeli molekuty organiczne sg chiralne to do oznaczenia
fazy stosuje sie gwiazdke, np. SmA*. Poniewaz obiektem rozprawy sg materiaty chiralne wykazujace
fazy warstwowe (SmC*, SmC*a), dalsza czeS¢ poswiecona jest przedstawieniu cech
charakterystycznych tylko takich materiatdw/faz [1]. Wedlug powszechnie obowigzujacej
nomenklatury, w materiatach ciektokrystalicznych zbudowanych z molekut chiralnych, moga pojawic
sig, wraz ze wzrostem temperatury, nastepujgce fazy:

S Fazy krystaliczne (Crl, Cr2 ...),
Fazy ,,miekkich krysztatow” (SmE*, SmG*, SmH*, SmJ*, SmK*),
Fazy smektyczne (SmA*, SmB*, SmC*, SmC*A, Sml*, SmF*),
Pod-fazy typu SmC* (SmC*a, SmC*1/3, SmC*1/4),
Fazy typu ,.twist grain boundary” (TGBA*, TGBC¥*),
Faza chiralnego nematyka (N*),
Fazy niebieskie (BPI*, BPII*, BPIII*),
Faza cieczy izotropowej (Iso).
Wraz z obnizaniem temperatury zwigzki chiralne wykazujgce fazy cieklokrystaliczne ponizej
fazy cieczy izotropowej moga wykazywac faze nematyczng chiralng (tzw. cholesteryk), a z dalszym
obnizaniem temperatury pojawiajg sie fazy smektyczne wykazujace dodatkowe cechy
uporzadkowania, np. porzadek pozycyjny Srodkéw ciezkoSci molekut w fazie SmA* czy SmC*, co
ostatecznie prowadzi do porzadku w dwoch wymiarach. Takie fazy moga by¢ rozpatrywane, jako dwu
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wymiarowe ciecze. W fazach smektycznych $rodki ciezkosci molekut sa utozone na tzw.
ptaszczyznach smektycznych, tworzac warstwy (stad nazwa fazy warstwowe), w obrebie ktérych
wystepuje uporzadkowanie orientacyjne molekut. Rozroznia sie smektyki ortogonalne i pochylone.
W tych pierwszych (np. w fazie SmA*) $redni kierunek dtugich osi molekut opisywany przez
jednostkowy wektor (direktor) jest prostopadty do plaszczyzny smektycznej, wyznaczonej przez
$rodki ciezkosci molekut. Z kolei w smektykach pochylonych (np. w fazie SmC*) direktor tworzy
niezerowy kat z normalng do ptaszczyzny smektycznej (tzw. kat pochylenia molekut). W kazdej
kolejnej warstwie fazy SmC* kat pochylenia pozostaje staty, ale zmienia sie nieznacznie jego
orientacja w przestrzeni w stosunku do poprzedniej warstwy, co powoduje, ze direktor zakres$la helise
0 pewnym skoku. Natomiast w fazie SmC*a w sasiadujgcych warstwach smektycznych kat pochylenia
molekut ma przeciwng orientacje w przestrzeni i faza ta cechuje sie obecnoscig dwobch
naprzemiennych helis przesunietych o jedng warstwe. Wystepujg rowniez fazy smektyczne
wykazujace rozny stopien porzadku pozycyjnego molekut w warstwie. Dla faz SmA*, SmC*, SmC*a
wystepuje jedynie porzadek bliskiego zasiegu. Natomiast dla faz smektycznych takich jak np. SmB*,
SmG*, SmJ* wystepuje heksagonalne uporzadkowanie dalekiego zasiegu Srodkdw ciezkosci molekut.
Z punktu widzenia symetrii, chiralna faza SmC* r6zni sie od achiralnej fazy SmC nizsza
grupg punktowa symetrii, odpowiednio Cz i Czn. Obecno$¢ centrum chiralnego powoduje, ze molekuta
chiralna nie ma $rodka symetrii ani ptaszczyzny zwierciadlanej. Takie obnizenie symetrii miedzy SmC
i SmC* z grupy punktowej Czn na C2 powoduje, ze faza SmC* jest ferroelektryczna. Elementy
symetrii zaliczane do grupy punktowej C:2 to: obrét o 180° wokot osi prostopadtej do ptaszczyzny
zawierajgcej pochylong molekute oraz operacja identycznosci. Sktadowe wektora polaryzacji muszg
by¢ niezmiennicze wzgledem wszystkich operacji symetrii zaliczanych do danej grupy punktowej.
W przypadku fazy SmC*, zaréwno warto$¢ polaryzacji w kierunku prostopadtym do warstw
smektycznych (kierunek z) i w kierunku pochylenia molekut (kierunek y) sg zerowe pod wptywem
operacji symetrii z grupy C2. Natomiast niezerowa warto$¢ polaryzacji jest w kierunku prostopadtym
do ptaszczyzny pochylenia (ptaszczyzna yz) (Rys. 2). Dodatkowe elementy symetrii fazy SmC
(odbicie zwierciadlane wzgledem ptaszczyzny pochylenia i inwersja) powodujg, ze wszystkie
sktadowe wektora polaryzacji muszg by¢ réwne zero, zatem ferroelektrycznos¢ nie jest dopuszczona.
Spontaniczna polaryzacja w fazie SmC* jest proporcjonalna do sktadowej wektora momentu
dipolowego molekuty réwnolegtej do ptaszczyzny smektycznej. Zatem niezerowa musi byC ta
sktadowa momentu dipolowego molekuty, aby dana faza wykazywata wtasciwosci ferroelektryczne.

b)
+25° & & +25°
+20° 0 % 25°
+15° 0 0 +20°

SmCc*  SmcC*,

Rys. 2 Reprezentacja molekuty w smektycznych pochylonych fazach cieklokrystalicznych w kartezjariskim
ukfadzie wspohrzednych (a). Pochylenie molekut w sasiadujacych warstwach smektycznych w fazie SmC*
i SmC*a wraz z przyktadowymi wartosciami zmian katéw pochylenia (b). W rzeczywistosci pochylenie molekut
wzgledem normalnej do warstwy smektycznej miedzy sgsiadujgcymi warstwami jest niewielkie, natomiast
zamierzeniem tego rysunku jest jedynie przedstawienie idei.
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Dla ferroelektrycznej fazy SmC* obserwuje si¢ typowa dla ferroelektryka petle histerezy P(E),
natomiast dla antyferroelektrycznej fazy SmC*, dwie petle histerezy. Poniewaz kazda warstwa
smektyczna jest scharakteryzowana przez wypadkowy wektor polaryzacji, to z¢ wzgledu na
helikoidalng strukture direktora, podczas przejscia z warstwy do warstwy kierunek wypadkowego
wektora polaryzacji ulega zmianie 1 wypadkowa spontaniczna polaryzacja makroskopowej probki
w fazach SmC* 1 SmC* jest réwna zero. Dopiero zastosowanie zewngtrznego, wystarczajaco silnego
pola elektrycznego réwnoleglego do warstw smektycznych, powoduje rozwinigeie helisy (wypadkowe
wektory polaryzacji wszystkich warstw maja ten sam kierunek i zwrot) 1 obserwuje si¢ niezerowa
warto$¢ spontanicznej polaryzacji. Podobna jest dla fazy SmC* 5, gdzie pod wplywem zewngtrznego
pola elektrycznego obie helisy ulegaja rozwinigciu.

Molekuly w fazach cicklokrystalicznach maja mozliwo$¢ wykonywania pewnych ruchow,
dlatego pojawiaja si¢ procesy relaksacyjne z nimi zwigzane. We wszystkich fazach wystepuja
molekularne procesy relaksacyjne — reorientacja wokol osi krotkiej 1 dlugiej molekuty. Dodatkowo,
w chiralnych fazach smektycznych pojawiajg si¢ tzw. procesy kolektywne (amplitudony i fazony).
W paraclektrycznej fazie SmA* (i w poblizu przejscia fazowego SmA*-SmC*) wystepuje jeden
proces kolektywny (amplitudon zwany procesem mickkim, zwigzany z niewielkimi zmianami kata
pochylenia molekul), natomiast w ferroelektrycznej fazie SmC* dwa procesy kolektywne — proces
migkki 1 fazon (proces Goldstone’a, zwigzany z niewielkimi zmianami fazy direktora). Z kolei dla
antyferroelektrycznej fazie SmC*, moga pojawic¢ si¢ 4 procesy kolektywne — dwa amplitudony
(zmiana kata pochylenia molekul w fazie i przeciw fazie w sgsiednich warstwach) 1 dwa fazony
(zmiana fazy dircktora w fazie 1 przeciw fazie w sgsiednich warstwach).

W przejsciu z fazy o wyzszej symetrii (wysokotemperaturowej, np. paraclektrycznej) do fazy
o nizszgj symetrii (niskotemperaturowej, np. ferroelektrycznej) nastepuje spontaniczne lamanie
symetrii, ktore powoduje, ze faza o nizszej symetrii nie ma pewnych elementow symetrii
charakterystycznych dla fazy o wyzszej symetrii. Do charakterystyki takiego przejscia wybiera si¢
wielkos¢ fizyczng (tzw. parametr porzadku), ktérej niewiclka zmiana doprowadza do zmiany symetrii.
W przypadku przejscia pomigdzy cicklokrystaliczng faza paraclektryczng SmA* a ferroelektryczng
SmC* takim parametrem porzadku jest kat pochylenia molekul, ktorego wartos¢ w fazie SmA* jest
rowna 0, a w fazie SmC* rézna od zera. Do opisu przejscia fazowego SmA*-SmC* (paraclektryk-
ferroelektryk) stosuje si¢ teori¢ przejs¢ fazowych Landau’a [2].

W teorii Landau’a ktorej dokonuje si¢ rozwinigcia w szereg potegowy wzgledem parametru
porzadku 7 energii swobodnej G(7,7). Ten potencjal termodynamiczny powinien by¢ niezmienniczy
wzgledem grupy symetrii fazy o wyzszej symetrii, o oznacza m.in. z¢ przy zamianie +# na —#,
funkcja G(7,1) ma by¢ funkcjg parzysta. Stad rozwinigcie przyjmuje postac [2,3]:

G(T,m) = Go(T) + Go(TIn? + Go(TIn* + . (1)
W poblizu temperatury przejscia fazowego 7. parametr porzadku przyjmuje male wartosci, natomiast
dla stanu rownowagi termodynamicznej potencjal G(7,#) przyjmuje minimum.

W  przypadku rozwinigcia potencjalu  G(7,;) w szereg dla przejscia pomigdzy
cieklokrystalicznymi fazami SmA*-SmC*, przyjmuje ono postac (7 — 0):

1 1
G(T,8) = Go(T) +5 AT — T.)8% + ZB&" 4o (2)

W celu okreslenia zaleznosci parametru porzadku od temperatury, wyznacza si¢ ekstremum
potencjatu:

aG (T, 6) N
L= AT-T0+B03=0 o 0(T)= }E(TC—T)=90(T1:—T)B’ ®3)

gdzie A 1 B, stale rozwinigcia w szereg potggowy, S — wykladnik krytyczny, dla przejscia drugiego
rodzaju rowny Y. Poniewaz dla malych katéw 6 spontaniczna polaryzacja jest proporcjonalna do kata
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pochylenia molekul (Py~sin(6)~60) to jej zaleznos¢ od temperatury jest taka sama jak dla kata
pochylenia, 1 nazywana jest ona wtornym parametrem porzadku.

Z¢ wzgledu na naturalng samoorganizacj¢ molekul w warstwy smektyczne oraz wprowadzanie
nanomaterialow w takie uklady warstwowe, oprocz parametréw porzadku (P, 8) charakterystycznych
dla cieklych krysztalow, wazne i1 cickawe jest badanie m.in.: czasu przelaczania, proceséw relaksacii,
dwojtomnosci, morfologii powierzchni, defektéw strukturalnych, fluorescencji, absorpcji $wiatla
w zakresie widzialnym 1 podczerwieni czy zwilzalnosci powierzchni.
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4. Metody badawcze

Metody badania materiatdbw cieklokrystalicznych (CK) stanowig réznorodny zbidr.
Zasadniczo wszystkie narzedzia badawcze uzywane w chemii i fizyce ciala statego sg stosowane do
badania materiatow CK, poczawszy od szeroko rozwinietych metod mikroskopowych, przez metody
termiczne, elektryczne, optyczne, strukturalne a konczac na metodach spektroskopowych
i magnetycznych. Jedynym ograniczeniem jest zwykle bardzo mata ilo§¢ materiatu badawczego.
Podobnie jak czyste zwiazki ciektokrystaliczne i ich mieszaniny, tak i bardziej wyrafinowane uktady
np. nanokompozyty, blendy czy wielosktadnikowe materiaty hybrydowe moga by¢ badane tymi
samymi metodami. W niniejszym rozdziale opisano metody pomiarowe, ktore zastosowano do
badania materiatow bedacych przedmiotem niniejszej rozprawy.

Tabela 1. Spis metod pomiarowych uzywanych do badan.

Pomiar dwéjtomnosci (OB, ang. Optical Birefringence),
Pomiar parametréw elektryczno-optycznych (EOM, ang. Electro-Optical Methods),

Magnetometria kwantowa (SQUID, ang. Superconducting Quantum Interference Device),

Skaningowa mikroskopia elektronowa (SEM, ang. Scanning Electron Microscopy),

Mikroskopia optyczna (OM, ang. Optical Microscopy),

Mikroskopia optyczna ze $wiattem spolaryzowanym (POM, ang. Polarizing Optical Microscopy),
Mikroskopia konfokalna (FCPM, ang. Fluorescence Confocal Polarizing Microscopy),

Spektroskopia dielektryczna (FDDS, ang. Frequency Domain Dielectric Spectroscopy),
Spektroskopia w zakresie ultrafioletowym i widzialnym (UV-Vis, ang. Ultra Violet-Visible),
Spektroskopia Ramana (RS, ang. Raman Spectroscopy),

Spektroskopia w zakresie podczerwieni (FT-IR, ang. Fourier Transform Infrared Spectroscopy),

Dyfrakcja rentgenowska (XRD, ang. X-Ray Diffraction),
Ro6znicowa kalorymetria skaningowa (DSC, ang. Differential Scanning Calorimetry),

Pomiar intensywnosci $wiatta transmitowanego (TLI, ang. Transmitted Light Intensity),
Pomiar kata zwilzania (CA, ang. Contact Angle),

4.1. Metody elektro-optyczne

Do metod elektro-optycznych zalicza sie metody, w ktorych stosuje sie zaréwno pole
elektryczne jak i promieniowanie w zakresie widzialnym. Za pomocg tych metod mozna wyznaczy¢
takie parametry badanych materiatdbw jak spontaniczna polaryzacja Ps, czas przelgczania n, kat
pochylenia molekut O, skok helisy p czy odpowiedZ elektrooptyczna i. Dla wszystkich probek
zastosowano do badan takie same, typowe homogeniczne komorki elektro-optyczne typu kanapka
(Rys. 3) z elektrodami ITO (z ang. Indium Tin Oxide) oraz poliimidowymi warstwami orientujagcymi
(AWAT Sp. z 0.0.). Powierzchnia elektrod wynosita 25mm2, a grubos¢ w granicach ok. 5-8"m.
Komorki napetniano materiatem badawczym dzieki efektowi kapilarnemu (niewielka ilos¢ materiatu
umieszczano przy szczelinie komorki oraz podgrzewano do temperatury powyzej temperatury
przejscia do fazy cieczy izotropowej tego materiatu. Po catkowitym napetnieniu, komérke wypetniong
prébka powoli ochtadzano do temperatury pokojowe;j.

d ) badany materiat b) konfiguracja homeotropowa

m <—— przektadka dystansujaca - . <!
s polimer porzadkujacy A

< warstwa przewodzgaca (ITO/Au) ‘I
< podktad szklany konfiguracja homogeniczna

Rys. 3 Schemat komdrki do pomiaréw elektro-optycznych (a) oraz ulozenie molekut organicznych
w komorce w konfiguracji hometropowej i homogenicznej (b).
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Badania elektro-optyczne prowadzi sie na tzw. monodomenie, czyli prébce, w ktérej molekuty sg
idealnie uporzadkowane (dtugie osie molekut sg rownolegte do siebie i elektrod, uporzadkowanie
homogeniczne). Samo stosowanie warstwy polimeru porzadkujacego molekuty cieklego krysztatu
zwykle nie jest wystarczajgce i orientacje planarng (homogeniczng) uzyskuje sie przez przytozenie
zewnetrznego zmiennego pola elektrycznego o parametrach (ksztalt, amplituda, czestotliwosc)
indywidualnie dobieranych do badanego materiatu.

W ramach niniejszej pracy, ze wzgledu na rodzaje badanych materiatdw, parametry elektro-
optyczne wyznaczano dla roznych faz, m.in. ferroelektrycznej SmC*, antyferroelektrycznej SmC*a
i pod-fazy SmC*a Badania zaréwno kata pochylenia molekut, jaki i czasu przetgczania wykonano dla
sygnatu prostokatnego, a spontanicznej polaryzacji dla sygnatu tréjkatnego.

4.1.1. Metoda pomiaru kata pochylenia molekut

Metoda pomiaru kata pochylenia molekut jest oparta o zjawisko Clarka-Lagerwalla, czyli
przetgczania molekut w monodomenie przy zmianie polaryzacji sygnatu wejsciowego (przetaczanie
zachodzi w ptaszczyznie komorki i mozliwa jest detekcja potozen miniméw katowych transmisji). Do
probki przyktadano sygnat prostokatny i rejestrowano optyczng odpowiedZ probki przez fotodetektor.
Dla obu polaryzacji sygnatu wejsciowego szukano minimum odpowiedzi optycznej poprzez obrot
stolika mikroskopowego, notujgc potozenia katowe dla pelnego zaciemnienia, stan ,,off” (Rys. 4).
W celu doktadnego wyznaczenia kata pochylenia molekut, rejestrowano odpowiedz fotodetektora
w kilku punktach katowych wokoét stanu ,,0ff”, a do otrzymanych punktéw dopasowywano funkcje
kwadratowa. W trakcie zmiany polaryzacji sygnatu, molekuty wykonuja ruch po pobocznicy stozka
0 kacie rozwarcia 20, zatem odlegto$¢ katowa pomiedzy najblizszymi potozeniami petnego
wygaszenia obrazu jest rowna podwojonej wartosci kata pochylenia molekut 20 = [*-"2 [4]. Pomiary
prowadzone byty w funkcji temperatury podczas ochfadzania.

a) b)
® zwroty pola
elektrycznego E

j\ A
/ ] \ "
v ‘&

- >
oS polaryzatora

zwrot direktora n

o$ analizatora

Rys. 4 Wyznaczanie kata pochylenia molekut metodg Clarka-Lagerwalla. Dla uproszczenia zaprezentowano
jedng molekute w warstwie smektycznej homogenicznie uporzadkowanej probki: (a) o$ optyczna (direktor n)
jest rownolegta do osi analizatora (potozenie katowe |, stan ,,0ff") przy jednym zwrocie zewnetrznego pola
elektrycznego, (b) potozenie molekuty przy przeciwnym zwrocie E (potozenie katowe <2, stan ,,0ff”).

4.1.2. Metoda pomiaru czasu przetaczania molekut

Metoda wyznaczania czasu przelaczania, tj. czasu potrzebnego na przeorientowanie
wszystkich molekut pod wptywem zewnetrznego pola elektrycznego takze opiera sie na zjawisku
Clarka-Lagerwalla. W tym przypadku na probke w komorce elektrooptycznej potaczong szeregowo
z opornikiem (Rzew = 100kQ) podaje sie sygnat prostokatny i rejestruje sie spadek napiecia na tym
oporze, czyli sygnat odpowiedzi probki. Czas liczony od momentu zmiany polaryzacji sygnatu
wejsciowego do pojawienia sie maksimum w sygnale odpowiedzi probki, jest czasem przetgczania.
Badania prowadzono w funkcji temperatury podczas ochtadzania [6,7].

4.1.3. Metoda pomiaru spontanicznej polaryzacji
Spontaniczna polaryzacja Ps w ciektych krysztatach smektycznych jest tzw. niewfasciwg
spontaniczng polaryzacja, poniewaz pod nieobecno$¢ zewnetrznego pola elektrycznego jest rowna
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zero ze wzgledu na spiralne ulozenie wypadkowych momentow dipolowych od poszczegodlnych
warstw smektycznych. Dopiero przylozenie wystarczajacego silnego pola elektrycznego prostopadle
do warstw smektycznych powoduje rozwinigcie spirali smektycznej i uporzadkowanie momentéw
dipolowych warstw w jednym kierunku, a w efekcie pojawia si¢ niezerowa spontaniczna polaryzacja.
Konfiguracja do pomiaru spontanicznej polaryzacji jest taka sama jak dla czasu przelaczania, z tym, ze
na komorke polaczong szeregowo z opornikiem podaje si¢ sygnal trojkatny 1 rejestruje si¢ odpowiedz
probki (tzw. metoda rejestracji pradu odwrdcenia polaryzacji, ang. Reversal Current Method) [7].
Wtedy probka umieszczona w komorce elektrooptycznej jest traktowana, jako uklad trzech elementow
polaczonych roéwnolegle: opomika o oporze R, kondensatora o pojemnosci C i1 zrédla tadunkow
P (wynik polaryzacji probki), a prad plynacy przez probke jest suma pradu zwigzanego ze
skonczonym oporem probki In(z), ktéry jest proporcjonalny do przylozonego napigcia, pradu
zwigzanego z ladowaniem kondensatora /.(7), gdyz komdrka pomiarowa jest kondensatorem oraz
pradu zwigzanego z polaryzacja badanego materiatu /(%):
uE) | du) |, dew)

IO =1, +1:)+ 1) = R +C I + at )

gdzie R — opor, C — pojemnos¢, O — wielkos¢ ladunku elektrycznego, jaki zostal wyindukowany

w procesie porzagdkowania probki. W celu obliczenia wartosci Py(7) z powyzszej sumy natezen nalezy
wyodrebni¢ ostatni czlon. Wklad pochodzacy od pierwszych dwoch czlonow Ip(t)+1Ix(1) jest liniowy
dla sygnalu trojkatnego i po odjeciu tego wkladu oblicza si¢ pole powierzchni pod pikiem odpowiedzi,
ktore jest proporcjonalne do wartosci spontanicznej polaryzacji:

1 1 1
P(T) = fdQ(T,t =—f; T, t)dt =—f U(T, de, (5
* Zskom ) zskom P( 2SkomRzew ( ) ( )

gdzie Sp.n — pole powierzchni elektrod komérki pomiarowej, R.., — opér zewngtrzny polaczony

szeregowo z komorka, Ip(7,t), U(Tt) odpowiedz pradowa i napigciowa probki po odjeciu tla. Nalezy
tak dobra¢ czestotliwos¢ przykladanego zmiennego pola elektrycznego, aby polaryzacja orientacyjna
(zwigzana z przetaczaniem molekul) nadazala za zmianami tego pola.

4.1.4. Metoda pomiaru odpowiedzi elektrooptycznej
Metoda, ktéra pozwala na wykazanie istnienia faz wystepujacych w bardzo waskim zakresie
temperatur jest badanie transmisji $wiatla przez probke poddang dzialaniu zmiennego pola
elektrycznego, podczas bardzo wolnego ochtadzania. Natgzenie swiatla przechodzgcego przez cienkg
warstwe cicklego krysztalu (dla konfiguracji skrzyzowanych polaryzatorow) jest opisane wzorem

Fresnela [8]:
ntAnd

I(a,An,d, A} = Iysin?(2a)sin’® ( ), (6)

gdzie I, — nate¢zenic swiatla padajacego na probke, a — kat pomigdzy osig optycznag (o$ helisy
w chiralnych fazach pochylonych) a plaszczyzng polaryzacji polaryzatora, An — dwoéjlomnosé
optyczna, d — grubos$¢ probki, 4 — dlugos¢ fali swiatla padajacego. Przylozone zmienne pole
elektryczne powoduje zmiang polozenia osi optyczne] Aa wzgledem polaryzatora oraz zmiang
polaryzacji probki, a w konsekwencji zmiang dwdjlomnosci An:
a=ay,+Aa, (7)

An(E) = Any + An, (8)
gdzie a,, An, — kat pomicdzy osig optyczna a plaszczyzng polaryzacji polaryzatora i wartosé
dwojlomnoscei dla £ = 0. Aa jest zmiang polozenia osi optycznej wzgledem plaszczyzny polaryzatora
pod wplywem przylozonego pola £. Zmiana polozenia osi optycznej jest liniowg funkcja AL,
natomiast zmiana dwdjlomnosci jest funkcjg kwadratowa AL

Aa « AE, An o AEZ. (9)
Przeksztalcajac rownanie (3) 1 uwzgledniajac wplyw pola elektrycznego mozna zapisaé:
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I . {rAn(E)d
= sin?(2a(E))sin® (T) (10)

OdpowiedzZ elektrooptyczna i jest zdefiniowana, jako wzgledna zmiana intensywnosci Swiatta
transmitowanego Al = l1-1 przypadajaca najednostke zmiany pola elektrycznego AE:
I = EE (11)

W przypadku fazy SmA* odpowiedz elektro-optyczna jest zdefiniowana, jako AOiInJAE, gdzie Qindjest
katem pochylenia molekut indukowanym polem elektrycznym (efekt elektrokliniczny). Zatem
w celu wyznaczenia odpowiedzi elektrooptycznej wystarczy zmierzy¢ tylko wyindukowany kat
pochylenia. W fazach pochylonych odpowiedzZ zalezy od zmiany osi optycznej probki Aa i zmiany
dwdjtomnosci An, dlatego odpowiedZ elektrooptyczna musi by¢ zmierzona fotometrycznie zgodnie ze
wzorem (11). Nawet subtelne zmiany natezenia Swiatta Al w strukturalnie podobnych fazach np.
SmC*a i SmC* (10 oraz AE takie same) oraz wolne ogrzewanie/ochtadzanie probki pozwalajg na
rozréznienie tych faz. Badania prowadzono w konfiguracji skrzyzowanych polaryzatoréw dla kata ao
=22,5° w fazie SmA* w celu uzyskania maksimum zmodulowanej odpowiedzi elektrooptyczne;.

4.1.5. Metoda pomiaru dwdjtomnosci

Badania dwojtomnosci wykonano z zastosowaniem modulatora fotoelastycznego, ktory
moduluje polaryzacje Zrodia Swiatta. Metoda dziatania modulatora jest oparta na zjawisku
fotoelastycznym, ktére polega na zmianie dwojtomnosci elementu optycznego (poprzez mechanicznie
Sciskanie albo rozprezanie) proporcjonalnie do odksztatcenia. Jezeli do elementu optycznego nie jest
przytozone naprezenie, Swiatto przechodzi bez zmiany polaryzacji przez modulator, w przeciwnym
przypadku nastepuje wyprzedzanie jednej sktadowej polaryzacji wzgledem drugiej. Ta r6znica fazowa
sktadowych réwnolegtej i prostopadiej polaryzacji nazywana jest opdznieniem lub retardacja.
W szczegOlnych przypadkach, gdy op6znienie generowane przez modulator osigga  dtugosci fali
Swiatta padajgcego, modulator fotoelastyczny dziata jak ptytka cwieréfalowa. Schemat ukiadu
zastosowanego do pomiaru dwojtomnosci jest zaprezentowany na Rys. 5.
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Rys. 5 Schemat blokowy uktadu do pomiaru dwdéjtomnosci.

Zrodtem $wiatta jest laser He-Ne (632,8nm). Za laserem znajduje sie polaryzator o osi zorientowanej
pod katem +45° wzgledem osi modulatora oraz modulator z osig opdZznienia ustawiong na 0°. Swiatto
zmodulowane przez modulator przechodzi nastepnie przez badang probke umieszczong w komorce
pomiarowej w systemie grzewczym i kolejny polaryzator o osi zorientowanej pod katem -45°
wzgledem osi modulatora. Nastepnie pada na detektor, ktérego wyjscie jest rozdzielone: jedna gataz
na wzmacniacz typu lock-in do detekcji sygnatéw 1f i 2f, a druga do woltomierza. Zmienne napiecie
przyktadane do modulatora powoduje powstanie okresowych zmian dwojtomnosci elementu
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optycznego modulatora (tu plytki krzemionkowej), natomiast wynikowa retardacja o jest sumg
opdznienia wprowadzonego przez modulator Jemiaor 1 badana probke d,smka [9,10]:

&= 5nwdu£ator + 6pr0bka = ACOS(2ﬂft) + B, (12)
gdzie f— czestotliwos¢ sygnalu podawanego na element optyczny modulatora, 4 — amplituda sygnatu
podawanego, B — retardacja probki. Wzmacniacz lock-in mierzy napigcie przy pierwszej harmonicznej
czestotliwosci (U;) z modulatora, ktore odpowiada wyjsciu ukladu przy tej czestotliwosci. Dla matych
A 1 B, wyjscie wzmacniacza lock-in mozna przeksztalci¢ do postaci:

=1 1 1 - focos(B)) + [isin(B)cos2nft) + J,cos(B)cos(dnft) |, (13)
2

gdzie I, I — natgzenie $wiatla padajacego na probke i po przejsciu przez uklad, J,, J;, J, — funkcje
Bessel’a zwigzane z retardacjg modulatora. Wykrywane sg trzy sygnaly: wzmacniacz lock-in wykrywa
napiecie skuteczne U, sygnalu detektora przy czestotliwosci modulatora /f oraz napigcie skuteczne
U, sygnalu detektora przy czestotliwosci modulatora 2f oraz srednie napigcie Upe sygnalu. Nastepnie

oblicza si¢ stosunki R,roraz Rorwedlug wzorow:

RU-=U—ch oraz Rz’:U_Di-' 14

Zgodnie z teorig fotoelastycznej modulacji, opdznienic wprowadzone przez badang probke mozna
obliczy¢ wedhug wzoru:

_ Ruifha(A) _ Uspia(d)
tan(B) = Rafl1(A)  Uapiy(A) (15)

a dwojltomnos¢ probki (w danej temperaturze) jako:
An(T) = BD - L gretan (w). (16)

2ad  2md Uyphi(A)

gdzie d — grubos¢ probki.

4.2. Metoda magnetometrii z interferencjg kwantowa

Do okreslenia wplywu nanoczastek (i dekorujacego surfaktanta) na magnetyzacje i parametry
charakteryzujace ferromagnetyczng petle histerezy zastosowano metode magnetometrii w trybie
nadprzewodzacej interferometrii kwantowej. Zgodnie z mechanikg kwantowg kazda czastka
clementarna oprocz orbitalnego momentu pedu posiada takze spinowy moment pedu. Orbitalny
moment magnetyczny elektronu m, jest antyrownolegly do orbitalnego momentu pgdu elektronu /
1jest rtéwny [11]:
eh

— i=—

My = — U I, (17)

€
gdzie up — magneton Bohra, e — ladunek elementarny elektronu, /# — stala Plancka, m, — masa

elektronu. Spinowy moment magnetyczny elektronu m; jest antyréwnolegly do spinowego momentu
pedu (spinu) s 1 jest rowny:

mg = —gusS =—g 4;me s, (18)
gdzie g — czynnik Landégo. Ze wzgledu na fakt, Zze badane prébki sa makroskopowe (zlozone z wielu
atomow), mozliwe jest tylko zmierzenie wypadkowego momentu magnetycznego i ewentualne jego
odniesienie do masy lub ilosci moli prébki. Zatem wypadkowy moment magnetyczny atomu m,, to
suma wektorowa orbitalnego 1 spinowego momentu magnetycznego:
My = —up(L + g5). (19)

Wektory L 1 S opisujg wypadkowy orbitalny i spinowy moment pedu elektronéw na niezapelionych
powlokach.

Do podstawowych wiclkosci charakteryzujacych wlasno$ci magnetyczne nalezy podatnosé
magnetyczna y, ktora opisuje reakcje ukladu na zmiang nat¢zenia pola magnetycznego, czyli mowi
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o latwosci namagnesowania oraz magnetyzacja M, bedaca momentem magnetycznym zwykle
wyrazanym na jednostke objetosci. Obie wielkosci sg powigzane wzorem:

M(H) = yH, (20)
gdzie H - natezenie pola magnetycznego. Zaleznos$¢ liniowa migdzy M 1 H jest prawdziwa dla
materialow bedacych diamagnetykami, paramagnetykami lub antyferromagnetykami (co jest
prawdziwe tylko dla niskich wartosci H).

W przypadku pomiarow stalopradowych, moment magnetyczny badanej probki jest mierzony
poprzez odczyt napigcia wyjsciowego detektora SQUID, kiedy probka w rurce kaptonowej
zamontowana na precie magnetometru wykonuje ruch w gore, przechodzac przez cewki odbiorcze.
Taki ruch przez cewki z punktu A do B stanowi jeden pelny pionowy skan. Wynikiem pomiaru sa
wartosci napi¢¢ odczytane na wyjsciu w funkcji polozenia probki pomigdzy cewkami odbiorczymi.
W celu poprawy rozdzielczosci probka poddana jest wiclu skanom, ktore sg usredniane. Typowa
dokladno$¢ pomiaréw wynosi 0.1%. Przed rozpoczgciem pomiaréw probka jest centrowana pomiedzy
cewkami odbiorczymi.

Badania wykonano na probkach unieruchomionych klejem (vamish) w zelatynowych
kapsulkach. Kapsulki umieszczano w rurkach kaptonowych i mocowano na precie pomiarowym
magnetometru. Podczas obrébki danych pomiarowych odejmowano diamagnetyczne tlo pochodzace
od kapsulki zelatynowej, natomiast wklad diamagnetyczny od rurki kaptonowej, jako zaniedbywalnie
maly, nie byl uwzgledniany. Zaobserwowane petle histerezy dla probek kompozytowych pochodza od
nanoczastek w stanic zblokowania (stan ferromagnetyczny) ponizej temperatury blokowania 7.
Powyzej T nanoczastki wykazujg zachowanie paramagnetyczne, jednak ich podatnos¢ magnetyczna y
jest wicksza od typowych paramagnetykéw, dlatego stan powyzej 7z jest nazywany
superparamagnetycznym. Nanoczastke mozna traktowaé, jako jedna domeng¢ magnetyczna — jeden
duzy moment magnetyczny, bgdacy suma wszystkich pojedynczych momentéw magnetycznych
niesionych przez skladowe atomy nanoczgstki.

Przeprowadzone magnetyczne pomiary stalopragdowe, daly informacje o zaleznosciach
magnetyzacji M poszczegdlnych probek od zewnetrznego pola magnetycznego H. Dzicki nim
mozliwe bylo wyznaczenic m.in. petli histerezy pochodzacych od nanoczastek, zaleznosci
magnetyzacji remanencji Mp 1 pola koercji H, zaréwno od temperatury jak i koncentracji nanoczgstek.
Pomiary wykonano do wartosci pola H = 50kOe, co pozwolilo na wyznaczenie magnetyzacji saturacji
M. Pomiary w zmiennych polach magnetycznych nie byly wykonywane, dlatego opis relaksacji
magnetycznych zostaje pominiety.

4.3.Metody mikroskopowe

4.3.1. Metoda mikroskopii optycznej i mikroskopii polaryzacyjnej

Mikroskop optyczny sklada si¢ ze zrodla swiatla, elementow optycznych (lustra, soczewki,
kondensor, pryzmat), stolika obrotowego do umieszczenia probki, srub mikro- i makrometrycznych,
obicktywu 1 okularéw, przyslon (aperturowej 1 pola widzenia), kamery cyfrowej, filtra selektywnej
dlugoscei fali. Obrazy mikroskopowe sg pozome, powigkszone i odwrocone. Calkowite powigkszenie
mikroskopu optycznego p jest iloczynem powickszen soczewek w obiektywie p, 1 okularze p,. [12]:

P = PobPor (21)

Istotnym parametrem charakteryzujgcym uklad mikroskopu optycznego jest zdolnos¢ rozdzielcza d-:

diln) =

2nsind’ (22)

gdzie 4 — dlugosc fali $wiatla padajacego na probke, n — wspolczynnik zalamania otoczenia, w ktdérym
znajduje si¢ probka (zwykle powietrze), ¢ — kat pomigdzy osig obicktywu a najbardziej brzegowym
promieniem wchodzacym do niego (ktory bierze udzial w tworzeniu obrazu). Zdolnos$¢ rozdzielcza
mikroskopu to najmnigjszy dystans pomigdzy dwoma micjscami probki, ktdére moga by¢ od siebie
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odréznione, a ograniczona jest m.in. przez dyfrakcje: przy odpowiednio duzych powickszeniach
informacje o szczegélach probki zostaja utracone, poniewaz $wiatlo uginajac si¢ na krawegdziach
malych struktur, powoduje ze szczegdly stajg si¢ mnigj widoczne. Mikroskopi¢ optyczng o wysokiej
rozdzielczosci zastosowano do okreslenia wplywu nanoczgstek na morfologic powierzchni w skali
mikrometrycznej, oceny powstawania aglomeratow oraz obrazowania wplywu kwasu oleinowego na
matrycg cieklego krysztalu. Obrazowanie przeprowadzono z réznymi powigkszeniami w modzie
transmisyjnym. Wysoka zdolno$¢ rozdzielcza mikroskopu pozwolila na poznanie szczegoéléw na
poziomie 1pm.

Mikroskop polaryzacyjny jest mikroskopem optycznym wyposazonym dodatkowo w dwa
polaryzatory, ktorych osie polaryzacji sg zwykle skrzyzowane pod katem 90°. Jeden polaryzator jest
umieszczony migdzy zroédlem $wiatla 1 probka, a drugi migdzy probka a okularem. Gdy material
dwojtomny umieszczony jest pod mikroskopem to w swietle spolaryzowanym mozna ogladac obrazy
interferencyjne cienkiej warstwy materialu (tzw. tekstury), natomiast intensywnos¢ $wiatla
transmitowanego przez probke jest opisana wzorem:

1

1
I= 3 IosinZZcpsian& (23)

gdzie ¢ — kat azymutalny (kat pomig¢dzy osig polaryzacji polaryzatora i rzutem osi optycznej na
warstwe smektyczng,  — roznica faz. W réwnaniu (23) pierwszy czynnik opisuje zmiany natgzenia
swiatla transmitowanego wzgledem orientacji dwojlomnej probki mi¢dzy dwoma polaryzatorami,
drugi odpowiada za kolor tekstury. Mikroskopia polaryzacyjna pozwala na identyfikacje faz
cieklokrystalicznych i1 dostarcza informacji o temperaturach przejs¢ fazowych. Nalezy zaznaczy¢, ze
pomimo subtelnych roznic migdzy niektéorymi fazami cieklokrystalicznymi (np. dla SmC* 1 SmC* )
metoda ta pozwala je odrézni¢ poprzez zmiany koloru, prazkowania czy modyfikacji defektow
strukturalnych obrazu. Obrazowanie w kontrascie polaryzacyjnym postuzylo takze do identyfikacji
defektow strukturalnych obecnych w danym materiale oraz okreslenia miejsc gromadzenia si¢
nanoczastek. Probke w komorce elektrooptycznej (homogeniczna, elektrody ITO) umieszcza sig
w przystawce grzewczej na obrotowym stoliku. Pomiary prowadzono w funkcji temperatury.

4.3.2. Metoda skaningowej mikroskopii elektronowej

Metoda skaningowej mikroskopii elektronowej mozna badaé topografie powierzchni, ocenié
obecnosci aglomeratow nanoczastek czy wplywu surfaktantu (kwas oleinowy) na chropowatose
powierzchni. Zaletg tej metody jest wysoka zdolno$¢ rozdzielcza, mozliwos¢ obrazowania za pomoca
elektronow wtoémych lub elektronow wstecznie rozproszonych oraz mozliwos¢ wyznaczania skladu
chemicznego badanej probki. Obrazowanie jest wykonywane w warunkach wysokiej prozni, aby
wigzka padajacych elektronow nie zostala zaburzona przez atomy/czasteczki gazu w komorze
pomiarowej. Za pomoca detektorow umieszczonych w komorze z prébka otrzymuje si¢ obraz badanej
probki. Do obrazowania wykorzystuje si¢ wiazke elektrondw emitowanych z katody, przyspieszanych
w polu elektrycznym 1 formowanych przez uklad soczewek elektromagnetycznych. Rozdzielczos¢
obrazu jest uzalezniona od dlugosci fali elektronow, zaleznej od wielkosci napigcia przyspieszajacego.
Typowa zdolnos¢ rozdzieleza tego typu mikroskopu jest rzedu Inm [13].

Uformowana wigzka clektronow padajac na powierzchni¢ badanej probki moze zostaé
calkowicie zaabsorbowana, przenikngé przez material, ulec odbiciu od jego powierzchni czy
spowodowac emisj¢ promieniowania. llos¢ elektronow odbitych, zaabsorbowanych i przechodzacych
przez probke zalezy m.in. od jej grubosci i1 skladu pierwiastkowego. W wyniku oddzialywania wiazki
clektronow z probka mozna zaobserwowac emisje elektronow wtornych, odbitych czy elektronow
Auger’a, emisj¢ promicniowania rentgenowskiego (charakterystycznego 1 hamowania) czy
fluorescencj¢. Ze wzrostem napigcia przyspieszajacego rosnie ped elektronow w wigzce, zatem moga
one penetrowac probke glebiej 1 ze wzrostem objgtosci obszaru emisji.
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Otrzymywanie obrazu zachodzi poprzez skanowanie powierzchni badanej prébki punkt po
punkcie wigzka elektrondw o S$rednicy nanometrycznej, a sygnat z powierzchni prébki (zwykle
w postaci elektronéw wtdérnych albo odbitych) dociera do uktadu detekcyjnego. Czes$¢ elektrondw
pierwotnych ulega rozproszeniu niesprezystemu przez atomy badanej probki i traci stopniowo swojg
energie kinetyczna, co prowadzi do powstania elektronéw wtérnych (Rys. 6). W skaningowej
mikroskopii elektronowej najistotniejszy sygnat niskoenergetyczny pochodzi od elektrondw wtérnych
(o energiach ponizej 50eV) emitowanych blisko powierzchni prébki. Obraz probki uzyskany przez
elektrony wtoérne daje informacje o topografii powierzchni. Ze wzgledu na wzmocnienie emisji
elektronéw wtdrnych blisko uskokéw (krawedzi wzniesier), mozliwe jest bardzo doktadne
odwzorowanie nie tylko tarasow, ale ich krawedzi. Z kolei cze$¢ elektrondéw pierwotnych zostaje
rozproszona sprezyscie, co jest wynikiem oddziatywania elektrostatycznego miedzy ujemnie
natadowanymi elektronami z wigzki padajgcej i dodatnio natadowanymi jgdrami atomoéw probki.
W wyniku tego dochodzi do zmiany kierunku ich ruchu o ponad 90°. Te elektrony wstecznie
rozproszone stuzg do konstrukcji obrazu prdbki, dajac informacje o réznorodnosci chemicznej
(kontrascie chemicznym) prébki (Rys. 6). Ze wzgledu na brak lub stosunkowo mate zmiany energii
elektrondw wstecznie rozproszonych uzyskana informacja o prébce pochodzi z jej gtebszych regiondéw
niz przy obrazowaniu za pomocg elektronéw wtérnych.

wigzka elektronéw pierwotnych

elektrony wstecznie rozp ystyczne promieniowanie X

elektrony Auger'a

/

niespreryicie rorproszane elektrony

elektrony wtérne
B

spredyscie rozproszone elektrony

nleugigte elektrony

Rys. 6 Oddziatywanie wigzki elektrondw z probka.

Przed obrazowaniem, koliste kofAcowki na probki poddawane byly procesowi czyszczenia
(usuwanie powierzchniowych zanieczyszczen) w myjce ultradzwiekowej. Nastepnie czyste szkietko
mikroskopowe zamontowane zostato na koncoéwce za pomocg dwustronnej taSmy. Na zamontowane
szkietko naniesiono probke i w celu zapewnienia kontaktu miedzy koncowka i powierzchnig szkietka
z prébka uzyto taSmy miedziowej. Nie nanoszono dodatkowej warstwy metalu, w celu zachowania
oryginalnego koloru i morfologii.

4.3.3. Metoda fluorescencyjnej mikroskopii konfokalnej ze $wiattem spolaryzowanym

W metodzie tej sercem ukfadu jest mikroskop konfokalny pracujacy na bazie mikroskopu
fluorescencyjnego, ktory opiera sie na zjawisku fluorescencji. Energia fotonu E1 dostarczanego przez
Zrodto Swiatha jest absorbowana przez elektrony fluoroforu i powoduje ich przejscie z podstawowego
stanu elektronowego So na wyzszy poziom energetyczny (wzbudzony stan oscylacyjny wzbudzonego
elektronowego stanu Si, proces 1 na Rys. 7a). Nastepnie zachodzi bardzo szybko relaksacja
wibracyjna (proces 2), w ktorej elektron oddaje do otoczenia nadmiar energii osiagajac podstawowy
stan oscylacyjny we wzbudzonym elektronowym stanie Si. Kiedy elektron powraca ze wzbudzonego
stanu elektronowego S: do podstawowego stanu elektronowego So, emitowany jest foton o energii E2 <
E1 (proces 3). Rdznica w energii czy dtugosci fali fotonu wzbudzajgcego i emitowanego jest
okreslana, jako reguta Stokesa [14,15].
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Rys. 7 Schemat pozioméw energetycznych oraz przejscia miedzy nimi dla elektronu absorbujacego
promieniowanie padajace (a), bieg promieni emitowanych z probki wraz z ich przejsciem przez przestone

otworowg (b).

W mikroskopie konfokalnym wigzka wzbudzajaca i detekcji sa ogniskowane w tym samym
punkcie na probce na okreslonej gtebokosci, a Zrodtem Swiatta sg lasery diodowe generujace okreslone
dtugosci fal (np. 405nm, 473nm, 559nm i 635nm). Konfokalna przestona otworowa (Rys. 7b) jest
kluczowym elementem, z ktérego wigzka dociera do detektora, co pozwala rejestrowa¢ nawet
najstabsze impulsy S$wiatta wzbudzonego i zapewnia poprawe rozdzielczosci oraz mozliwos¢
otrzymania przekrojow (tzw. skrawkdw optycznych). Impulsy Swietlne zostajg przetworzone na
impulsy elektryczne i na obraz.

Metode fluorescencyjnej mikroskopii konfokalnej ze Swiattem spolaryzowanym zastosowano
do okreslenia fluorescencji w zakresie Swiatta widzialnego w matrycy organicznej, domieszce oraz
kompozytach. Probki do obrazowania byty w postaci cienkich warstw na szkietku mikroskopowym.

4.4. Metody spektroskopowe

4.4.1. Metoda spektroskopii dielektrycznej w domenie czestotliwosci

Metoda spektroskopii dielektrycznej w domenie czestotliwosci pozwala na zbadanie dynamiki
na poziomie molekularnym zwigzanej m.in. ze statym lub indukowanym elektrycznym momentem
dipolowym w materiatach dielektrycznych (bez tadunkéw swobodnych). W metodzie tej, do prdbki
umieszczonej w kondensatorze pomiarowym przyktada sie stabe zmienne pole elektryczne, tzw. pole
mierzace. Po umieszczeniu dielektryka w zewnetrznym zmiennym polu elektrycznym dochodzi do
indukowania momentéw dipolowych, ktére wynikajg z polaryzacji elektronowej Pe (przesuniecie
chmur elektronowych wzgledem jader) oraz atomowej Pa (przemieszczenie atoméw molekuty
0 roznych tadunkach - odksztatcenie wigzan chemicznych). Dodatkowo, dla dielektrykéw polarnych,
pojawia sie polaryzacja orientacyjna Por, zwigzana ze statym elektrycznym momentem dipolowym. Po
przytozeniu do dielektryka polarnego zmiennego pola elektrycznego polaryzacje Pe i Pa pojawiajg sie
natychmiast (ich suma jest nazywana polaryzacjg deformacyjng Pd), natomiast polaryzacja
orientacyjna narasta w pewnym interwale czasowym (Rys. 8). Po usunieciu pola elektrycznego
natychmiast zanika polaryzacja deformacyjna, podczas gdy polaryzacja orientacyjna maleje w czasie
w sposob wyktadniczy. Efekt narastania i zaniku polaryzacji orientacyjnej w czasie jest nazwany
relaksacja dielektryczng i opisany funkcjg [16,17]:

P (®) = Cpar ~ PO (1- o0 (- )}, @8)

gdzie Pmax - sumaryczna warto$¢ wszystkich typdw polaryzacji, exp(-t/nD) - funkcja relaksacji, t -
czas, nD - czas relaksacji dielektrycznej, charakteryzujacy okres$lony ruch molekut potrzebny na
reorientacje jej momentéw dipolowych.
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Rys. 8 Ksztatt przyktadanego zmiennego pola elektrycznego do probki badanej (a) oraz narastanie i zanik
polaryzacji orientacyjnej, jako efekt przytozenia do probki zmiennego pola elektrycznego (b).

Jak wspomniano, w trakcie pomiaru do probki przyktada sie pole mierzace (stata amplituda
i zmienna czestotliwo$¢). Po przytozeniu do prébki zmiennego napiecia elektrycznego U*(f), przez
probke poptynie prad o zmiennym natezeniu 1*(f). Wielkosci pozwalajg wyznaczy¢ impedancje Z*(f):
Ut
z°(f) = ,—g)) =Z'() +iz"(f), (25)
ktora jest zwigzana z zespolong przenikalnoscig dielektryczng

e'(f) = e'(f) —ie"{(f), (26)
relacja:

)
e (f) = TR CI ) 7)
gdzie i - jednostka urojona, - czestotliwos¢ zastosowanego sygnatu, C0 = eoS/d - pojemnos¢ pustej
komorki (kondensatora), e - przenikalno$¢ dielektryczna prézni, d - odlegto$¢ miedzy oktadkami, S -
pole powierzchni elektrod. Zatem znajac parametry geometryczne kondensatora pomiarowego oraz
zmierzone wartosci impedancji, mozna wyznaczy¢ cze$¢ rzeczywistg (dyspersje dielektryczng)
i urojong (absorpcje dielektryczng) przenikalnosci dielektrycznej poprzez rozwigzanie dla kazdej
czestotliwosci uktadu réwnan:

1 ) 1 £(f)

Z (f) = ZHng e,(f)z + epf(f')zr Z (f) = —anco 8'(;‘)2 + 6”0")2. (28)
Stosunek absorpcji do dyspersji dielektrycznej nazywa sie tangensem kata strat dielektrycznych tgs:
£"(f)
tgé(f) = Ok (29)

Warto$¢ S jest przesunieciem fazowym miedzy przytozonym zewnetrznym polem elektrycznym E
a indukcjg elektryczng D w probce:
. D(t) Dyexp(i(Znft — 6))
€)= B~ e Epexp(i2mft) ' GO
gdzie Eo i Do sg odpowiednio amplitudami zewnetrznego pola elektrycznego i indukcji elektrycznej w probce.
Istnieje wiele modeli opisujgcych relaksacje wystepujace w rdznego rodzaju materiatach. Model

Debye'a opisuje relaksacje wszystkich sktadowych uktadu z jednym czasem relaksacji nD:
£ — & ,
e (fy=ce,+ 1+ 2nfit, model Debye’a (31)
bren & — o vy 2TfTp(6s —&5) | Ope
D=t Gy T T T e e P
gdzie es i ex sg przenikalno$ciami w granicy niskich i wysokich czestotliwosci:
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jezelif =0 to & — &, (33)
jezeli f > @ to € — &, (34)

.« - . 1 1" 1 1
jezeli 2nfip=1 to egpa =& = E(es —&y) = EAE. (35)

Wartos$¢ czestotliwosci £, w ktore] obserwuje si¢ maksymalng warto$¢ absorpcji jest zwigzana

z czasem relaksacji Debye’a tp:

1
Tp = . (36
° Znﬁnax ( )

Najogolniejszym modelem teoretycznym jest model Havriliak-Negami (HN):

& — £o
) = ot T G fita) =P

gdzie gy — czas relaksacji Havriliak-Negami, a — parametr opisujacy symetryczny rozklad czasow
relaksacji, f — parametr opisujacy asymetryczny rozkladu czasdéw relaksacji (wspolczynnik skosnosci).
Zaréwno o 1 ff mogg przyjmowaé wartosci z przedzialu [0,1]. W zaleznosci od specyfiki badanych

model Havriliak — Negami (37)

materialow model Havriliak-Negami moze zosta¢ uproszczony:

£ — 4o ) ,
o+ m model Cole — Davidson'a, (38)

& — €

gdyp=1 = &(f)=¢.+ 1T Crfin e model Cole — Cole'a, (39)

gdva=0 - (f)=¢

1op — czas relaksacji Cole-Davidson’a, 7o — czas relaksacji Cole-Cole’a. Wartos¢ czasu relaksacji dla
powyzszych modeli jest powigzana z parametrami rozkladu czasu relaksacji:

(40)

_ 1 : T
0 i fax D28+ 2

=—, (41
TCC Zﬂfmax ( )

-1/

1 .oam N\Ye, o af
TN S (s’" 26 + 2) (S”‘ m) - (42)
Dla materialéw cieklokrystalicznych pasma absorpcyjne sa poszerzone symetrycznie, dlatego
stosuje si¢ model Cole-Cole’a do opisu relaksacji w tych materialach. Poszerzenie pasm na poziomie

molekularnym jest efektem réznic w lokalnym otoczeniu poszczegolnych molekul, réznej w czasie
reakcji molekul na pole zewngtrzne, oddzialywania pomigdzy poszczegdlnymi molekulami i réznego
ulozenia ich dlugich osi wzgledem kierunku linii pola elektrycznego (r6zne momenty bezwladnosci).
Nalezy takze podkreslic mnogos¢ proceséw relaksacyjnych wystepujacych w materiatach
cicklokrystalicznych, dlatego w zaleznosci od liczby obserwowanych relaksacji do zarejestrowanego
widma dielektrycznego dopasowywany jest okreslony model w postaci sumy. W wyniku dopasowania
otrzymuje si¢ parametry procesu relaksacyjnego (czgstos¢ relaksacji, inkrement dielektryczny,
parametr ). Prowadzenie pomiarow w funkcji temperatury pozwala na wyznaczenie temperaturowej
zaleznosci parametréw procesu relaksacyjnego 1 w konsekwencji jego interpretacje.

Nalezy takze zaznaczy¢, ze metoda spektroskopii dielektrycznej jest niezwykle czula na
obecnos¢ w badanym materiale swobodnych nos$nikow tadunku, np. jonoéw, ktérych obecnos¢ moze
wynika¢ z r6znych przyczyn, a objawia si¢, jako gwaltowny wzrost wartosci absorpcji €”” w obszarze
niskich czgstotliwosci. Taki pasozytniczy proces wplywa na jakos¢ widm dielektrycznych, utrudniajge
uzyskanie rzeczywistych wartosci czasow relaksacji. W takim przypadku, podczas dopasowania, do
modelu relaksacji (tu Cole-Cole) dodawany jest czlon zwigzany z przewodnoscig elektryczng
wlasciwg opc (drugi czlon w réwnaniu (32)).

W ramach niniejszej pracy pomiary prowadzono w funkcji temperatury w celu zbadania
dynamiki molekularnej we wszystkich fazach cieklokrystalicznych pojawiajacych si¢ w danej probee.
Zastosowano taki sam typ komorek jak do pomiardéw elektro-optycznych, jednak w celu obnizenia
oporu warstwy przewodzacej oraz wyeliminowania pasozytniczych relaksacji od elektrod ITO,
zastosowano komorki ze zlotymi elektrodami o grubosci ok. Sum i powierzchni elektrod 0.25mm”.
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4.4.2. Metoda spektroskopii w zakresie nadfioletu i §wiatla widzialnego

W metodzie spektroskopii UV-Vis stosuje si¢  spektrofotometr, ktory wykorzystuje
promieniowanie elektromagnetyczne w zakresie bliskiego ultrafioletu 1 $wiatla widzialnego (od
200nm do 850nm). W wyniku pomiaru otrzymuje si¢ widmo elektronowo-oscylacyjno-rotacyjne (tzw.
widmo UV-Vis), ktore sklada si¢ z pasm absorpcyjnych. Kiedy probka jest wystawiona na dzialanie
promieniowania moze dojs¢ do zjawisk: transmisji promieniowania przez material, absorbgji, odbicia
lub rozproszenia. Jezeli energia padajacego $wiatla jest rdwna roznicy energii AE pomigdzy stanem
podstawowym 1 wzbudzonym dojdzie do absorbcji [18]. Wzbudzenie eclektronu ze stanu
podstawowego do stanu wzbudzonego stanowi przejscie elektronowe. Zwiazek migdzy rdéznica energii
AE 1 dlugoscia fali padajacego swiatla 4 jest dany wzorem Planck’a:

C
AE =hf =hs, (43)

gdzie i — stala Planck’a, ¢ — predkos¢ swiatla, /' — czestotliwos$¢ fali padajacego $wiatla. Pasma
absorpcyjne sg wskaznikiem struktury molekularnej probki. W zaleznosci od warunkow
srodowiskowych 1 oddzialywan  molekulamych beda si¢  przesuwaé  (przesunigcie
hipsochromowe/batochromowe). Obserwowane pasma absorpcyjne sg szerokie, co wynika ze
struktury oscylacyjnej i tak naprawde przej$cie migdzy dwoma stanami elektronowymi np. S-S5,
obejmuje wiele przej$¢ na poziomie oscylacyjnym. Zatem z powodu duzej ilosci podpoziomdw
1 matych odstepoéw energetycznych migdzy nimi, obserwuje si¢ szerokie pasmo absorpcyjne a nie
grzebien podpozioméw. Zwykle spektrofotometr mierzy transmitancje 7' lub natgzZenie $wiatla
transmitowanego przez probke 1. Wielkosci te sg powigzane relacja:
T=¥,G®

P
gdzie Ip — natgzenie $wiatla padajacego na probke. Zwigzek migdzy absorbancja A4 1 transmitancja 7'
jest nastepujacy:

! 1
A =logyg (ﬁ) =logio (F) =10g,0(T7") = —log;oT. (45)

Wraz ze wzrostem grubosci probki d fala swietlna oddzialuje z wigkszg liczba molekul 1 nat¢zenie
swiatla przechodzacego I maleje w sposob wykladniczy wedlug prawa Bouguer’a-Lambert’a:

I:(d) = Ipexp(—kd), (46)
gdzie k — wspdlczynnik absorpcji.

Metoda pozwolila na okreslenic modyfikacji wlasciwosci optycznych matrycy organicznej
przez nanoczastki. Zbadano wplyw koncentracji domieszki 1 temperatury na pasma absorpcyjne
(przesuwanie, zanik/pojawianie si¢ nowych pasm) w zakresie dlugosci fal 200-850nm. Okreslono
zakres przezroczystosci materialu, a wigc dlugosci nicabsorbowanych przez probke. Wszystkie
pomiary przeprowadzono w modzie odbiciowym na probkach stalych naniesionych na plytkach
kwarcowych. Zaletg podkladow kwarcowych jest nicabsorbowanie §wiatla w zakresie UV-Vis.

4.4.3. Metoda pomiaru skoku helisy

Skok helisy standardowo mierzy si¢ metoda selektywnego odbicia $wiatla przy uzyciu
spektrometru UV-Vis. Pomiar polega na rejestracji widma transmisji §wiatla przez badang probke, na
ktorym obserwuje si¢ minimum dla okreslonej dtugosci fali. W wiclu przypadkach uklad spektrometru
UV-Vis jest systemem tandemowym z mikroskopem polaryzacyjnym, pod ktérym umieszczona
probka jest zorientowana. W takiej geometrii o$ helisy jest prostopadla do powierzchni szklanego
podkladu, na ktorym jest umieszczona probka i wplyw powierzchni podkladu jest znacznie mnigjszy
na strukture helisy, co przeklada si¢ na uzyskanie pomiaréw o wyzszej dokladnosci. Ograniczeniem tej
metody jest zakres spektrometru.

Poprzez skok helisy p nalezy rozumie¢ odleglos¢, w jakiej direktor rotuje o 360°.
Charakterystyczng wlasciwoscia makroskopowej struktury helisy jest selektywne odbicie swiatla dla
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dlugosci fali A proporcjonalnej do wartosci skoku helisy p. Majac wyznaczone wartosci dlugosci fali
w minimum transmitancji, wartos¢ skoku helisy jest wyznaczana na podstawie zaleznosci [ 19]:

As
: = 47
fazaSmC* - p o 47)

133
fazy SmC;, SmCi,Smi* - p =j—;. (48)

gdzie n,,. — $redni wspdlczynnik zalamania §wiatla w pochylonych fazach smektycznych (przyjmuje si¢ 1,5).
Czasami jednak wartos¢ skoku helisy wykracza poza zakres pomiarowy dostgpnego spektrometru,
wowczas mozna wyznaczy¢ skok helisy na podstawie analizy obrazu otrzymanego bezposrednio
z mikroskopu polaryzacyjnego. Takiego pomiaru dokonuje si¢ dla swobodnej kropli na plytce
szklanej. Obrazy interferencyjne rejestruje si¢ zwykle podczas bardzo wolnego ochtadzania materialu
z fazy izotropowej, z zadang szybkoscia zmian temperatury. Po ustabilizowaniu docelowej
temperatury obserwuje si¢ tworzenie prazkow, ktorych odleglos¢ odpowiada dlugosci helisy. Wada tej
metody jest przesunigcie temperatur przejs¢ fazowych ze wzgledu na charakter pomiaru (swobodna
kropla umieszczona na szkielku laboratoryjnym jest ogrzewana tylko od dolu, bez gomej pokrywy)
oraz czgsto slaba jakos¢ uzyskanych prazkow.

Pomiar skoku helisy wykonano w celu okreslenia wplywu domieszki na parametry helisy
smektycznej) matrycy organiczne;j.

4.4.4. Metoda spektroskopii Ramana

W metodzie spektroskopii  Ramana probka jest os$wietlana monochromatycznym
promieniowaniem z zakresu Vis lub UV a bada si¢ widmo promieniowania rozproszonego
(nicelastycznego rozpraszania fotonéw), tzw. widmo Ramana. W widmie tym mozna zaobserwowac
trzy rodzaje pasm: Raileghy’a, stokesowskic oraz antystokesowskie. Do slabego oddzialywania
promieniowania z molekulami dochodzi nawet, gdy czestotliwos¢ tego promieniowania nie
odpowiada odleglosci pomiedzy poziomami energetycznymi. Skladowa elektryczna zmiennego pola
clektromagnetycznego o czestotliwosei f, indukuje w molekulach moment dipolowy , ktdry jest
proporcjonalny do nat¢zenia pola elektrycznego £ i podatnosci chmury e¢lektronowej molekuly na
odksztalcenie, tj. polaryzowalnosci a:

{=aF - E =EcosQ2ufyt), (49)
gdzie F, — amplituda nat¢zenia pola elektrycznego, 1 — czas. Laczac powyzsze wzory, otrzymuje si¢
wyrazenie na drgania dipola elektrycznego z czgstotliwoscia fo:
{ = aEycos 2rf,t). (50)

Taki drgajgcy dipol elektryczny staje si¢ zrodlem promieniowania o czestotliwosci fy, ktore jest
wypromieniowanie z probki we wszystkich mozliwych kierunkach (rozproszenie elastyczne
Rayleigha). W trakcie drgania zmiana geometrii molekuly moze spowodowac okresowe zmiany
polaryzowalnosci:

a(x) =a, + (z_‘;)x -  x=x5c05(2uft), (51)

gdzie a, — polaryzowalno$¢ w stanie réwnowagi, x — wychylenie od stanu rownowagi, x, —
maksymalne wychylenie ze stanu rownowagi. Po przeksztalceniach otrzymuje si¢ relacje opisujaca

zmiang indukowanego momentu dipolowego molekuly w czasie:

1 d
{ = apEycos(2mft) + EXOEO (ﬁ) (cos(2r(fy — f)t) + cosu(fy + FI)). (52)

Bazujac na powyzszej relacji Placzka widaé, ze jezeli podczas drgania molekuly pochodna
polaryzowalnosci nie jest réwna 0, to zostang zarejestrowane trzy skladowe promieniowania
rozproszonego o czestotliwosciach f, (Rayleigha), f,+f (skladowa antystokesowska) i1 f,—f (skladowa
stokesowska) (Rys. 9) [20]. Odnotowana rdznica energii kwantu jest zuzyta na wzbudzenie
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oscylacyjno-rotacyjne molekuty. Odlegto$¢ sktadowej stokesowskiej i antystokesowskiej od
sktadowej Rayleigh'a odpowiadajg czestotliwosciom z zakresu IR.

N
E
wzbudzony
stan elektronowy S,
____________________________ e s e poziomy
—— e e e e - o o e il wirtualne
= Frme)
el e w3 |2
= < poziomy
oscylacyjne
podstawowy
rorpraseatile: dlastycme rozp.rasmnllel rozpra.szanle - stan elektronowy S,
typu stc go typu anty g

Rys. 9 Schemat poziomo6w energetycznych i przej$¢ miedzy nimi wraz z podziatem na typy rozpraszania.

Spektroskopie Ramana zastosowano do okre$lenia elektrycznego charakteru domieszki
(submikroczastek i nanoczastek BaTiOs). Bazujgc na potozeniach pasm antystokesowskich, takiej
samej liczbie pasm dla obu typu domieszek i widmach z baz danych stwierdzono, ze oba typy
domieszek BaTiOs krystalizujg w uktadzie tetragonalnym, zatem sg ferroelektryczne. Podczas
pomiaréw rejestrowano promieniowanie rozproszone przez probke pod katem 90° wzgledem wigzki
Swiatla padajacego i promieniowania przepuszczonego przez prébke. Prébki byty w postaci proszku,
pomiary prowadzono w temperaturze pokojowej.

4.45. Metoda spektroskopii w podczerwieni z transformacjg Fourier'a

Metoda spektroskopii absorpcyjnej w podczerwieni (IR) jest metodg spektroskopowa, w ktorej
stosuje sie promieniowanie elektromagnetyczne w zakresie podczerwieni wtasciwej (4000-700cm-1,
2,5-14,3"m). W tym zakresie promieniowania wystepuja drgania czasteczek tj. przejscia oscylacyjno-
rotacyjne. Absorpcja w zakresie IR powoduje zmiany energii rotacyjnej i oscylacyjnej molekuty. Ze
wzgledu na duze réznice energetyczne miedzy poziomami oscylacyjnymi w stosunku do rotacyjnych,
widmo IR jest zdominowane przez pasma oscylacyjne a wzbudzenia rotacyjne odpowiadajg za
poszerzenie tych pasm.

Do opisu ruchu kazdego z atomoéw, jakie tworzg molekute N-atomowa, konieczne jest uzycie
trzech wspotrzednych, zatem taka molekuta ma 3N stopni swobody. Molekute nieliniowg mozna
traktowac, jako uktad 3N-6 oscylatorow anharmonicznych, nie sg to proste oscylatory dwuatomowe,
ale reguty kwantowania energii i wyboru sie do nich stosujg. Poszczegdlne atomy molekuty wykonuja
ztozone ruchy, jako wypadkowa oscylacji wszystkich 3N-6 oscylatorow, ktore rozktada sie na 3N-6
drgan normalnych. Kazde drganie ma charakterystyczng czestoSc i jest niezalezne. Drgania normalne
dzieli sie na: rozciggajace (zmiana dtugosci wigzan chemicznych: v) i deformacyjne (zmiana katow
miedzy wigzaniami chemicznymi: y, P, n), atakze na drgania w ptaszczyznie i poza ptaszczyzng
oraz drgania symetryczne i asymetryczne grup atomow (Rys. 10) [20]. Zwykle pasma absorpcyjne dla
konkretnego ugrupowania atomow wystepujg w waskim przedziale czestoSci, co umozliwia
identyfikacje grup funkcyjnych w badanym materiale. Jezeli wigzania oscylujg ze zblizong
czestotliwoscig i sg potgczone wspolnym atomem dochodzi do sprzezenia mechanicznego i w widmie
podczerwonym otrzymuje sie dwa pasma o czestotliwosci nizszej i wyzszej od charakterystycznych
czestotliwosci grupowych. Obecne w molekutach grupy funkcyjne czy inne charakterystyczne
ugrupowania atoméw zwykle absorbuja promieniowanie podczerwone w waskim zakresie czestosci.
Ze wzgledu na mnogo$¢ mozliwych przejs¢ na poziomie oscylacyjnym i rotacyjnym, otrzymane
widma sg skomplikowane i sg typowym odciskiem palca danego zwigzku chemicznego.
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Rys. 10 Podziat drgarn normalnych.

W spektrometrach z transformacjg Fourier'a (FTIR) probke oSwietla sie wigzka o szerokim spektrum
czestotliwosci i nieodzownym elementem jest interferometr Michelson'a, z ktérego wiazka po interferenciji jest
kierowana na kuwete pomiarows i trafia do detektora. Natezenie wigzki po wyjsciu z interferometru 1(x) zalezy
od roznicy dtugosci drogi optycznej x oraz dtugosci fali promieniowania A:

I(x) = %Iﬁ (1 + cos (21:%)) = %Io(l + cos(2mv)), (53)

gdzie 10 - natezenie wigzki wchodzacej do interferometru Michelson'a, v - liczba falowa. Na
podstawie powyzszego wzoru widac, ze jezeli x = 0, to natezenie wigzki wchodzacej i wychodzacej
jest takie samo dla wszystkich dtugosci fali. Natomiast, gdy x 0 i jest spetniony warunek x = 2nX to
dochodzi do interferencji konstruktywnej, a gdy x = (n + 54)A dochodzi do interferencji destruktywnej.
Zatem na interferogramie (energia docierajgca do detektora w zaleznoSci od potozenia lustra
ruchomego intereferometru Michelson'a) otrzymuje sie na przemian minima i maksima natezenia.
Poniewaz interferogramy sg w domenie potozenia lustra ruchomego (domena dtugosci), dlatego
wykonuje sie transformacje Fourier'a:

+co
Iv) = f I(x)cos(2rxv)dx. (54)
Oprogramowanie przeprowadza transformacje Fourier'a dla wigzki porownawczej i pomiarowej i po
otrzymaniu natezeri w domenie liczby falowej otrzymuje sie widmo transmisyjne. Aby poprawic¢
stosunek sygnatu do szumu, zebrane widmo jest skanowane n razy, interferogramy sg sumowane
i wtedy ten stosunek jest nl/2 wiekszy.

Spektroskopie FTIR zastosowano do okreslenia wptywu domieszki na oscylacyjne pasma
absorpcyjne tj. zaniku/pojawienia nowych pasm (zwigzane z powstaniem nowego wigzania
chemicznego miedzy molekutami matrycy i domieszki) i przesuniecia/poszerzenia wybranych pasm.
Probki do pomiaréw byty w postaci pastylki wytworzonej poprzez sprasowanie pod duzym cisnieniem
mieszaniny badanego materiatu oraz sproszkowanego bezwodnego KBr (niska absorbcja w zakresie
IR). Badania prowadzono w funkcji temperatury.

31



4.5.Metoda dyfrakcji rentgenowskiej

W metodzie dyfrakcji rentgenowskiej na badang probke pada monochromatyczne
promieniowanie rentgenowskie i rejestruje sie obrazy dyfrakcyjne tego promieniowania pod
zmieniajacym sie katem. Promieniowanie rentgenowskie obejmuje widmo elektromagnetyczne
miedzy promieniowaniem gamma i UV, w granicach 10-12-10-8m (0,01-10A), ale typowo do pomiaréw
dyfrakcyjnych uzywa sie fal w granicach 0,2-2,5A. Zrodiem promieniowania rentgenowskiego sg
lampy rentgenowskie, ktore dajg promieniowanie polichromatyczne (ciggte) i charakterystyczne
(o Scisle okreslonych dtugosciach fali). W dyfrakcji rentgenowskiej wykorzystuje sie promieniowanie
charakterystyczne, ktore sktada sie z kilku linii i stosuje sie monochromatory (np. filtr Ni). Do detekcji
obrazéw dyfrakcyjnych uzywa sie detektoréw pozycyjnych [21].

W podejsciu Bragg'a-Wulf'a kierunki promieni rentgenowskich, wychodzacych z atoméw sg
traktowane, jako kierunki selektywnego interferencyjnego odbicia od kolejnych plaszczyzn
sieciowych. Gdy na rodzine ptaszczyzn sieciowych o wskaznikach Miller'a (hkl) odlegtych od siebie
0 d (odlegtos¢ miedzyptaszczyznowa) pada monochromatyczna wigzka promieni pod katem Z, to
nastepuje odbicie od kazdej ptaszczyzny (Rys. 11). Miedzy dwoma promieniami odbitymi od
sasiednich ptaszczyzn powstaje réznica drég optycznych réwna 2dsin(Z). Podczas interferencji
promieni odbitych, dochodzi do wzmocnienia wtedy i tylko wtedy, gdy réznica drog optycznych jest
réwna catkowitej wielokrotnosci dtugosci fali:

2dsin(8) = na, (55)
gdzie n - rzad odbicia (liczba catkowita). Zatem znajac dtugos¢ fali padajgcego promieniowania oraz
kat padania na plaszczyzny sieciowe mozna otrzymaC odlegto$¢ miedzyptaszczyznowsa.
W doswiadczeniu mierzony jest kat 2Z miedzy wigzka ugietg i przedtuzeniem wigzki padajacej.
Promienie o okreslonej dtugosci fali X zostajg odbite od rownolegtych ptaszczyzn (hkl) pod katami Z1,
22 itd.. Zjawisko dyfrakcji promieni rentgenowskich zachodzi, gdy dtugos¢ fali X jest rzedu wielkosci
odlegtosci miedzyptaszczyznowej d:

. ni
sin(B) = T < 1. (56)
Dla pierwszego rzedu odbician = 1 i X < 2d. Dla dtugosci fali wiekszych niz 2d, odbicie nie zachodzi.

0

.4
plaszczyzna 1 . > 1
[©] [ (] d

plaszczyzna 2 ’
dsin@

Rys. 11 Ugiecie promieni rentgenowskich padajacych na prébke od sasiadujacych ptaszczyzn sieciowych.

Dla fazy krystalicznej, w jakiej istnieje porzadek pozycyjny dalekiego zasiegu, pojawiajace sie
refleksy sg waskie. Natomiast dla faz ciektokrystalicznych z uporzadkowaniem warstwowym, takich
jak np. SmA*, SmC* wystepuje jedynie uporzadkowanie quasi-dalekiego zasiegu, co przejawia sie
w postaci szerszych refleksow oraz szerokiego maksimum dyfuzyjnego. Wyrdzni¢ mozna refleks
dyfrakcyjny zwigzany z gruboscig warstw smektycznych D (gD = 2n/D, gdzie gD - dtugos$¢ wektora
rozpraszania dla refleksu niskokgtowego). Ten refleks opisuje znormalizowana funkcja natezenia 1(q)
w postaci 1(q) ~ (g-qD)--2, gdzie wyk}adnik g zalezy m.in. od temperatury, natomiast ¢ jest dtugoscia
wektora rozpraszania, powigzanym z katem 2Z wzorem:

_ Ansin(8)

g=—7— 67

32



Maksima dyfuzyjne maja ksztalt opisywany funkcja Lorentz’a I(g) ~ 1/(1 + (g-q.)°Z). Polozenie tego
maksimum zalezy od s$redniej odleglosci migdzy molekulami d (d = 2n/q,;). Z kolei szerokosé
poléwkowa tego refleksu jest odwrotnie proporcjonalna do dlugosci korelacji &

Dyfrakcje rentgenowska zastosowano do okreslenia wplywu domieszki na grubos$¢ warstw
smektycznych, dlugosci korelacji 1 proces krystalizacji.

4.6. Metoda roznicowej kalorymetrii skaningowe;j

Metoda réznicowej kalorymetrii skaningowe] pozwala na wyznaczenie temperatur przejsc
fazowych oraz zwigzanych z nimi efektow cieplnych. Zaletg jej jest niewielka ilo$¢ substancji
potrzebna do przeprowadzenia pomiaru zardéwno podczas ogrzewania jak i ochladzania, w szerokim
zakresie temperatur z zastosowaniem dowolnych szybkosci zmian temperatury. Do pomiarow
wykorzystano kalorymetr pracujgcy w trybie kompensacyjnym, w ktorym znajdujg si¢ dwie
odizolowane od siebie i otoczenia komory: na probke referencyjng (puste naczynie pomiarowe)
1 probke badang. W dnie kazdej komory znajduje si¢ grzalka clektryczna 1 uklad do pomiaru
temperatury. Materialy do badan odwazano w naczyniach aluminiowych (30ul) oraz szczelnie
zamykano za pomocg prasy, co zapewnialo idealnie plaskie dno (wazne z punktu widzenia wymiany
ciepla). Zasada dzialania takiego kalorymetru polega na pomiarze rdznicy mocy elektrycznej
dostarczanej do obu komér, przy takiej zmianie temperatury, ze temperatury probki referencyjnej oraz
badanej sg identyczne w kazdym momencie pomiaru. Podczas przemiany fazowej w probee, nastapi
chwilowa réznica temperatur mi¢dzy nig i probka odniesienia, ktéra natychmiast jest kompensowana
przez zmiang mocy elektrycznej odpowiedniej grzalki, co jest rejestrowane przez oprogramowanie.
Efektem pomiaru jest krzywa kalorymetryczna, czyli zalezno$¢ tej roéznicy mocy od temperatury.
Podczas przemiany fazowej I-go rodzaju na krzywej pojawia si¢ anomalia zwigzana z istnieniem
ciepla utajonego a dla przemian typu zeszklenie/odszklenie pojawia si¢ stopien [22,23]. Temperatura
poczatku przejscia 7, jest traktowana, jako temperatura przemiany fazowej, natomiast pole pod
anomalig reprezentujacy przejscie fazowe jest zwigzane ze zmiang entalpii:

T2 T2
= ldeth_f ldeT cg
=) maw® =) wa 68
1 T
gdzie m — masa probki badanej, dP/df rdéznica mocy cieplnych dostarczanych w okreslonym czasie do

obu prébek, v — okresla szybkos¢ zmiany temperatury w czasie.

4.7. Metody termo-optyczne

4.7.1. Metoda pomiaru intensywnosci $wiatla transmitowanego

Z¢ wzgledu na dwojlomnos¢ badanych materialow, plaszczyzna polaryzacji $wiatla po
przejsciu przez probke ulega skreceniu i w konfiguracji skrzyzowanych polaryzatordw (plaszezyzny
polaryzacji polaryzatora oraz analizatora sg skrgcone o 90°) cze$¢ padajacego Swiatla jest
przepuszczona przez analizator. Podczas pomiaru intensywnosci Swiatla transmitowanego przez
probke, badana probka jest oswictlana $wiatlem bialym o stalym nat¢zeniu. Intensywnos¢ $wiatla
transmitowanego zmienia si¢ wraz ze zmiang ulozenia molekul, zatem zmiana tej intensywnosci
w okreslonej temperaturze bedzie wskazywaé przejscie fazowe. Metoda polega na rejestracji za
pomoca detektora i usrednianiu (np. po 10ms) intensywnosci $wiatla transmitowanego w okreslonej
temperaturze. Ze¢ wzgledu na prostote metody i szybkos$¢ zbierania danych oraz automatyzacje
pomiardw, interwaly temperaturowe mogg by¢ bardzo male (typowo 0.1-0.5°C), co jest bardzo istotne,
gdy fazy wystepuja w bardzo waskim zakresie temperatur. Celem tej metody jest wyznaczenie
temperatur przejs¢ fazowych Il-go rodzaju, co jest zwykle trudne innymi metodami, np. metoda
roéznicowej kalorymetrii skaningowej. Intensywnos¢ $wiatla transmitowanego silnie zalezy od nawet
malych zmian strukturalnych (dobrym przykladem jest przejscie fazowe SmC*-SmC*,, gdzie obie
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fazy wykazujg spiralne utozenie molekut, jednak réznica jest w skoku spirali). Subtelne zmiany
obrazéw interferencyjnych zwykle sg bardzo trudne do zauwazenia ludzkim okiem, zatem metoda TLI
stanowi bardzo dobrg alternatywe.

Badania prowadzono na probkach umieszczonych w komorkach 1TO, tych samych, co do
badan elektro-optycznych, zarébwno podczas ogrzewania jak i ochtadzania.

4.7.2. Metoda pomiaru kata zwilzania

Metoda pomiaru kata zwilzania sktada sie z dwdch krokow: zarejestrowania kropli na badanej
powierzchni oraz analiza tej kropli. Kat zwilzania to kat mierzony w punkcie, w ktérym linia bazowa
(pozioma linia reprezentujgca powierzchnie, na ktorg naniesiono krople) spotyka sie z krawedzig
kropli (wyznaczong automatycznie zaimplementowanym w oprogramowaniu algorytmem) [24].
Okresla sie nachylenie stycznej do krawedzi kropli w tym punkcie, jako tg&ca, z ktrego wyznacza sie
warto$¢ kata zwilzania Oca Mozliwo$¢ pomiaru kata zwilzania zwigzana jest z napieciem
powierzchniowym. llosciowo napiecie powierzchniowe jest zwigzane z pracg potrzebng do
wytworzenia jednostkowej powierzchni cieczy i zgodnie z definicjg jest to sita styczna do
powierzchni, dziatajaca na jednostke dtugosci powierzchni:

F
y=1 (59)
gdzie y - napiecie powierzchniowe, F - sita napiecia powierzchniowego dziatajaca rownolegle do
powierzchni, | - diugo$¢, na jakiej dziata sita. Gdy kropla jest w kontakcie z powierzchnig ciata

statego, powstaja trzy granice fazowe: ciato stale-ciecz, ciato state-gaz (zwykle powietrze) oraz ciecz-
gaz. Rys. 12 prezentuje diagram sit dla punktu, w ktérym krawedz kropli styka si¢ z powierzchnig
probki (ciatem statym). Strzatki reprezentuja sity wywierane przez napiecia powierzchniowe na trzech
granicach faz: ciecz-cialo state yesc, ciecz-gaz yeg i ciato state-gaz yesig Jezeli kropla jest
w réwnowadze to sity sie rbwnowaza:

Yespe t COSGCAY«:/Q = Vesyge (60)

COS‘@CA — ycs/gy—' ycs/c‘ (61)

c/g
Bazujac na powyzszym réwnaniu mozna wyciggngé wnioski:
a) gdy ycslg > Yeslc warto$¢ cos&ea > 0 i &CA < 900 (kropla zwilza prébke),
b) gdy Yeslg < Yeslc warto$¢ cos&ea < 0 i &CA > 900 (kropla nie zwilza prébki).
kropla

/‘\xm
< Oen| Vesse

Venle

> cienka warstwa probki

podioie (wafelkrzemowy)

Rys. 12 Rozkiad sit dla punktu, w ktérym krawedz kropli styka sie z powierzchnig probki.

W celu wykonania pomiaréw kata zwilzania w pierwszym kroku przygotowano krzemowe
podktady. Wafle krzemowe o rozmiarach ok. 1x2cm oczyszczono w izopropanolu w tazni wodnej
z uzyciem myjki ultradZwiekowej przez okoto 10min i przedmuchano sprezonym azotem w celu
pozbycia sie rozpuszczalnika oraz ewentualnych statych zanieczyszczen. Na przygotowane podkiady
naniesiono badane materiaty metodg odwirowania (ang. spin coating). Wytworzone w ten sposéb
cienkie warstwy umieszczano poziomo w komorze przystawki grzewczej. Powierzchnia badanej
probki wraz z nanoszonymi kroplami byfa przez caty czas trwania pomiaréw oSwietlona Swiattem
biatym oraz rejestrowana przez kamere cyfrowg. Badania prowadzono w funkcji temperatury: po
osiggnieciu docelowej temperatury na powierzchnie probki przez otwor w komorze dozowano
pojedynczag krople wody destylowanej, wykonywano zdjecie kropli a nastepnie jg analizowano.
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5. Omobwienie wynikéw badan
W niniejszym rozdziale przedstawione sg najwazniejsze wnioski ptyngce z przeprowadzonych

badan, pogrupowane artykutami skiadajagcymi sie na cykl prac, bedacy podstawg rozprawy
doktorskiej. Artykuty uszeregowane sg zgodnie z chronologia badan i ich publikacji.

5.1. Systematyczne badania chiralnych faz smektycznych fluorowanego zwigzku

Systematic study of the chiral smectic phases of a fluorinated compound

(Artykut 1)

S. Lalik, A. Deptuch, P. Fryn, T. Jaworska-Gotab, D. Dardas, D. Pociecha, M. Urbarska, M. Tykarska, M. Marzec
Liquid Crystals, 46(15), 2256-2268 (2019), DOI: 10.1080/02678292.2019.1622044.

a)

X X
Cann,,CHEO(CHQ)mO©~COO @@coo C*H(CH,)C,H,,
=F

n=3,m=5X =X
Artykut prezentuje badania podstawowe nowego materiatu ciektokrystalicznego 3F5FPhF

(z szeregu homologicznego o akronimie nFmXiPhX2), ktéry wykazuje bardzo szeroki zakres
antyferroelektrycznej fazy SmC*a oraz waski zakres temperaturowy obejmujacy inne fazy, w tym
rzadko spotykang pod-faze SmC*a Zwigzek stanowigcy podstawe tego artykutu jest nierozerwalnie
zwigzany z tematem pracy doktorskiej, poniewaz wchodzi w skfad dwusktadnikowej mieszaniny
zastosowanej, jako matryca organiczna do domieszkowania submikro- i nanoczastkami BaTiOs
(Artykut 11). Do najwazniejszych wnioskow ptynacych z tej pracy naleza:

Ciekly krysztat 3F5FPhF, oprocz szerokiego zakresu antyferroelektrycznej fazy SmC*A,
wykazuje faze paraelektryczng SmA*, ferroelektryczng SmC* oraz, w bardzo waskim zakresie
temperaturowym, pod-faze SmC*a Wszystkie zidentyfikowane fazy sg enancjotropowe.

Ze wzgledu na wbudowanie w molekule 3F5FPhF fluoru, zaréwno w taincuchu alifatycznym jak
i jednym z pierScieni benzenowych, zarejestrowano bardzo duze wartosci spontanicznej
polaryzacji, dochodzace nawet do okoto 300nC/cm2 Z kolei warto$¢ kata pochylenia molekut
osigga warto$¢ okoto 41° a czas przetgczania wynosi ponizej 500p.s w temperaturze pokojowej.
Zwigzek 3F5FPhF wykazuje bardzo silne przechtodzenie fazy antyferroelektrycznej, obserwuje
sie przesuniecie temperatury przejscia fazowego SmC*a-Cr w kierunku niskich temperatur
0 okoto 30°C w stosunku do przejscia Cr-SmC*a,

W obszarze antyferroelektrycznej fazy SmC*a wraz z obnizaniem temperatury nastepuje
zmniejszanie grubosci warstw smektycznych do okoto 60°C, po czym ustala sie grubos$é i wynosi
ok. 30.5A.

Trzy procesy relaksacyjne wystepujg w antyferroelektrycznej fazie SmC*a: dwa kolektywne
fazony PH i PL oraz jeden molekularny - proces s (reorientacja wokot osi krotkiej molekuty),
natomiast w ferroelektrycznej fazie SmC* i pod-fazie SmC*a zidentyfikowano dwa procesy
kolektywne: jeden amplitudon (proces miekki) i jeden fazon (proces Goldstone'a),
w paraelektrycznej fazie SmA* tylko proces miekki.
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5.2. Modyfikacja whasciwosci fizycznych AFLC poprzez domieszkowanie czastkami BaTiOs

5 X
CannﬁCHQO(CHz)mO©£OO~©~©COO*C*H(CH:,)CGHH

Modification of AFLC physical properties by doping with BaTiOs particles

(Artykut I1)
S. Lalik, A. Deptuch, T. Jaworska-Gotab, P. Fryn, D. Dardas, O. Stefanczyk, M. Urbanska, M. Marzec
Journal of Physical Chemistry B, 124(28), 6055-6073 (2020), DOI: 10.1021/acsjpcb.0c02401.

() n=3,m=5, X =F, X =F (3F5FPhF)
(S)n=3,m=7,X=H, X =F (3F7THPhF)

Artykut prezentuje wptyw matych koncentracji zaréwno submikroczastek (280nm, 0.75%wag.)

jak i nanoczastek (45nm, 0.50%wag.) na wiasciwosci matrycy organicznej bedacej mieszaning
ciektych krysztatbw z jednego szeregu homologicznego 3FmXPhF (3F5FPhF i 3F7HPhF),
wykazujacg faze antyferroelektryczng SmC*a w szerokim zakresie temperatur. Zaréwno czastki
0 Srednicy 45nm, jaki i 280nm wykazywaty wiasciwosci ferroelektryczne. Do najwazniejszych
wnioskow ptynacych z tej pracy naleza:

Domieszka nie wptywa na sekwencje fazowg kompozytow, ale temperatury przejs¢ fazowych
zostaty obnizone i pojawita sie¢ dwuetapowa krystalizacja, bez wzgledu na $rednice domieszki.
Zmiany na obrazach interferencyjnych (teksturach): domieszka ma tendencje do aglomeracji
w przecieciach Scianach domenowych (defekty), co powoduje obnizanie energii swobodnej tych
defektow.

Nastepuje obnizenie progu napieciowego dla kompozytu z domieszkg nanoczastek (45nm) oraz
spadek warto$ci spontanicznej polaryzacji bez wzgledu na rozmiar domieszki, co jest
najprawdopodobniej efektem antyrownolegtego uporzadkowania momentéw dipolowych molekut
ciekltego krysztatu oraz domieszki, z jednoczesnym putapkowaniem pasozytniczych jondw.
Zjawisko to jest odpowiedzialne za wzrost pola lokalnego dziatajagcego na molekuty organiczne,
co przektada sie na skrocenie czasu przetgczania oraz obnizenie lepkosSci rotacyjnej.

ZarGwno grubos¢ warstw smektycznych jak i kat pochylenia molekut w niskich temperaturach
fazy antyferroelektrycznej SmC*a nie zmienia si¢ po domieszkowaniu, bez wzgledu na rozmiar
domieszki.

Domieszka wyraZznie wptywa na parametry dielektryczne matrycy organicznej, w szczegolnosci
na czesto$¢ relaksacji i warto$ci absorbcji, obniza takze przewodno$¢ elektryczng wiasciwa, a nie
wptywa na energie aktywacji procesow relaksacyjnych w antyferroelektrycznej fazie SmC*a
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5.3. Modyfikacja wtasciwosci fizycznych FLC poprzez domieszkowanie nanoczastkami Fe203
(czesé 1)
Modifications of FLC physical properties through doping with Fe203 nanoparticles (part I)
(Artykut I1T1)
S. Lalik, O. Stefanczyk, D. Dardas, N. Gdrska, S.-i. Ohkoshi, M. Marzec
Materials, 14(16), 4722 (2021), DOI: 10.3390/mal4164722.

e

Artykut prezentuje wptyw matych koncentracji (0.3, 0.5, 0.7 i 0.9%wag.) nanoczastek
maghemitu Y-Fe203 (Srednica < 50nm, Sigma Aldrich) na wiasciwos$ci organicznej matrycy bedacej
ciektym krysztatem EHPDB, wykazujagcym faze ferroelektryczng SmC* w szerokim zakresie
temperatur. Dyskutowany jest zarowno pozytywny jak i negatywny wplyw zastosowania kwasu
oleinowego, jako czynnika zapobiegajgcego aglomeracji nanoczagstek w matrycy organicznej. Do
najwazniejszych wnioskéw ptynacych z tej pracy naleza:

CH3(CHz)sCH,0

e W wyniku domieszkowania struktura krystaliczna matrycy EHPDB nie zostata zmieniona.
Zarejestrowane dyfraktogramy dla nanokompozytéw sg zasadniczo takie same, jak dla czystej
matrycy organicznej, a jedyng rdznicg jest obecno$¢ refleksbw o niskich intensywnosciach
pochodzacych od maghemitu Y-Fe203. Morfologia powierzchni rowniez nie zostata zmieniona po
domieszkowaniu (bez kwasu oleinowego).

«  Nastepuje przesuwanie temperatur przej$¢ fazowych w kierunku nizszych wartosci, poszerzenie
zakresu temperaturowego fazy SmA* kosztem fazy SmC* i zanik polimorfizmu w obszarze faz
krystalicznych po domieszkowaniu matrycy organicznej.

»  Domieszka powoduje pojawienie sie prgzkowania tekstury wachlarzowej fazy SmC*.

e Wartosci parametrow elektrycznych ulegty duzym zmianom po wprowadzeniu nanoczastek do
matrycy, odnotowano spadek wartosci spontanicznej polaryzacji (nawet o ok. 50%), kata
pochylenia molekut, czasu przelgczania, lepkosci rotacyjnej i dyspersyjnego wspotczynnika
kotwiczenia molekut, natomiast wzrdst skok helisy smektycznej.

-  Zarejestrowana dodatkowa odpowiedZ napieciowa dla nanokompozytéw zostata przypisana
obecnosci jondw wprowadzonych do matrycy razem z nanoczastkami.

e Nieco rozng modyfikacje wiasciwosci ferroelektrycznej fazy SmC* dla nanokompozytéw
0 wiekszej koncentracji nanoczastek Y-Fe203 wyjasniono m.in. przez silny wptyw aglomeraciji.

» Dodanie kwasu oleinowego znacznie zawezito zakres temperaturowy faz ciektokrystalicznych
podczas ochtadzania i spowodowalo praktyczny ich zanik podczas ogrzewania, oraz
spowodowato zmiane orientacji molekut ciektego krysztatu z planarnej na homeotropowa.
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5.4. Modyfikacja whasciwosci fizycznych FLC poprzez domieszkowanie nanoczastkami Fe203
(czesc 1)

Modifications of FLC physical properties through doping with Fe203 nanoparticles (part 11)

(Artykut 1V)
S. Lalik, O. Stefanczyk, N. Gorska, K. Kumar, S.-i. Ohkoshi, M. Marzec

International Journal of Molecular Sciences, 23(1), 50 (2022), DOI: 10.3390/ijms23010050.

Artykut prezentuje wptyw matych koncentracji (0.3, 0.5, 0.7 i 0.9%wag.) nanoczastek

maghemitu Y-Fe203 (Srednica < 50nm, Sigma Aldrich) na wiasciwos$ci organicznej matrycy bedacej
cieklym krysztatem EHPDB, wykazujagcym faze ferroelektryczng SmC* w szerokim zakresie
temperatur, i jest kontynuacjg badan z Artykutu Ill. Do najwazniejszych wnioskoéw ptyngcych z tej
pracy nalezg;

Woystepuje absorpcja Swiatta w zakresie UV-Vis zardwno czystych jak i dekorowanych kwasem
oleinowym nanoczastek Y-Fe203, a powyzej 750nm sg one catkowite transparentne.

Bez wzgledu na temperature oraz koncentracje domieszki, w zakresie 500-850nm wszystkie
nanokompozyty sg catkowicie transparentne. Wartosci absorbancji przy wybranych dtugosciach
fali wykazuja nieciggtosci w temperaturach przej$¢ fazowych z wyraznym plateau w zakresie
temperaturowym ferroelektrycznej fazy SmC*.

Pojawienie sie dodatkowych pasm absorpcyjnych w obszarze 350-600nm oraz spadek wartosci
absorbancji w zakresie UV po domieszkowaniu jest wynikiem obecnosci nanoczastek, ktére
dzialajg jak centra rozpraszajace padajace Swiatto - ze wzrostem ich koncentracji, ilos¢ centrow
rozpraszania rosnie, zwiekszajac ilos¢ rozpraszanego Swiatta i zmniejszajgc absorbancije.
Obecnos¢ nanoczastek w nanokompozytach jest odpowiedzialna za utrudnienie ruchu molekut
matrycy ciekiokrystalicznej i potrzebujg one wiecej czasu na reorientacje, co powoduje
zmniejszenie czestosci relaksacji zaréwno procesu molekularnego (reorientacja wokdt krétkich
osi molekuty) w fazie cholesterycznej N* jak i kolektywnego procesu Goldstone'a
w ferroelektrycznej fazie SmC* (12-krotny wzrost czasu relaksacji).

Dla nanokompozytéw o najwigekszych koncentracjach nanoczastek (0.7 i 0.9%wag.), dodatkowy
proces relaksacyjny w obszarze ferroelektrycznej fazy SmC* jest prawdopodobnie zwigzany
z ruchem nanoczastek w formie aglomeratow lub kolektywnym ruchem nanoczastek (lub ich
aglomeratow) z otaczajacymi je molekutami organicznymi i/lub swobodnymi jonami.
Przewodno$¢ elektryczna wiasciwa rosnie wraz ze wzrostem koncentracji domieszki w catym
zakresie czestotliwosci.

Ferromagnetyczne wiasciwosci nanoczastek zostaty zachowane w matrycy organicznej
i w obszarze ferroelektrycznej fazy SmC* materiat jest dwufunkcyjny - wykazuje nature
ferroelektryczng (od fazy SmC¥*) i ferromagnetyczng (od nanoczgstek). Ze wzrostem temperatury
saturacja magnetyzacji nanokompozytu maleje, jako wynik wiekszej energii termicznej, jaka
nabywajg nanoczastki. Z kolei warto$¢ pola koercji zalezy nie tylko od temperatury, ale takze od
koncentracji nanoczastek i jest wieksza dla nanokompozytow niz dla czystych nanoczastek.
Zatem nanoczastki zanurzone w matrycy organicznej wymagajg wiekszego pola magnetycznego
na wyzerowanie wartosci magnetyzacji. Zastosowanie surfaktanta dodatkowo zwigksza warto$¢
pola koercji i saturacje magnetyzacji.

W oparciu 0 szczeg6towg analize w zakresie Swiatta podczerwonego stwierdzono, ze niektore
fragmenty matrycy organicznej, zawierajgce tlen, sg wrazliwe na zmiang miedzy molekularnych
oddziatywan i/lub dynamike molekularng z powodu obecnosci nanoczastek.
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5.5. Nanokompozyty na bazie antyferroelektrycznego ciekiego krysztalu (S)-MHPOBC
domieszkowanego nanoczastkami Au

Nanocomposites based on antiferroelectric liquid crystal (S)-MHPOBC doping with Au nanoparticles

(Artykut V)
S. Lalik, O. Stefanczyk, D. Dardas, A. Deptuch, T. Yevchenko, S.-i. Ohkoshi, M. Marzec
Molecules, 27(12), 3663 (2022), DOI: 10.3390/molecules27123663.
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Artykut prezentuje wptyw matych koncentracji nanoczgstek Au (0.2 i 0.5%wag.) na

wiasciwosci  matrycy  bedacej  ciektym  krysztatem  (S)-MHPOBC  wykazujagcym  faze
antyferroelektryczng SmC*a w szerokim zakresie temperatur. W tym przypadku nanoczastki ziota
byty dekorowane pochodng tiolu i zdyspergowane w roztworze. Do najwazniejszych wnioskow
ptynacych z tej pracy naleza:

Obrazy interferencyjne faz ciektokrystalicznych SmA*, SmC*a, SmC*, SmC*Y, and SmC*A nie
ulegly zmianie, jednak z powodu duzej liczby defektow focal-conic nanoczastki Au akumulujg
w ich obszarze redukujac energie swobodngtych defektow.

Zahamowanie procesu krystalizacji wraz ze wzrostem koncentracji domieszki uwidocznito sie
w postaci szerokiego zakresu temperaturowego wspotistnienia faz Smi* oraz Cri. Pojawit sie
takze bogaty polimorfizm fazy krystalicznej po domieszkowaniu.

Brak wptywu domieszki na sekwencje fazowg oraz znikomy na temperatury przejs¢ fazowych, ze
znaczacym wpltywem na zmiany entalpii w przejSciach fazowych, szczegolnie dla przejs¢
Cra-SmC*a oraz SmA*-Is.

Brak wptywu domieszki na grubo$¢ warstw smektycznych oraz wyrazny wzrost skoku helisy
wyttumaczono lokalizacjg wiekszosci nanoczastek miedzy warstwami smektycznymi.

Morfologia powierzchni cienkiej warstwy matrycy nie ulegta zmianie po domieszkowaniu,
jednak po wygrzaniu warstw w wysokich temperaturach zauwazono pojawianie sie nowych
obiektow na powierzchni, co wyttumaczono aglomeracjg dekorowanych nanoczastek pod
wplywem wysokiej temperatury.

Domieszka bardzo silnie zmodyfikowata warto$¢ kata zwilzania cienkich warstw (szczegélnie
w obszarze antyferroelektrycznej fazy SmC*a), co jest prawdopodobnie wynikiem zmian
konformacyjnych tafncuchéw surfaktantu. Jest to zatem prosta metoda na obnizenie zwilzalnosci
powierzchni przez niewielkie koncentracje domieszki.

Fluorescencja w zakresie $wiatta zielonego i niebieskiego zostata wzmocniona wraz ze wzrostem
koncentracji domieszki, a wzrost spontanicznej polaryzacji w obszarze wysokich temperatur fazy
SmC*a jest wynikiem zlokalizowanego powierzchniowego rezonansu plazmonowego
nanoczastek ztota.
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6. Podsumowanie

Jak wiadomo rozwdj przemystu stanowi site napedowa do poszukiwania coraz bardziej
wyrafinowanych, ztozonych materiatow, ktére wykazywatyby dobrze okreslone wiasciwosci.
Alternatywg dla syntezy nowych zwigzkéw jest domieszkowanie znanych ukladéw, w tym
ciektokrystalicznych, komercyjnie dostepnymi materiatami o dobrze okre$lonych wiasciwosciach.
Gwattowny rozwdj nanotechnologii na przestrzeni ostatnich kilku lat, oferuje bogactwo
nanomateriatow, ktére moga stanowi¢ domieszke do organicznej matrycy ciektokrystalicznej. Stad,
badania w ramach rozprawy zostaty ukierunkowane na synteze uktadéw hybrydowych (kompozytow)
oraz badanie wptywu nanomateriatbw na parametry matrycy ciektokrystalicznej. Motywacja do
podjecia badan byta niewielka ilo$¢ doniesien naukowych odnos$nie modyfikacji za pomoca
nanomateriatow zwigzkow ciektokrystalicznych wykazujagcych ferroelektryczng faze SmC* oraz brak
danych na temat modyfikacji antyferroelektrycznej fazy SmC*a.

W ramach niniejszej rozprawy wykonano badania podstawowe dla wybranych uktadéw
hybrydowych na bazie matryc organicznych wykazujacych ciektokrystaliczng faze ferroelektryczng
i/lub antyferroelektryczng domieszkowanych trzema rodzajami nanoczastek: ferroelektrycznymi,
ferromagnetycznymi i o wiasciwosciach plazmonicznych. Wybrano trzy matryce organiczne:
mieszaning dwdch homologéw z szeregu 3FmXPhF (MIX: 3F5FPhF+3F7HPhF) oraz dwa znane
zwigzki: ferroelektryczny EHPDB i antyferroelektryczny (S)-MHPOBC, na bazie ktorych
przygotowano kompozyty, ktorych sktady zaprezentowano w Tabeli 2.

Tabela 2. Skiady przygotowanych i zbadanych kompozytow.

BaTiO3 Composite 1. 0.50%wag. 45nm

(45, 280nm) Composite 2: 0.75%wag. 280nm
Composite 1. 0.0%wag.
Composite 2: 0.3%wag.

7-Fe20s Composite 3: 0.5%wag.

(<50nm) Composite 4: 0.7%wag.
Composite 5: 0.9%wag.
Composite 6: 0.3%wag. + kwas oleinowy
Composite 1: 0.0%wag.
Composite 2: 0.2%wag.
Composite 3: 0.5%wag.

Au
(2-4nm)

W toku prowadzonych badan, okazato sig, ze proces domieszkowania matryc ciektokrystalicznych nie
jest zagadnieniem trywialnym, ze wzgledu na liczne aspekty doSwiadczalne, jakie nalezy wzig¢ pod
uwage, np. higroskopijno$¢, dobdr odpowiednich koncentracji nanomateriatu, dobor i ilos¢
odpowiedniego rozpuszczalnika dla matrycy czy okreslenie objetosci, z jakich wylewane sg roztwory
po procesie sonifikacji.

W ramach prowadzonych badan pokazano, ze domieszkowanie matrycy ciektego krysztatu
wykazujacej ferroelektryczng faze SmC* i/lub antyferroelektryczng SmC*a jest bardzo obiecujacy
alternatywa, dzieki ktorej w prosty sposob mozna otrzyma¢ materiat o nowych, pozadanych
wiasciwosciach. Na podstawie otrzymanych wynikdw, stwierdzono, ze zastosowane domieszki i ich
koncentracje w sposob wybidrczy wptywajg na wiasciwosci fizyczne matrycy ciektokrystalicznej,
modyfikujac cze$¢ z nich a inne pozostawiajgc bez zmian. Do najwazniejszych wnioskow ptynacych
z niniejszej pracy naleza:

S Domieszka BaTiO3 o dwoch réznych rozmiarach ziaren (45 i 280nm) spowodowata pozbycie
sie z osrodka organicznego swobodnych jondw, ktére sg putapkowane blisko domieszki przez
silne pole elektryczne bedgce wynikiem elektrycznego momentu dipolowego submikro- oraz
nanoczastek BaTiOs. Zaobserwowana redukcja koncentracji swobodnych  jonéw
zmodyfikowata takie parametry jak lepkos¢, dwojtomnos$¢, przenikalnos¢ dielektryczng oraz
spontaniczng polaryzacje i czas przetaczania matrycy organiczne;j.
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v" Poprzez kontrole koncentracji nanoczastek maghemitu y-Fe,O; w matrycy ferroelektrycznego
cicklego krysztalu EHPDB otrzymano nowe materialy o zmodyfikowanych wlasciwosciach
wzgledem matrycy. Nalezy jednak zaznaczy¢, ze dla tak malych koncentracji nanoczastek,
modyfikacja okreslonej wlasciwosci moze by¢ wypadkowa kilku réznych efektow (w tym
oddzialywania typu molekula-molekuta, molekula-nanoczastka, nanoczastka-nanoczastka,
nanoczastka-elektroda). Pokazano takze, ze kwas oleinowy (surfaktant do dekoracji
nanoczastek) zapobiega procesowi aglomeracji nanoczgstek, powodujac ich lepsza
homogeniczno$¢ w matrycy (co zwigksza m.in. pole koercji My, obniza magnetyzacje
saturacji M), jednak ma negatywny wplyw na temperatury przejs¢ fazowych, przyczyniajac
si¢ ostatecznie do zawgzenia zakresu temperaturowego cicklokrystalicznej fazy SmC*.

v Pokazano, ze nanoczastki Au wplywaja zaréwno na fluorescencje jak i hydrofobowosé
warstwy matrycy cieklokrystalicznej, powodujac ich wzrost wraz ze wzrostem koncentracji
domieszki. Modyfikacji ulegajg takze takie parametry jak skok spirali, kat pochylenia
molekul, spontaniczna polaryzacja oraz czas przelaczania. Nie odnotowano natomiast wplywu
na sckwencje fazowa, grubos¢ warstw smektycznych 1 dlugos¢ korelacii  dla
antyferroelektrycznej fazy SmC* 4.

Podsumowujac, otrzymane wyniki badan poszerzaja znaczaco zakres wiedzy w obszarze
wplywu domieszkowania na wlasciwosci faz smektycznych (w szczegolnosci antyferroelektrycznej
fazy SmC*,), jednak wciaz pozostaje wicle otwartych kwestii, zatem badania przeprowadzone
w ramach ninigjsze] dysertacji nie wysycaja tej tematyki. Pomimo przeprowadzenia badan
wlasciwosci wytworzonych ukladéw hybrydowych (kompozytéw) metodami komplementarnymi,
nadal pozostajag otwarte pytania np. o wplywie domieszek na parametry mechaniczne matryc,
degradacjc warstw w roéznych srodowiskach czy wplywie cisnienia na procesy relaksacyjne.
W ninigjszej pracy badano wplyw domieszki na warstwy o grubosciach rzgdu S5um, a nie jest znany
ich wplyw na warstwy zaréwno grubsze jak i ciensze. Pokazano wplyw rozmiaru domieszki BaTiO;
(45 1 280nm), jednak mozna jeszcze sprawdzi¢ wplyw rozmiaru zaréwno mniejszych niz 45nm oraz
posrednich 45-280nm wielkosci ziaren domieszki. Otwartg kwestig pozostaje takze dekoracja
nanoczastek surfaktantem, istotnym wydaje si¢ zbadanie wplywu rodzaju czynnika dekorujacego
wybrang domieszke. Odnotowany wybiorczy wplyw wybranych domieszek na wlasciwosci
smektycznych matryc wydaje si¢ by¢ obiecujacy, otwicrajgc nowe mozliwosci. Ogromna ilosé
nanomaterialdéw dostepnych na rynku moze postuzy¢ do stworzenia baz danych, niosacych informacje
o tym, jak dana domieszka i w jakiej koncentracji zmodyfikuje dany parametr/parametry,
pozostawiajac inne bez zmian.

W chwili zakonczenia pisania dysertacji, autor postawil sobie koleje problemy badawcze,
ktére sa kontynuacjg przeprowadzonych badan, rozszerzonych o badania mechaniczne 1 zwilzalnosé
warstw réznymi cieczami:

a) Poszukiwanie korelacji migdzy struktura chemiczng matrycy a domieszka. Celem niniejszego
projektu jest domieszkowanie ustalong koncentracja wybranego typu domieszki (nanoczastek)
kilku przedstawicieli okreslonego szeregu homologicznego.

b) Wplyw rozmiaru domieszki na wlasciwosci fizyczne antyferroelektrycznej fazy SmC* 4.
Celem niniejszego projektu jest wybdr zwigzku wykazujacego faze SmC*, w szerokim
zakresie temperatur (zawierajacym temperatury pokojowe) 1 domieszkowanie kilkoma
réznymi rozmiarami nanoczastek jednego typu.
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1. Introduction

Liquid crystals have become interesting not only from
scientific but also from the application point of view and
areknownfromtheirdiscoveryintheendofthenineteenth
century [1]. These materials combine the properties of
liquid (e.g. flowing) and solids (e.g. anisotropy of different
physical properties). Later, the ferroelectric liquid crystal-
line SmMC* phase was predicted and discovered by Meyer
et al. in 1974 [2], which was incredible because before the
ferroelectricity was assigned only to the solid state.
Phenomenon of ferroelectricity appears only in chiral tilted
smectic phases because the chiral atom in the molecular
structure is breaking the point symmetry (the chirality
removes the symmetry plane as the element of symmetry).
In the ferroelectric SmC* phase the long axes of molecules
in each layer are oriented in slightly different direction in
comparison to adjacent layers, maintaining the constant tilt
angle. This causes the helical structure of molecules with
helical pitch equal to ca. 300 nm [3]. This helical arrange-
ment of molecules leads to the helicoidal dipole moment
structure, so the bulk spontaneous polarisation is zero. On
the other hand, after unwinding the helix (by e.g. electric or
magnetic field) the dipole moments are oriented in one
direction and spontaneous polarisation occurs. That is why
it is so-called improper spontaneous polarisation [4,5].
Afterwards, the antiferroelectricity in liquid crystal was
discovered by Chandani et al. in 1989 [6]. In this case, the
molecules in the adjacent layers are tilted in opposite direc-
tions; therefore, two helixes shifted by one layer are present
(looking at the odd layers we get one helix, and we get
a second helix for the even layers, both twisted in the same
direction) and the resultant spontaneous polarisation is
zero [7]. These two helixes can be unwound in the anti-
ferroelectric phase, just like in the ferroelectric SmC* phase.
Since the discovery of both phenomena, ferroelectricity
and antiferroelectricity, many experimental and theoretical
works have been done [8-12]. The experimental works
focus mainly on the synthesis of new compounds,
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preparation of mixtures and study of their physical proper-
ties [13]. Nowadays, the most common application of
nematic liquid crystals is display industry; however, their
use in switching devices, light modulators and temperature
sensors is quite common [14-16]. The ferroelectric and
antiferroelectric liquid crystals are also interesting from
application point of view, for example, displays based on
them (FLCD and AFLCD, respectively) provide better
technical parameters, e.g. more faithful reproduction of
colour [17], shorter switching time [18], usage of lower
energy, in comparison to that based on the nematic phase.
But it should be stressed here, however, that AFLCD has
disadvantages such as loss of alignment due to mechanical
shock (defects in texture) [19].

The aim ofthis work was to study the physical proper-
ties of a chiral fluorinated compound and discuss the
results based on the properties of other compounds
with similar chemical structure. For this purpose, com-
plementary methods were used and the phase sequence,
the temperature dependence ofthe spontaneous polarisa-
tion, the switching time, the tilt angle, the smectic layer
thickness and the correlation length within the smectic
layers in the liquid crystalline phases were found.
Moreover, based on the temperature dependence of the
relaxation frequency and dielectric increment, the dielec-
tric processes in the smectic phases were interpreted.

2. Experimental section

Figure 1(a) presents the general chemical formula of the
nFmX:1PhX2 compounds, where n is the number of
carbon atoms in fluoroalkyl chain, m - the number of
methylene groups, X1,>X2 - hydrogen/fluorine atoms
(mixed configurations are possible). The studied
compound (S)-4-(1-methylheptyloxycarbonyl)biphenyl-
4-yl 4-[7-(2,2,3,3,4,4,4-heptafluorobutoxy)pentyl-1-
oxy]-2-fluorobenzoate belongs to the homologue series
3FMFPhF [20] (X1, X2 = F and m = 5, in short

X X
CoF i CHO(CH), 0 ) coo-@@-ooo C*H(CH,)CeH,

Figure 1. (Colour online) General chemical formula of the homologous series nFmX1PhX2 (a) and a model of 3F5FPhF molecule

obtained in HyperChem 7.52 (b).
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3F5FPhF). The members of this series differ by
number of methylene groups in the side chain CsF7
CH20CmH2mO-. The studied compound exhibits three
enantiotropic liquid crystalline phases, namely: antifer-
roelectric SmC*a, ferroelectric SmC*, and paraelectric
SmA* [20]. The last two appear in a very narrow tem-
perature range while the antiferroelectric one in a wide
temperature range.

2.1. Differential scanning calorimetry

Perkin EImer DSCB8000 calorimeter was used to find tran-
sition temperatures on heating and cooling. The calori-
meter was calibrated by using water and indium. The
polycrystalline sample of 5.21 mg was put into an alumi-
nium 30pl vessel and hermetically sealed by a press. The
measurements were done with chosen rates (2, 5, 10, 15, 20,
25, 30°C/min) both during heating and cooling in the
temperature range from —40°C to +130°C. The transition
temperatures at so-called zero rate were calculated by
alinearfit to the dependence of the onset temperature as
a function of rate.

2.2. X-ray diffraction

Polycrystalline sample of 3F5FPhF, in the isotropic liquid
phase, was introduced into a borosilicate glass capillary
(0.3 mm diameter) by the capillary effect. The measure-
ments were performed on Empyrean 2 (PANalytical) dif-
fractometer with Cryostream 700 Plus (Oxford
Cryosystems) temperature attachment in the geometry of
a horizontal rotating capillary in the 20 = 2-30° range
(CuKa radiation, parallel beam geometry) at chosen tem-
peratures between 115 and - 75°C. The cooling/heating
rate of 6°C/min was used with 5 min of temperature
stabilisation before each measurement. The flat sample of
3F5FPhF in the form of a thin film on a silicon wafer was
prepared by smearing the substance on a silicon wafer, after
heating above the clearing temperature. The measurements
were performed on D8 Discover (Bruker) diffractometer
with Anton Paar DCS350 non-ambient attachment in 0/20
scan in 20 =2.5-3.2° range (CuKa radiation, parallel beam
geometry) during cooling in temperatures between 116°C
and 30°C. Cooling rate of 0.5°C/min was used with 20 s and
30softemperaturestabilisationforpatternsregisteredeach
1°C and 0.1°C, respectively. Diffraction data were analysed
in WinPLOTR [21] and TOPAS.

2.3. Polarising optical microscopy, electro-optic
measurements

The optical textures were registered by using polarising
optical microscope Nikon Eclipse LV100POL (crossed

polarisers, 90°) equipped with Fine Instruments WTMS-
14C heating stage. Moreover, 33120A Agilent generator,
F20-FLC Electronics amplifier and DSO6102A Agilent
oscilloscope were used. The sample in the isotropic liquid
state was placed into 5.1 “m ITO cell (AWAT Company)
by the capillary effect. The SE610 polymer layer with weak
rubbing on the ITO electrodes provided the planar align-
ment of the sample. The texture observations were done
both during heating and cooling with the rate equal to 2°C/
min. Spontaneous polarisation, switching time and tilt
angle measurements were carried out on the mono-
domain during cooling. In order to obtain an uniformly
oriented sample, the sample was heated up to the isotropic
liquid and then slowly cooled down to the orthogonal tilted
smectic phase transition, where the external electric field
was applied and kept at this temperature for several min-
utes. Spontaneous polarisation measurements were carried
out by reversal current method under triangular wave
(Vp-p = 60 V, f= 50 Hz) while switching time measure-
ments under rectangular wave [22-24]. In turn, the tilt
angle was measured as half ofthe angle between the Clark-
Lagerwall states [25].

The electro-optic response (EOR) was registered by
using the polarising optical microscope Biolar (PZO)
with crossed polarisers for the azimuth angle distant by
ao = 22.5° from the position of the maximum of the
transmission in the SmA* phase. The signals coming
from the photodetector were amplified by PIN20 pre-
amplifier (FLC Electronics, Sweden) and recorded by
the lock-in amplifier SR850 (Stanford Research, USA).
Measurements were done, during heating and cooling
of the uniformly oriented sample placed in the ITO
cell, by using Mettler heating equipment and the
homemade temperature controller (temperature stabi-
lisation with an accuracy of +0.01°C). The field fre-
quency was equal to 440 Hz and the external AC
measuring voltage was 0.5 Vrms. The data acquisition
process was controlled by the software package devel-
oped in the Department of Liquid Crystals Physics,
Institute of Molecular Physics, Polish Academy of
Sciences. This software allows registering EOR mea-
surements as a function of temperature, frequency,
time and measuring voltage.

2.4. Frequency domain dielectric spectroscopy

The dielectric measurements were done in the fre-
guency range 40-107Hz by using Agilent 4294A impe-
dance analyser with Fine Instruments IMTA-300
Temperature Control System. The measurements
were done during cooling from the isotropic liquid to
0°C. The sample was placed in the 5 “m cell with
golden electrodes (AWAT Company). The dielectric



spectra were collected every 2°C while in the vicinity of
the phase transitions every 0.3°C. The influence of the
temperature and the bias field on the dielectric spectra
was studied.

3. Results and discussion
3.1. Molecular modelling

The initial model of the isolated molecule was obtained in
the Avogadro molecular editor [26] and subjected to
a geometry optimisation procedure. Then, pre-optimi
sed molecule was subjected to a multistage geometry
optimisation procedure (MM+ force field and semi-
empirical MNDO methods) in HyperChem 7.52. The
molecule of 3F5FPhF compound after the geometry opti-
misation, resembling a hockey-stick shape, is shown in
Figure 1(b). The molecule's length L = 36.6A (the length
between the centres of the farthest carbon atoms in ali-
phatic chains) was obtained in Avogadro. The opening
angle is equal to 128.3°.

3.2. Phase sequence

Differential scanning calorimetry (DSC) measurements
were carried out to check thermal stability and find
transition temperatures. DSC curves registered during
heating and cooling at different chosen rates are pre-
sented in Figure 2. In case of cooling, there is observed
a super-cooling effect [27,28] of antiferroelectric SmC*a
phase. On DSC curves there is no visible peak corre-
sponding to the crystallisation process for all rates
except 2°C/min where a very weak anomaly, around
23°C, was registered. This result was confirmed by elec-
tro-optic and diffraction measurements (as will be
shown later). During heating, depending on the rate,
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several peaks are visible (Figure 2). As it is presented
in the inset in Figure 2(a) four peaks (marked by vertical
arrows) are visible for rates 2°C and 5°C/min, while for
the higher heating rates only two well-visible peaks were
registered. Figure 2(b) shows the DSC curves for heating
and cooling in the high-temperature range.
Identification of the phases was done by texture obser-
vation under a polarising optical microscope (POM), and
the following phases were identified both during heating
and cooling: crystalline phase (Cr), antiferroelectric
SmC*a, ferroelectric SmC*, subphase SmC*a, paraelectric
SmA* and isotropic liquid (Is). As an example, character-
istic textures of the non-aligned sample for each liquid
crystalline and crystal phases are presented in Figure 3.
Characteristic fan-shape texture of the SmA* phase is
visible in Figure 3(a). It turns out that the 3F5FPhF
compound exhibits an additional subphase SmC*a
(Figure 3(b)) as compared with the results presented in
[29]. All the textures registered for smectic phases are fan-
shaped. The difference in textures between SmC*, SmC*a
and SmC*a phases is mainly based on the colour change
in the texture (Figure 3(b-d)), like it was shown for
another compound in [30]. Moreover, the characteristic
disclination lines are well visible for SmC*a subphase and
SmC* phase. Below the antiferroelectric SmC*a phase
during further cooling down the texture of the crystal
phase was registered (Figure 3(e)). Relating the phase
sequence of the studied compound with that of com-
pound 3F6FPhF [31], belonging to this series, it is seen
that addition of one methylene group in the side chain
influences much on the phase sequence. The antiferro-
electric SmC*a phase is shifted towards lower tempera-
tures while temperature range of the ferroelectric SmC*
phase becomes much wider as compared with the studied
3F5FPhF. On the other hand for shorter homologue
belonging to this series, namely 3F3FPhF, neither the
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Figure 2. (Colour online) DSC curves registered for 3F5FPhF during heating in the whole temperature range (a) and during heating and
cooling in a high-temperature range (b). The inset in (a) presents the chosen temperature range of DSC curves for rates 2 and 5°C/min.
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e)Cr

Figure 3. (Colour online) Textures of 3F5FPhF compound registered during cooling for (a) SmA*, (b) SmC*a, (c) SmC*, (d) SmC*A and (e) Cr.

ferroelectric SmC* nor the paraelectric SmA* phases are
present [32]. In the case of similar compounds, namely
4F3(HH) and 4F3(HF), the complete disappearance of
the SmA* phase is observed [33].

Further, the electro-optic response (EOR) measure-
ments were done to find transition temperature and
confirm the existence of the subphase SmC*a The polar
phases have non-zero macroscopic spontaneous polarisa-
tion and give distinctly higher EOR than antiferroelectric
SmC*a and non-polar paraelectric SmA* phases. Figure 4
presents the temperature dependence of the linear elec-
tro-optic response. As it is seen, EOR signal in the SmA*
and SmC*a phases is weak, while in the SmC* and SmC*a
phases it is well visible, like it was observed for other
compounds [34,35]. The value of EOR signal is weak in

was also obtained from the saddle point. A small saddle
observed during cooling is another proof of the presence
of an additional polar phase between SmC* and SmA*
(subphase SmC*a). Kuczynski et al. [36] observed
a similar EOR for MHPOPBC compound.

Based on the texture identification and EOR mea-
surements, the anomalies on the DSC curves were
appointed to the phase transitions: the first arrow
from the left (inset in Figure 2(a)) represents SmC*a-
SmC* transition, the second SmC*-SmC*a transition,
the third weakly visible SmMC*a-SmA* transition, while
the fourth SmA*-lso transition. Summarising, the
phase sequences on heating and cooling were obtained
as follows:

the antiferroelectric SmC*a  because there is Heating : Cr 24 smea T smer 7 smear
a compensation of the polarisation in the neighbouring 1083°C oy 100:1°C |
smectic layers. Based on the temperature dependence of
the linear EOR signal the transition temperatures
*— * * * i . 109:8°C 108:3°C 107:9°C
betV\{een SmA Sn_]C aand S.mC SmC*a phases during Cooling : Is SmA* SMCa Smc*
cooling were designated (Figure 4). Additionally, the 106:3°C 23:0C
transition temperature between SmC*a-SmC* phases SmCa* Cr
0.12 - ‘ :
—e— heating | :
—  0.10 o —O—cooling ! !
3. ' |
& , i |
8 008 E '
c ' |
S , |
Q. ' 1 |
12} 1 1
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s ‘ : :
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Figure 4. (Colour online) The linear electro-optic response as a function of temperature.



3.3. Structural parameters of smectic phases

Wide-angle X-ray diffraction patterns characteristic for
smectic and crystal phases of the studied compound are
shown in Figure 5(a). The ones collected between 110°C
and 30°C are characteristic for smectic phases with
a short-range order within smectic layers [37]. The
sharp maximum below 3° and the wide diffuse one
about 18° are well visible. The low intensity maxima
which develop on cooling do not originate from the
onset of the crystal phase but are the higher order peaks
connected with the one characterising the layer thickness
(e.g. at 40°C visible at 20 = 5.7°, 8.6°, and 11.5° as shown
in Figure 5(a)) giving evidence about increasing quasi-
long range lamellar order with decreasing temperature.
The wide maximum observed in the isotropic liquid
and smectic phases can be defined by the Lorentz curve in
the scattering vector space (q = 2nsin0/Xcuka). Its position
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(0ad = 2n/d) allows to calculate the average distances
d between long axes of molecules within the smectic layers
and the half-width at half-height is the inverse correlation
length of the short-range order [37,38]. There is no con-
siderable change in the average distances between the
molecules: 5.0(1.1)A and 4.83(0.93)A at 125°C and 30°C,
respectively (experimental errors are given in parenthesis).
The correlation length £ increases significantly with
decreasing temperature (from 3.57(0.02)A at 125°C up to
4.37(0.03)A at 30°C). However, even in the lowest tem-
peratures £ is comparable with d, which means that the
short-range order involves only the nearest neighbours.
The position of the sharp low angle maximum, by
using the Bragg equation, allows to calculate the smectic
layers thickness D. In this study, the D values were
determined based on the XRD patterns registered for
a flat sample in a narrow 20 range (some examples are
shown in Figure 5(b)). The temperature dependence of D,
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Figure 5. (Colour online) XRD patterns at chosen temperatures on cooling: for the sample measured in a capillary (a) and in the low-
angle region for the sample on a zero-background holder (b) as well as the temperature dependence of the smectic layer thickness
D (AD < 0.3 A) determined each 1°C (c). In (a): the plots are shifted for clarity, the region marked by the dashed rectangle is enlarged in
the inset, and the rapid increase in the intensity below 2.5° comes from the experimental setup. The inset in (c) shows the shaded area
in details and the integrated intensity of the low-angle peaks (triangles) is also plotted (both values are determined each 0.1°C, and
solid and open symbols are related to the peaks about 2.65° and 2.8°, respectively).
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obtained in the measurements performed every 1°C, is
plotted in Figure 5(c) while the inset in this figure shows
the D vs T behaviour in the temperature region in which
the phase transitions are observed (points collected
each 0.1°C).

Focusing on the position ofthe maximum at 20 = 2.65°
it is necessary to consider that initially moving to lower
angles with decreasing temperature it changes this ten-
dency about 108.7°C and starts to move towards higher
20 values (Figure 5(b)). On further cooling, the peak at
20 = 2.65° decreases and simultaneously a new one appears
atabout 2.8°, but in the temperature range between 107.8°C
and 107.5°C the data were too noisy to calculate the layer
thickness with reasonable uncertainty. The small change in
the D values visible about 108.7°C (inset in Figure 5(c)),
which is still in the experimental error, can be interpreted as
a sign of a phase transition if one takes into account the
above discussed behaviour ofthe Bragg maximum position
about 2.65° the temperature dependence ofthe integrated
intensity of the low angle peak in this temperature range
(inset in Figure 5(c)), and the results of complementary
measurements reported in this work.

The layer thickness does not change significantly in
the temperature range 108.9-107.8°C with the average
value of 33.25(22)A being about 10% smaller than the
molecular length L estimated with MNDO calculations.
That leads to the steric tilt angle value about 25° (esti-
mated as cos(D/L) [39]). This relatively high value of
the tilt angle together with the observations described
above allows to state that the liquid crystalline phases
observed in the high-temperature region are SmA* of
de Vries type [40,41] and SmC*a, and the transition
temperature between them is slightly higher than
108.7°C.

On further decreasing temperature another phase
transition, with an abrupt change in the D value, is
observed (inset in Figure 5(c)). The layer shrinkage at
this transition, calculated as (D107.9°c-D107.4°c)/D1o7.9°C,
is equal to 4.5% which means a significant increase in the
tilt angle. It is known that in the SmC*a phase the tilt
angle is much smaller than in the SmC* phase and the
transition between those phases is the first order transi-
tion [42].The above allows to identifythe one at 107.7°C
as the transition from SmC*a to SmC*.

The last anomaly visible in the temperature depen-
dence of D (at 107.2°C) can be interpreted as the
SmC*-SmC*a transition and below this transition
the layer thickness decreases continuously saturating
at about 30.4-30.5A below 70°C. Similar values of the
smectic layer thickness and their temperature depen-
dence were found for a racemic mixture MHPOBC
[43], brominated [44] and not fluorinated [45]
compounds.

3.4. Electro-optic parameters

Temperature dependences of the spontaneous polarisa-
tion and tilt angle are presented in Figure 6, together
with sample voltage peaks. As it is seen the highest
value of spontaneous polarisation, at low-temperature
range of antiferroelectric SmC*a phase, is ca. 290 nC/
cmz. Large value of spontaneous polarisation is due to
the transverse dipole moment coming from the carbo-
nyl group, attached to the chiral centre. C-F polar
bonds on the benzene ring and transverse dipole
moment of the carbonyl group connecting benzene
rings also influence a large value of the spontaneous
polarisation. The replacement of fluorine atoms by
hydrogen atoms causes that C-H covalent bonds are
less polarised than C-F bonds, as reflected in the value
of Ps. Similar values were observed for another com-
pounds, for example MHP(F)O(13F)BC [46].
According to the theory [47] temperature dependence
of the spontaneous polarisation Ps should obey the
following equation:

P(T) = Py(T. - T) (1

where Tc - critical temperature (temperature of the
transition between para - and ferroelectric phases),
P - critical parameter describing type of the phase
transition and P = 0.5 for the second order transition
while P = 0.25 for the tri-critical point. Eq. (1) is valid
only close to the para - ferroelectric phase transition.
For the substance studied, the paraelectric - ferroelec-
tric phase transition is characterised by the critical
parameter equal to 0.23 (see Figure 6(a)), so one can
assume that this is the tri-critical point (SmA* - SmC*a
- SmC *). As it is seen in Figure 6(a) the spontaneous
polarisation becomes zero at ca. 25°C which agrees
with DSC and X-ray results showing that at this tem-
perature the crystallisation occurs. Comparing these
results with the ones for compounds 3H5FPhH and
3H5HPhHF the phase sequence is very similar, but the
value of spontaneous polarisation is much lower (about
half) over the entire temperature range [48]. In turn,
for similar MHPB(3F)PBC and MHPBBBC com-
pounds, the Ps values are almost the same as for the
studied compound [49], in contrast to the MHPB(F)
PBC compound for which the Ps value reaches almost
400nC/cmz [50,51].

Figure 6(b) presents reversal voltage responses
acquired for chosen temperatures. As one can see, two
well-separated peaks are visible in the voltage response at
higher temperature range, while at lower temperatures
these separated peaks combine into one. Existence oftwo
symmetrical peaks is an evidence of the presence of the
subphase SmC*a between SmC* and SmA* phases
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Figure 6. (Colour online) Temperature dependence of the spontaneous polarisation (a), reversal voltage peaks at selected
temperatures (b) and temperature dependence of the tilt angle (c).

[46,52-54]. In the higher temperature range of SmC*a
phase, two peaks are visible. This is a characteristic beha-
viour for the antiferroelectric structure. However, at
lower temperatures of the SmC*a phase the formation
of a third peak between them is observed (the last one
begins to dominate). This is a characteristic behaviour for
the ferroelectric structure [55]. Temperature dependence
of the spontaneous polarisation with an anomaly just
below the transition from paraelectric SmA* phase (see
inset in Figure 6(a)) confirms that the SmC*a subphase
exists between the SmC* and SmA* phases.

Tilt angle reaches value ca. 40° (see Figure 6(c)), like it
was found for other compounds, for example 3F6HPhF,
3F6FPhH, 3F6FPhF [56,57]. On the other hand, the
3F6HPhH compound exhibits a higher value of the tilt
angle (c.a. 43° before crystallisation) [56,57]. Moreover, it
was found for the studied compound that the switching
time increases with decreasing temperature starting from
120 ~s at high-temperature range of antiferroelectric phase
up to 425 "s just before crystallisation. Such behaviour is
similar to that observed for other compounds (for example
3F5HBM6 or 3F6HBMS6) where the switching time is
below 0.5 ms over the entire temperature range [58].

3.5. Dielectric spectroscopy results

3.5.1. Antiferroelectric SmC*a phase

Chosen absorption curves and corresponding Cole-Cole
plots registered during cooling in the antiferroelectric
SmC*a phase are presented in Figure 7(a,b). Two tem-
perature-dependent dielectric processes are visible down
to ca. 40°C (one at low frequency ca. 1 kHz andsecondat
high frequency ca. 200 kHz), while below this tempera-
ture the low-frequency mode disappears and a new one,

high-frequency process appears at ca. 1 MHz. The relaxa-
tion frequency and dielectric increment ofthese processes
were obtained by fitting the Cole-Cole model [59] to the
experimental data:

¢ w u A&,‘ g
& =& — i =En + — 1
* Z, (1+ (2imvpm)'™™)  2mveo

(2

where £*is a complex dielectric permittivity (perpendicular
component), £ - dispersion, e” - absorption, is the
dielectric permittivity at high frequency limit, Aei - the
dielectric increment of z-th process, £0 - the dielectric
permittivity at low frequency limit, vR - relaxation fre-
quency, T: - relaxation time of i-th process, a: - the
distribution parameter of the relaxation time t, e0 - the
dielectric permittivity of vacuum, ff - the ionic
conductivity.

To identify the relaxation processes, the influence ofthe
bias field on the dielectric spectra in the antiferroelectric
SmC*a phase was studied. It is worth to stress here that the
bias field much influences the dielectric behaviour in the
antiferroelectric SmC*a. As it is seen in Figure 8(a),
the intensity of absorption increases with increasing the
bias voltage up to Ve = 16V (compare the results for
Ve = 8V and VB = 16V), while for higher values both
dielectric processes become gradually suppressed and
completely disappear at Ve = 25V. Moreover, from
a qualitative point ofview, dielectric spectra collected with-
out and with the bias field (Es = 16V/5*m) are similar
(compare Figure 7(a,b) with 7(c,d), respectively).

Figure 8(b) presents the Arrhenius plot and the tem-
perature dependence of the relaxation frequency for all
modes revealed in the liquid crystalline phases (both with




2264 S. LALIK ET AL.

Vg =0V (SmCy)

V, = 16V (SmC})

2.0 2.0
a) process 3 - C)
process 3
1.5 : - 1.5
=
-
X
'
w104 F % 1.0 process 1
| process 1
054 N .o / Y 0.54
¢ process 2
0.0 T 0.0 T T T M
10? 10° 107 102 107 10* 10° 106 107
v[Hz]
= 25°C| = 31°C
b) ® 55°C d) e 55°C|
P v 65°C 24 v 65°C|
f—n--lnn.... s 73C * 72°C
:Cu =QJ
14 1<
0 T T T T T 0 T T T T L}
5 5 7 8 9 10 5 6 7 8 9 10

Figure 7. (Colour online) The dielectric absorption curves and the Cole-Cole plot of 3F5FPhF registered in the SmC*A phase at

chosen temperatures: for Ve = 0V (a, b) and Ve = 16V (c, d).

and without the bias field). The activation energies of the
processes appearing in the antiferroelectric SmC*a phase
were calculated by fitting to the experimental data the
following formula:

Invk = Invo — Ea=(RT)

@)

where VR is relaxation frequency, Ea - the activation
energy, R - gas constant, T - temperature in the absolute
scale. The activation energies of these processes obtained
using Eq. (3) are gathered in Table 1. In the case of process
2, it was necessary to fit two lines to the experimental data:
for the low- and high-temperature range, respectively. The
break has occurred at the point where the process 1
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Figure 8. (Colour online) Influence of the bias field on the dielectric absorption in the SmC*a phase, T = const. (a) and Arrhenius

plot for all processes registered in the SmC*a phase (b).



Table 1. Activation energy of the dielectric processes revealed
in the SmC*a phase.

Process 2 Process 2
EA[kJ/mole] Process 1 (low T) (high T) Process 3
(Voc = 0.0v) 100.63 (0.55) 91.43 (1.41) 31.04 (9.09) 95.86 (1.11)
(Voc = 16.0v)  92.27 (0.69) 93.96 (1.72) 45.83 (0.43) 86.55 (0.98)

disappeared and the process 3 appeared. At lower tem-
perature range ofthe SmC*a phase, the bias field does not
influence much the activation energy ofthe process 2 (see
Table 1). Processes 1 and 2 are slower than the process 3
(see Figures 7 and8(b)), which is an evidence oftheir phase
character. Moreover, because the bias field of 25V com-
pletely suppressed both processes 1 and 2 (see Figure 8(a)),
it can be concluded that these processes (1 and 2) can be
interpreted as collective ones:

= process 1 as P., in-phase fluctuations of the direc-
tor's phase in adjacent layers (named also as the
antiferroelectric Goldstone mode [60]), existing
up to appearing of process 3;

= process 2 as PH, anti-phase fluctuations of the
director's phase in adjacent layers (named also as
the anti-phase antiferroelectric Goldstone mode
[60]), existing in the whole temperature range of
the antiferroelectric SmC*a phase.

Process 3, independent of the applied bias field, with
activation energy close to 100 kJ/mole, seems to be
reorientation around the short axes (s-process), like it
was found for other compounds, for example,
3F3HPhHF [28], MHPNBC [52] or 120BP1M7 [61].

3.5.2. Paraelectric SmA* phase, subphase SmC*a
and ferroelectric SmC* phase
Except the antiferroelectric SmC*a phase, the dielectric
studies were carried out for other liquid crystalline phases.
Without bias field applied, in the ferroelectric SmC* and
paraelectric SmA* phases one dielectric process was
revealed, while two processes in the SmC*a subphase
(two relaxation processes in this phase were also reported
for other compounds [62,63]). Under the bias field, in all of
the above-mentioned phases (SmA*, SmC* and SmC*a),
only one dielectric process was registered (Figure 9(a)).
To identify these dielectric processes, the temperature
dependence ofthe relaxation frequency (Figure 8(b)) and
the inverse ofthe dielectric increment (Figure 9(b)) were
plotted. Temperature independent process in the ferro-
electric SmC* phase was interpreted as the Goldstone
mode (GM), while the process present in the SmA*
phase - soft mode (SM) (similar behaviour was observed,
for example, in [64-67]). In turn, in the SmC*a phase,
both the Goldstone and soft modes were revealed. After
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suppression ofthe Goldstone mode, by applying a strong
bias field (Ee = 16V/5"m), the soft mode has been
revealed in the paraelectric and ferroelectric liquid crys-
talline phases as well as in the subphase SmC*a
(Figure 9(a)). Based on the Landau phase transition the-
ory, R. Blinc and B. Zeks [68] described the behaviour of
the soft mode in the vicinity of the phase transition
between paraelectric SmA* and ferroelectric SmC* phases
as characteristic VV-shape in the temperature dependence
of relaxation frequency and inverse of dielectric incre-
ment. According to the prediction ofthis theory the ratio
ofthe slope ofthe straight lines fitted to the temperature
dependence of relaxation frequency or inverse of dielec-
tric increment on both sides of the transition should be
equal to -2 for the second-order transition. For the stu-
died 3F5FPhF, a characteristic decrease and
subsequent increase of Ae-1 ofthe SM is indeed observed
during cooling (Figure 9(b)) and the ratio of the fitted
lines' slopes is equal to -1.81. However, this is not exactly
the V-shape dependence [41,69], because in the
very narrow temperature range (between 107.8°C and
107.2°C) Ae-1 is constant. It confirms the existence ofthe
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Figure 9. (Colour online) The Cole-Cole plot under the bias voltage
(V8 = 16V) for the ferroelectric SmC*, subphase SmC*a, paraelectric
SmA* phases (a) and temperature dependence of the inverse of
dielectric increment for SM and GM in different phases (b).
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SmC*a subphase between SmA* and SmC* phases, as it
was revealed in the texture observations (Figure 3), EOR
(Figure 4), X-ray diffraction (Figure 5(c)) and sponta-
neous polarisation (Figure 6(a)) measurements.

4. Summary and conclusions

In this article, physical properties of 3F5FPhF com-
pound were examined by complementary methods.
The results were compared with that obtained for
other compounds, and it was shown that the addition
of one methylene group to the side chain influences
much on the physical properties. Particularly, for the
studied compound it was found:

-« The modelled molecule has a hockey stick shape
in the most extended conformation.

= Next to the antiferroelectric SmC*a phase, the para-
electric SmA* and ferroelectric SmC* phases the
subphase SmC*a appears during heating and cooling
as well.

- The smectic layer thickness decreases with
decreasing temperature and then at about 60°C
saturates at 30.5A.

= The spontaneous polarisation increases with decreas-
ing temperature (up to 290 nC/cmz) while the tilt
angle increases rapidly up to ca. 40.5° and then
slightly increases over the entire temperature range.

= Three relaxation processes were revealed in the anti-
ferroelectric SmC*a phase: two collective ones: in-
phase (PL) and anti-phase (PH) fluctuations of the
director's phase in the adjacent layers and molecular
one - reorientation around the short axis (s-process).
In turn, two collective relaxation processes
(Goldstone and soft modes) were found in the ferro-
electric SmC* phase and SmC*a subphase, while one
relaxation process (soft mode) in the paraelectric
SmA* phase.

Summarising, the substance is thermally and electrically
stable and is characterised by good, from application
point of view, parameters like spontaneous polarisation,
switching time and tilt angle of molecules. It seems that
the usage of this compound as a component of multi-
component mixture may be desired for applications.
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ABSTRACT: In this paper, for the first time, the influence of the
BaTiO3 particles on the antiferroelectric liquid crystalline phase
was shown. Low concentrations and two different sizes of BaTiO3
particles (nano- and submicroparticles) were used. It was found
that admixture of the ferroelectric particles causes a decrease in the
concentration of free ions in the liquid crystal matrix. Despite the
small amount of admixture, a decrease in spontaneous polarization,
switching time and rotational viscosity, was observed, while the tilt
angle of molecules and the smectic layer thickness did not change.
It turns out that BaTiO3 particles have a very large impact on the
dielectric spectra not only in the antiferroelectric phase but also in
the ferroelectric and paraelectric phases of the polymorphic
mixture studied. The dopants affect also the complex conductivity.
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In this paper, we explain why some properties are modified by BaTiO3 particles and others are not.

1. INTRODUCTION

The development of industry requires searching for new
materials with precisely defined properties.1 Therefore, there
are synthesized new materials, and their properties are studied in
a detailed manner. However, the synthesis routes of such
compounds are very complex. In contrary to time-consuming
andvery expensive methods of chemical synthesis, the process of
doping already synthesized materials, such as liquid crystals, is
relatively simple and has great potential.

As it is known, the antiferroelectric liquid crystals (AFLCs)
have attracted attention as materials with a response time in
microseconds, capable of forming a gray scale, having a large
optical contrast and hemisphere view angle, and eliminating
ghost effects.2 From a chemical point of view, the liquid crystal's
molecules have an anisotropic shape, e.g., rodlike, disclike,
banana shape, etc. The typical factors necessary for the liquid
crystal materials to be ferroelectric/antiferroelectric are chiral
carbon atom in the molecular terminal chain and a non-zero
component of the dipole moment perpendicular to the long
molecular axis.3 The temperature range of an antiferroelectric
smectic phase can be changed by substituting hydrogen atoms
with fluorine atoms in the core of molecule and/or in the achiral
terminal chain.4-7

On the other hand, the continuous increase of nano-
technology and ease of access to nanomaterials such as metallic
and dielectric nanoparticles, quantum dots, carbon nanotubes,
etc. opens new possibilities to design complex advanced

ACS P u b | |Cat|0nS © 2020 American Chemical Society 6055

materials. In recent years, liquid crystal nanocomposites/
nanocolloids have been formed by doping the liquid crystal
(LC) matrixwith nanomaterials, which has led to the emergence
of a new branch of soft matter physics.8-18 It turns out that the
connection of anisotropic liquid crystals with nanomaterials
gave curious results: the enhancement of electro-optic proper-
ties, changes in the electric conductivity, faster response,
etc.19-27 For example, the admixture of carbon nanotubes to
the ferroelectric liquid crystal (FLC) matrix leads to a reduction
in switching time, an increase of spontaneous polarization and
modification of dielectric properties (change the dielectric
permittivity, shift in relaxation frequency of the Goldstone
mode)16 while the addition of dye strongly reduces the
spontaneous polarization and leads to increase a response
time.”®

The admixture of large particles (diameter of ca. several
micrometers) causes defects in the LC matrix due to strong
deformation of the liquid crystal director. Moreover, these
defects can form complexstructures. However, the admixture of
small particles (nanoparticles) has a little effect on the behavior
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Figure 1. General molecular structure of 3FmX,PhX, homologous series.

of the liquid crystal director. On the other hand, nanoparticles
{e.g., BaTiO; LiNbO,) are big enough to maintain their
ferroelectric groperties and share these intrinsic properties with
LC matrix™ Additionally, the low concentration of nano-
particles and the sonication process in LC host prevent both
agglomeration of nano-objects and the formation of defects.
Sometimes surfactants (like oleic acid) are used to modify
nanoparticles surface, which reduces their agglomeration, but at
the same time, in many cases, this surfactant impairs the
properties of the LC matrix.*’ In turn, Meeker et al."’ showed
that if the nanoparticle concentration is large enough, rigid
suspensions can be obtained. It turns out that by changing the
concentration and the type of nanoparticles, one can control
properties of the LC matrix (e.g, dielectric constant,
birefringence, switching time, phase transition temperatures,
etc.).””™*" Doping the ferroelectric liquid crystal matrix by
ferroelectric nanoparticles causes a strong interaction between
dipole moments of both materials, which leads to a change in the
optical and dielectric anisotropy of the doped material. For
example, carbon nanotubes have a beneficial effect on the
electro-optic answer, quantum dots modify helical pitch in the
cholesteric liquid crystals, and ferroelectric nanoparticles reduce
the threshold voltage for electrical response.”’

The constantly developing industry is showing a demand for
materials with precisely defined properties. An additional
requirement is a relatively simple and inexpensive way of
obtaining such materials. Many research groups are making
efforts and trying to create new liquid c?rstal nanocomposites.
And so, in one recent paper, Pandey et al.”* doped 6CHBT with
silver nanoparticles of 5¢ nm, In addition to reducing the
transition temperatures, a decrease in dielectric anisotropy was
observed. Similarly, Yadav et al.”> doped the nematic phase with
Fe,0; nanoparticles of 20 nm and showed that as the amount of
dopant increases, the birefringence decreases. This behavior was
explained by changing the molecular orientation by admixture.
Pushpavathi et al.”* doped 5CB with 25 nm ZnO nanoparticles
and noticed that even for high dopant concentration (5% by
weight) the N—Is transition temperature did not change
whereas the enthalpy of the transition changed, which was
explained by the energy transfer between liquid crystal
molecules and nanoparticles. In addition, with the increase in
the concentration of nanoparticles, an increase in conductivity, a
decrease in birefringence and the Fredericksz effect at higher
voltage were observed. Despite the development of many
composites based on liquid crystals, most of them are based on
the nematic phase. Therefore, the motivation for us was to study
the effect of the BaTiO; admixture on the antiferroelectric
phase.

In this paper, we present the influence of BaTiO, particles
with two different diameters on the physical properties of the
binary antiferroelectric mixture. We particularly focus on the
effect of the admixture on the antiferroelectric phase, which in
principle has not been reported before. The influence of the
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particle size is analyzed. It tums out that ferroelectric particles
dispersed in a liquid crystal matrix cause a decrease in the
concentration of free ions in this matrix. Many material
properties are also changed by admixture.

2, EXPERIMENTAL SECTION

2.1. Samples. Components of the binary antiferroelectric
liquid crystal mixture studied belong to the homologous series
3FmX,PhX,” (X, X, = H, F) with general chemical formula
presented in Figure 1. They differ by number of methylene
groups in the terminal chain and the number of fluorine atoms
substituted to the phenyl ring and both were examined by us
eatlier.”>”” The mixture has the following composition: 80 wt. %
3FSFPhF and 20 wt. % 3F7HPhE. The pure mixtare was then
doped by commercially available BaTiO; patticles (delivered by
Nanografi Co. Ltd.) to create two composites:

Composite 1: AFLC mixture + 0.50 wt. % of 45 nm BaTiO,
nanoparticle,

Composite 2: AFLC mixture + 0.75 wt. % of 280 nm BaTiO;
submicroparticle.

Low concentrations of particles were used in order to not alter
the liquid crystal order and the direction of the director in the
individual smectic layers. Moreover, the particles have non-zero
dipole moments and for higher concentrations their interactions
may result in uncontrolled aggregation.”’ Special attention has
to be paid to disperse the particles well in the liquid crystal host
so that the average distance between the particles is large enough
{objects do not agglomerate then).

To get the AFLC/BaTiO; composites in the first step the
adequate amounts of AFLC mixture and BaTiO; particles
{58.17 mg of AFLC + 0.30 mg of 45 nm BaTiQ,, 23.76 mg of
AFLC + 0.18 mg of 280 nm BaTiQ;) were mixed and quenched
with 2 mL of chloroform. Prepared solutions were sonicated in
50 s {on)/10 s (off) mode for 20 min and poured into a
microscopic slide, which was then placed on the heating plate
(80 °C) for several minutes to pre-evaporate of most of the
solvent and next left at normal condition for a few hours.
Obtained composites were peeled off with a blade and used to
measurements.

2.2. Raman Spectroscopy. Raman measurements for
powder samples of commercially available BaTiO; particles
(45 and 280 nm; delivered by Nanografi Co. Ltd.) were carried
out with a JASCO NRS-5500 Confocal Raman Microscope
(JASCO, Japan, A = 532 nm, P = 9.5 mW, t.,, = 1 5) equipped
with a 1024 pixel CCD detector in 3800—100 ¢m™" Raman shift
range. For each sample experiments were performed using set up
1, objective = MPLFLN 20X, slit size = 0.01 X 1 mm, and
aperture = 4 mm; and set up 2, objective = MPLFELN 30X, slit
size = 0.05 X 1 mm, and aperture = 4 mm. The results are shown
in Figure 2.

The obtained Raman spectra are identical for both size of the
particles. The narrow bands at 175 and 304 cm™" and the bread
ones at 267, 522, and 715 cm™ are present confirming the

hetps:i/dn.doi.org/10.1021/a¢s,jpeb.0c02401
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Figure 2. Raman spectra of the 45 and 280 nm BaTiO3 particles. The
inset shows the wavenumber range with the maxima corresponding to
the tetragonal structure.

tetragonal phase40,41 of both 45 nm nanoparticles and 280 nm
submicroparticles. That means that both BaTiO3 particles used
in our research are ferroelectric materials, even if by
manufacturer the 45 nm nanoparticles were described as cubic
ones (without a dipole moment). One should keep in mind that
the tetragonal structure is strongly dependent on crystallinity
and grain size38,39 and even the smallest BaTiO3 nanoparticles
can reveal the ferroelectric behavior.40 The above results are
essential for the reported studies.

2.3. Differential Scanning Calorimetry. Calorimetric
measurements were carried out in the temperature range from
—20 to +150 °C at heating and cooling (rates: 10, 15, 20 °C/
min) by using PerkinElmer DSC8000 differential scanning
calorimeter (DSC), calibrated on melting points of water and
indium. The samples of ca. 5 mg were placed into the 30 ~L
aluminum pans and sealed by the press. Results were analyzed by
using Pyris software and Origin 2017. Calorimetric method was
used to find phase transition temperatures. The transition
temperatures at so-called zero rate were obtained by a linear fit
to the dependence of the onset temperature versus heating/
cooling rate.

2.4. Polarizing Optical Microscopy and Electro-optic
Measurements. Texture observations and electric measure-
ments were carried out by means of a polarizing optical
microscope Nikon Eclipse LV100POL equipped with a Fine
Instruments WTMS-14C heating stage. The experimental setup
also consists of a 33120A Agilent generator, an F20-FLC
Electronics amplifier, and a dual channel DSO6102A Agilent
oscilloscope. Nikon camera was used to texture acquisition
during heating and cooling with the rate equal to 2 °C/min while
measurements oftransmitted light intensities were performed by
using photodetector. Pure AFLC mixture and composites were
placed into sandwich type ITO electro-optic cells (thickness, ca.
8.1 “m; surface ofelectrodes, 25 mmz2; planar alignment, AWAT
Company) in the isotropic liquid phase by capillary effect. The
electric and electro-optic measurements (spontaneous polar-
ization, switching time, tilt angle) were carried out on the
uniformly oriented samples. In order to obtain the mono-
domain, all the samples were heated to the isotropic phase and
then slowly cooled to the first tilted smectic phase—SmC=a. In
this phase the external electric field was applied and kept at this
phase by several hours. The tilt angle was measured as a half of
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the angle between the Clark—Lage-rwall states,42 the switching
time by the method described in43-45 while the reversal current
method was used to measure spontaneous polarization4346-48
with the resistor of 100 kQ connected in series. All electric and
electro-optic measurements are subjected to the systematic
temperature uncertainty of 0.1 °C. The accuracy of the surface
area determination in the sample response (numerical integral)
was estimated at 2% and was included in the calculation of the
spontaneous polarization uncertainty. In turn, during a series of
switching time measurements, the oscilloscope time base did not
change for each sample, the waveforms were averaged over four
cycles, and the switching time was calculated in Origin after the
sample response was transferred to the computer.

2.5. X-ray Diffraction. Diffraction method was used to
determine the smectic layer thickness and the distance between
the long axes of the molecules in the smectic layers. The
measurements (Cu Ka radiation) were performed on cooling,
for samples in a horizontal rotating capillary using an Empyrean
2 (PANalytical) diffractometer with a Cryostream 700 Plus
(Oxford Cryosystems) temperature controller. The details of
the sample preparation and experimental set-up are the same as
for, reported earlier, pure 3F5FPhF.36 Diffraction data were
analyzed by using WinPLOTR.49

2.6. Frequency Domain Dielectric Spectroscopy.
Dielectric measurements were carried out by means of Agilent
4294A analyzer linked with the Fine Instruments IMTA-300
Temperature Control System. AFLC mixture and both
composites were placed in the sandwich type cells with golden
electrodes (ca. 5.0 “m, active area 25 mm?, planar alignment,
AWAT Company) by capillary effect. The perpendicular
component of the electric permittivity £ was measured in the
frequency range 40Hzto 50 MHz (measuring voltage Vm= 0.1
V) in the temperature range 110—0 °C (at cooling). Spectra
were collected every 2 °C in a wide antiferroelectric phase and
every0.3°Cintheotherphases.Inaddition,theeffectofthebias
field on the dielectric spectra was studied. Additionally, a
Novocontrol Technologies Concept 81 dielectric spectrometer
was used to measure AC electric conductivity versus temper-
ature in the frequency range 1 Hz to 2.5 MHz.

2.7. Birefringence Measurements. Birefringence meas-
urements have been performed by using a Photoelastic
Modulator (PEM-100, Hinds Instruments). The length ofthe
light emitted was 532 nm. Application of a light emitting diode
for the light source simplifies the optical setup and enables
measurement by using polarizing microscope. Temperature
dependence of the birefringence of AFLC mixture and both
composites was studied at cooling using PEM system. It is worth
noting that measurements with the use of a photoelectric
modulator are most often made with the use of polarized laser
light. Unfortunately, there is no overview ofthe quality ofsample
ordering, which is very important in the case of liquid crystals,
especially in ferro- and antiferroelectric phases, where the value
of optical anisotropy may be much lower. In this method the
lock-in amplifiers measure a voltage at the first and second
harmonic frequency of the PEM that correspond to the output
of the system at that frequency.50 For small amplitudes the
output of each amplifier can be given by

I= fo(%(l -1 cos B) + J; sin B-cos wt + J, cos B-cos Zwi]

(1

where J0, J1, and J2 are Bessel functions ofthe PEM retardation
and B is the retardation of the liquid crystal.5152 In this
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configuration only two signals were detected: (1) a lock-in
amplifier detects the rms voltage V1If of the detector signal at the
PEM frequency 1f; (2) a lock-in amplifier detects the rms voltage
V2f of the detector signal at the PEM frequency 2f. The ratios of
V1f to VDC and V2f to VDC are insensitive to fluctuations in the
light source intensity, changes in optical transmission, etc. (eq
3), but in consequence, the signals of the constant component
have been reduced:

R ¥ Vyr
i = 5, o = S,
/ Ve e Vpe )
On the basis of PEM theory,50 it is known that
Vig 1, (A)
B=nq tan[lf—“
Vir) (4) @)
Therefore
B
n=—
2rd (C)

where An denotes the birefringence of the sample and d the
thickness of the cell. Measurements were made in ca. 8.1 “m
thick cells in the absence of an external electric field without
using an additional ordering procedure (ordering was only due
to the orienting layers and the temperature gradient). The
quality of the obtained orientation was evaluated by means of
polarizing optical microscopy. The measurements were done in
the temperature range 110—-60 °C, on cooling. When using this
measuring method, it is necessary to be sensitive to a change in
angle—an oscillation between 0 and 180 deg—which may have
a significant influence on the final result. The low temperature
limit is related to restrictions of the equipment used.

3. RESULTS AND DISCUSSION

3.1. Texture Observations. The characteristic textures of
the paraelectric SmA*, subphase SmC=a, ferroelectric SmC+,
and antiferroelectric SmC*A phases registered for pure AFLC
mixture and both composites are presented in Figure 3. The
typical fan-shaped texture was observed in the SmA* phase for
pure AFLC mixture and both composites (Figure 3a). Texture
ofthe SmA* phase for composite 1 appears to be more defective
than for the same phase in the AFLC mixture. In the case of
ferroelectric SmC* phase the broken fan-shaped texture was
visible for all materials studied (Figure 3c). The difference
between the textures of the SmC* and SmC=*a is the change of
color and the appearance offringes for the latter (compare parts
b and c of Figure 3). Additionally, for the SmC=a subphase, one
can see inclusions ofthe focal—conic texture that is broken at the
transition to the SmC~ phase for all the samples. Moreover, the
striation53 is quite visible in the SmC+a subphase, especially for
the AFLC mixture and composite 2 (Figure 3b) while there are
more focal—conic texture inclusions for composite 1. In the
SmC* phase, except for the fan-shaped texture, broken focal—
conic inclusions were visible for all the samples. Additionally, the
polygonal texture was registered for AFLC mixture and
composite 2 in the SmC* phase and in the SmC*a subphase
for AFLC mixture (for composites polygonal texture is strongly
suppressed in the SmC*a subphase).

In the antiferroelectric SmC*A phase, a characteristic fan-
shaped texture with fingers54 was registered (Figure 3d) which
slightly changes color and the fingers disappear as the
temperature decreases (Figure 3e). The polygonal inclusions
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Figure 3. Textures of the liquid crystalline phases of AFLC mixture and
both composites registered during cooling without external electric
field applied, rate 2 °C/min.

existinthe texture ofthe antiferroelectric SmC*A phase both for
AFLC mixture and composite 2. It is impressive that starting
from the SmC=a phase the number of polygonal inclusions are
strongly growing and reach a large number in the last liquid
crystalline phase for composite 2. It seems that small BaTiO3
particles (45 nm) are reasonable for elimination of polygonal
texture inclusions (but not focal—conic defects). Interestingly,
this type of particles affects stronger the striation in the
antiferroelectric phase (especially at lower temperature range).

Generally, all the textures registered for composite 2 are very
similar to those for AFLC mixture, while for composite 1 are
different. Itis likely thatlarger particles (280 nm in composite 2)
agglomerate faster and accumulate in already existing defects
(e.g., domain boundaries). It is also not excluded that, in the
filling process, particles have agglomerated at the edge ofthe cell
and did not enter its interior (this requires further studies). To
sum up, the following phases were distinguished for studied
materials: the SmA* phase with the fan-shaped texture, the
SmC+a subphase with fan-shaped texture (with visible striation
for AFLC mixture and composite 2), the SmC* phase with
broken fan-shaped texture with visible broken focal—conic
inclusions, and the SmC+A phase with the fan-shaped texture
containing fingers. The polygonal inclusions were observed only
for AFLC mixture and composite 2.

3.2. Calorimetric Measurements. As an example, the DSC
curves registered during cooling and heating are presented in
Figure 4. As one can see, for all the samples studied, the
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Figure 4. DSC curves obtained during cooling (a) and heating (c) for all the samples studied and the enlarged area during cooling (b) and heating (d).

anomalies were registered only in the high temperature range
during cooling to —20 °C (Figure 4a). Therefore, the very
narrow high temperature range is enlarged in Figure 4bto
compare the DSC curves. The heating cycles of the whole
temperature range and the enlarged high temperature range are
presented in parts c and d of Figure 4, respectively. Asis seen, the
doping process does not cause the vanishing of any phases
present in the pure AFLC mixture while the transition
temperatures, both at heating and cooling, are visibly shifted
toward lower values after doping with BaTiO3 (in contrary to
nematic liquid crystal doped with BaTiO355). This is a very
interesting conclusion because Kumar et al.56 by doping the
BCN with BaTiO3 particles (10—200 nm, tetragonal structure)
obtained the transition temperature of the nematic—isotropic
liquid at higher values. In the nematic phase, particles have much
greater freedom of movement than in layered phases such as
smectics. Due to the stable dipole moment, ferroelectric
particles generate strong electric fields around them, which
affects the orientation of liquid crystal molecules and
interactions, which in turn increases the nematic order
parameter, and thus increases the transition temperature.
Large restrictions of molecular movement in the smectic phases
strongly limit (or even hinder) the increase of the order
parameter in such a phase, which means that a decrease in phase
transition temperatures for composites is observed. For example,
the Is—smectic phase transition temperature is shifted about ca.
4 ~C for composite 1 and 1 °C for composite 2 compared with
pure AFLC mixture. As one can see, no transition to the crystal
phase was registered during cooling, while the crystallization
process is visible during subsequent heating for pure AFLC
mixture and both composites (Figure 4c,d), what is in good
agreement with the texture observations. Interestingly, the
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crystallization process for both composites is a two-step process,
as evidenced by two anomalies close together. During heating, a
small hump is visible only for AFLC mixture (Figure 4d), which
probably represents the transition from the antiferroelectric
SmC+Ato the ferroelectric SmC= phase. As is known, the second
order transition is not visible in DSC study because it is not
accompanied by a thermal effect. In our case the SmMA*—SmC=*a
transition is not visible while the SmC*-SmC=*A phase
transition is associated with a very low heat effect. The DSC
measurements were repeated after 2 and 4 weeks, and the results
obtainedareidenticalwiththose presentedhere,whichindicates
the thermal stability of the pure antiferroelectric mixture and
both composites.

3.3. Transmitted Light Intensity Measurements. As it
was mentioned above, some phase transitions were not
registered by DSC measurements, therefore the optical method
was used. Transmitted light intensity versus temperatures is
presented in Figure 5. As one can see, in the antiferroelectric
SmC*Aphase the intensity decreases downto ca. 30°C andthen
continuously increases with decreasing temperature for all the
samples. In turn, in the high temperature range, a step,
corresponding to the phase transition, is well visible for all the
samples. As an example, the high temperature range for AFLC
mixture is presented in the inset. As one can see, the gradual
increase in the transmitted light intensity is visible which allows
determining the phase transition temperatures between narrow
liquid crystalline phases. Three characteristic intensity jumps
indicate phase transitions between the Is—SmA*, SmA*-
SmC+a, and SmC*-SmC*A phases. Due to the fact that the
SmC+a subphase exists in a very narrow temperature range, the
SmC*a—SmC~* phase transition was not registered by this
method.

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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Figure 5. Transmitted light intensity versus temperature for pure AFLC
mixture and both composites. The inset shows the high temperature

range of the AFLC mixture; the dashed lines marked the transition
between liquid crystalline phases.

3.4. Phase Sequence. Using complementary methods,
mentioned above, the phase sequences for the AFLC mixture
and both composites were determined. Table 1 presents the

Table 1. Phase Sequences on Cooling for the AFLC Mixture
and Both Composites, AT = 0.4 °C

sample phase sequence
. 107.2°C 105.9 °c 105.6°C
mixture Is ... ~ SMA SmC* .
) 102.0 °c 101.6°
composite 1 SmC* .
R 106.1°C & 1044 °c 104.1°C % 102 0°c
composite 2 Is «~ SmA SmC* «~ SmMC* ------- *SMCa

phase sequences on cooling for all the samples studied. The
phase transition between antiferroelectric SmC*A and Cr phases
was not observed at cooling. However, if the sample was kept for
alongtime at 0 °C or lower temperature (after cooling from the
isotropic phase), crystallization was observed after several dozen
minutes. The studies of the crystallization process of AFLC
mixture and both composites are the focus of further research.
As one can see in Table 1, the doping AFLC mixture with
particles decreases the transition temperatures.

3.5. Electro-optic Measurements. Spontaneous polar-
ization measurements were performed on uniformly aligned
samples. Alignment conditions (frequency, signal shape, and

pubs.acs.org/JPCB

applied voltage) were selected on the experimental way and were
different for each sample. Anexternal electric field was applied to
the samples during cooling in the first tilted smectic phase. Asan
example, the process of forming a uniform texture (mono-
domain) for the AFLC mixture over time is presented in Figure
6. Although only an area of500 ~*m X 500 ~m is presented in the
figure, the sample was uniformly oriented in the entire area ofthe
electrodes (25 mma2).

First, the effect of doping particles on the spontaneous
polarization was checked. As it is seen in Figure 7 the threshold

125

100 +

0 10 40

20
upv]
Figure 7. Influence of the applied voltage on the spontaneous

polarization in the ferroelectric SmC* phase for AFLC mixture and
both composites.

voltage, at which the molecules began to reorient in the electric
field, is modified by particles. The threshold voltage was
obtained by fitting the straight line to the experimental data in
the low voltage range and is equal to 20.57, 8.96, and 21.35 V for
AFLC mixture, composite 1, and composite 2, respectively. At
higher voltages, spontaneous polarization increases slightly for
all the samples, although the smallest values were registered for
composite 1. In turn, the opposite behavior, in the high voltage
range, was observed by Coondoo et al.57 and Ganguly et al.58 for
other compounds in the ferroelectric phase. It may be that the
addition of oleic acid57 or deionized water58 has an effect on
discrepancies at higher voltages. However, it should be stressed
here that the above-mentioned papers57,58 describe Ps behavior
in the middle of the ferroelectric phase existing in a very wide
temperature range (about 70 °C), while in our case the
ferroelectric phase covers at most 2 °C. It seems that the effect of

Figure 6. Alignment process of AFLC mixture: texture taken after a few minutes after applying a sinusoidal wave of U =50V (a), after another 17 min
(b), after another 51 min (c) and after another 83 min (d). All photos are of 500 ~m X 500 ~*m size.
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Figure 8. VVoltage response for AFLC mixture and composite 1 at 52 (a) and 32 °C (b) together with the temperature dependence of the spontaneous
polarization for AFLC mixture and composites (c); f = 50 Hz, U = 120 V.

doping with BaTiO3 particles on the Ps(U) behavior may
depend on many factors (including the chemical structure of the
compound), which requires further studies.

As an example, the voltage responses at two chosen
temperatures (in the antiferroelectric phase) for AFLC mixture
and composite 1 are presented in parts a and b of Figure 8.1tis
clearly visible that the voltage response for AFLC mixture is
higher than that for composite 1. The temperature dependence
of the spontaneous polarization for all the samples studied is
presented in Figure 8c.

As one can see in the inset in Figure 8c, the significant
decrease in the Psvalue is visible for composite 1 as compared to
the pure AFLC mixture while it is very subtle for composite 2.
For example, the spontaneous polarization at 82 °C is equal to
166.3, 152.5, and 164.5 nC/cm2 for the AFLC mixture,
composite 1, and composite 2, respectively. Because the effect
of doping of ferroelectric particles on the antiferroelectric phase
has not been published so far, our studies can be compared with
the results describing the effect of ferroelectric particles on the
ferroelectric phase.59,60 In both mentioned articles, the
spontaneous polarization in the ferroelectric phase decreases
after doping the liquid crystal compound with ferroelectric
particles LiNbO3 and BaTiO3, like in our case in the
antiferroelectric phase. We can therefore conclude that the
BaTiO3 admixture reduces the spontaneous polarization in both
the ferroelectric and antiferroelectric phases. The temperature
behavior of Ps is similar for all of the samples and no saturation
was observed even at the lowest temperature. It is easy to notice
the second order transition between SmA* and SmC*a
subphases. Interestingly, such large polarization values in the
antiferroelectric phase were also observed in the antiferroelectric
phase by Mukherjee et al.45 for another compound (MOPBIC),
which was not fluorinated.

We suppose that the decrease in the Ps value for composites is
associated with the antiparallel orientation of the dipole
moments of the liquid crystal molecules (AFLC mixture) and
ferroelectric particles.61 Interestingly, despite the use of a larger
concentration of BaTiO3 particles with average diameter equal
to 280 nm, the polarization change is more pronounced for
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composite 1 (AFLC + 45 nm BaTiO3). At this stage, we have to
consider the size of the liquid crystal molecules and the particles
used. The average molecule length of 3F5FPhF compound is ca.
37 A =3.7 nm while the diameter of particles is 45 and 280 nm.
Therefore the ratio of objects mixed in the composites is ca. 12
and 76 for composite 1 and 2, respectively. Assuming an equal
density of used particles in both composites (according to
manufacturer true density is equal to 5.90 g/cm3), it is easy to
state that in a 1:1 weight ratio there are ca. 240 particles with 45
nm of diameter per 1 particle with diameter of 280 nm (V280 nm/
V45 m,,~ 240). The particle concentrations used were 0.50 wt. %
for composite 1 and 0.75wt. % for composite 2. Thus, the weight
ratio used is like 1:1.5 what means 120 nanoparticles of 45 nm
diameter to 1 submicroparticle of 280 nm diameter. Another
important aspect, that should be considered, is the Ps value of
BaTi03:40,62 for crystal form (single crystal) the Psvalue is equal
to 26 juC/cm2. However, Shieh et al.62 have shown that the
theoretical value 26 uC/cm2 changes under compressive stress
for 5 mmx5 mmx2 mm single crystal while for nanoparticles
around 50 nm is ca. 2.2 uC/cm2. In our case, despite the higher
concentration of particles for composite 2, more individual
particles are present in composite 1 and each of particle
contributes with its dipole moment. The total spontaneous

polarization for composites can be expressed by the following
relation:63

com
p:é

= wP + (1 — )P (s)
where w is the weight ratio of the AFLC mixture, (1 — w) is the
weight ratio of the BaTiO3 particles, and polarizations next to
weight ratios are for AFLC mixture and particles, respectively. As
is shown in Figure 8c the spontaneous polarization for
composites is lower than that for the AFLC mixture. Thus, the
dipole moments associated with particles and molecules of the
AFLC matrix have to be antiparallel oriented. Moreover, the
decrease of spontaneous polarization after doping by nano- and
submicroparticles can be caused by an increase in surface area.
As is seen in Figure 7 the spontaneous polarization is higher for
nanoparticles, even if the concentration of the submicroparticles
is higher, which results in a measurement of less polarization.

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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The temperature dependence of the tilt angle for AFLC
mixture and both composites are shown in Figure 9. Just like for

42
o] TR
L l...-.- S%es
38 i
261 '"'Eﬁi[ “‘
e # ‘ ®
@ 32 u
® Mixture Ak
304 ®m Composite 1
A Composite 2 L
28+
26+
24 —T T T T T
40 50 60 70 80 90 100
°Cl

Figure 9. Tilt angle versus temperature for AFLC mixture and both
composites.

spontaneous polarization close to the SmA*-SmC+a phase
transition, there is visible a jump in ® values. It is known that the
spontaneous polarization is coupled to the tilt angle but as one
can see, the doping process does not change much the tilt angle
(a primary order parameter64), although the large dispersion in
its temperature dependence is visible for composite 2. Therefore
it is impossible to determine the influence of submicroparticles
on the tilt angle of molecules. As it will be shown below, from the
results of XRD one can conclude that the tilt angle of both
composites should be the same within the error limits.
Invariability of the tilt angle indicates no structural changes in
the composites as compared to the AFLC mixture.65

Summarizing, the admixture of BaTiO3 particles does not
disturb the liquid crystal order in the smectic layers. Especially,
in the antiferroelectric phase the orthoconic nature is not
disturbed and at room temperature the tilt angle reaches ca. 42°
for all the samples.66 Interestingly, very similar behavior was
observed for the tilt angle during doping ferroelectric liquid
crystal with noble metal nanoparticles.67

Temperature dependence of the switching time in the
antiferroelectric SmC+*A phase is presented in Figure 10.
Switching time for both composites is shorter than that for
pure AFLC mixture about the same value in the whole
temperature range of this phase, and it increases with decreasing
temperature. Malik et al.68 presented similar behavior for
responsetimeduringdopedferroelectricliquidcrystalbycopper
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oxide nanoparticles decorated by multiwalled nanotubes. This
typical behavior is a consequence of the increasing of the
rotational viscosity with decreasing temperature. The switching
times at 34 °C are equal to 225, 216, and 197.5 ;s for AFLC
mixture, composite 1, and composite 2, respectively. Four
physical quantities, namely spontaneous polarization Ps, switch-
ing time r, rotational viscosity Y, and local electric field E are
related as follows:69-71

Y= PEt (6)

The applied field was used in the calculation of rotational
viscosity. As one can see in Figure 10b, the influence ofBaTiO3
particles on the rotational viscosity is quite visible, and for
example, at 40 °C, Y is equal to 6.03, 5.15, and 5.08 Pa's for the
AFLC mixture, composite 1, and composite 2, respectively. As
can be seen, the viscosity of composites within the uncertainty
range does not coincide with the viscosity values for the pure
mixture. Khushboo et al.72 and Chaudhary et al.73 observed
similar decreasing of the rotational viscosity after doping a
ferroelectric liquid crystal with nickel—ferrite as well as silica
nanoparticles. In turn, completely different behavior was
observed by Shukla et al.74 after doping a ferroelectric liquid
crystal by carbon dots. On the basis of the results presented
above, one can conclude that addition of BaTiO3 particles into
the liquid crystal matrix can help to design new materials with
faster switching time and lower spontaneous polarization. It
seems that in the future, by controlling the dopant dispersed in
the LC host, it will be possible to produce advanced materials
with specific parameters without using complex chemical
pathway.

During cooling from isotropic liquid, particles gather at the
domain boundaries of fan-shaped texture what is demonstrated
inFigurell for the SmC*Aphase ofcomposite 1. As it is visible
without analyzer (Figure 11b), nanoparticles aggregate at the
intersections of domain walls. Domain wall intersections are
large defects which carry large elastic energies. Thus, the
nanoparticles accumulate there, because this leads to a reduction
in the total free energy of the system. However, this issue
requires further research. Similar behavior was reported by Al-
Zangana et al.63

3.6. X-ray Measurements. The XRD patterns of the pure
AFLC mixture and two composites are presented in Figure 12,
In the non-doped sample, the low angle peak arising from the
smectic layer order appears at 107.8 °C(Figure 12a). The
temperature dependence of the smectic layer thickness,
determined by the Bragg equation from the position of the
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Figure 10. Switching time (a) and rotational viscosity (b) as a function of temperature in the antiferroelectric SmC*A phase for AFLC mixture and

both composites, Ar = 2 ¢s.
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Figure 11. Fan-shaped texture of the SmC*A phase for composite 1
with crossed polarizers (a) and without analyzer (b). Circles surround
the intersections of domain walls.

low angle peak, is shown in Figure 13. Between 107.8 and 105.8
°C, a single diffraction peak at 20 = 2.6° is observed, which
corresponds with either the paraelectric SmA* phase or the
SmC+a subphase. Our previous XRD results for the pure
3F5FPhF compound36 proved that the smectic layer thickness is
almost the same in these two phases because ofthe relativelylow
tilt angle value in the SmC~*a subphase.53 At 105.8 °C, the
second low angle peak at 20 = 2.7° appears, which is the sign of
the transition to the tilted ferroelectric SmC* phase. The SmC~
phase is stable in a narrow temperature range, and the small
discontinuity in the smectic layer thickness at 104.2 °C can be
interpreted as the transition to the antiferroelectric SmC*A
phase. During further cooling, the smectic layer thickness
decreases,anditsvaluebelowthesaturationtemperatureisclose
to 31 A, which is the intermediate value between the smectic
layer thickness deep in the SmC*A phase obtained for the
3F5FPhF (30.5 A36) and the 3F7HPhF (31.8 A37) homologues.

In the XRD patterns ofboth composites no low angle peak is
observed at 107.8 =C (Figures 12b,c). For the composite 2 the
low angle diffraction peak develops at 98.6 °Cat20 = 2.7°. The
determinedsmecticlayerthicknessvalues (Figurel3) imply that
this peak originates from the tilted ferroelectric SmC* or
antiferroelectric SmC+A phase. For the composite 1 the sharp
diffraction peak at 20 = 2.8° appears at even lower temperature
(90 °C) where the sample is in the antiferroelectric SmC*A
phase (Figure 12c). The absence of the low angle diffraction
peak at 20 = 2.6°, expected from the SmA* and SmC=*a phases,
in the patterns ofthe doped mixtures can be explained as follows:
impurities (e.g., nanoparticles and submicroparticles) increase
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Figure 13. Smectic layer thickness in the AFLC mixture and both
composites. The inset shows the temperature region close to the
clearing point. For clarity, the error bars are marked only in the vicinity
of the clearing point (their highest values).

the number ofdefects and decrease the average size ofdomains.
This leads to widening and decrease in height of the diffraction
peak originating from the smectic layer order, making the small
peak invisible in the registered patterns. This effect is stronger
for composite 1 because the interactions between liquid crystal
molecules and particles increase with decreasing difference
between smectic layer thickness and particle size.8 It is in
accordance with texture observations, where addition of 45 nm
particles to the AFLC mixture results in a larger number of
defects.

Although the BaTiO3 dopant significantly influences the
phase transitions in the vicinity ofthe clearing point, both non-
doped and doped samples develop the antiferroelectric SmC*A
phasebelow90°C.Forthedopedmixturesthereisnodifference
in the smectic layer thickness ofthe SmC+A phase. The value is
slightly higher than the one determined for the non-doped
sample but the difference is very small and completely vanishes
below ca. 40 °C (Figure 13). This result together with the tilt
angle measurements reported above prove that addition of
BaTiO3 particles (submicroparticles or nanoparticles) in the
used concentration does not disturb the smectic layer spacing
deep in the antiferroelectric SmC*A phase. There was also not
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Figure 12. Diffraction patterns of the AFLC mixture (a), composite 2 (b), and composite 1 (c). The patterns in each panel are registered on cooling at

107.8, 105.4, 90, 20, and —30 °C (in the same order).
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observed any influence of the BaTiO3 dopant on the distances
betweenmoleculeswithinthesmecticlayers:thewidemaximum
visible in the diffraction patterns of the smectic phases about 20
=18 corresponds with the average intralayer distances 0f4.7—-5
A for all studied samples and do not differ from the distances
determined at the same temperatures for pure 3F5FPhF and
3F7HPhF.37

The presence of particles has also an influence on the
crystallization process, as it is visible comparing the diffraction
patterns collected at —30 °C(Figure 12, bottom pattern in each
panel). In the non-doped AFLC mixture, the SmC*A  crystal
transition is observed at 0 °C, and at —30 °C, the pattern ofthe
well crystallized sample is observed. In composite 2, the
crystallization process also begins at 0 °C, but it is considerably
slowed down, and at —30 °C two low angle peaks are observed in
the diffraction pattern: the one at 20 = 2.9° originating from the
antiferroelectric SmC+*A phase and the second one at 20= 3.6°
fromthe crystal phase. The integrated intensity ofthe 20=2.9°
peak at —30 °C is equal to 49% ofthe integrated intensity ofthis
peak at the onset of crystallization at 0 °C. It means that about
50% of the composite 2 is still in the antiferroelectric SmC*A
phase at —30 °C. The addition 0f45 nm nanoparticles has even
stronger hindering effect on the crystallization process: although
the onset ofcrystallization is visible at 0 °C, at —30 °C still only
small sharp peaks from a crystal phase are visible (Figure 12c)
and most of the sample is in the smectic phase. Presence of
impurities is usually expected to enhance crystallization by
lowering the energy barrier for nucleation.75 Indeed, both in
non-doped and doped samples crystallization starts at the same
temperature. That means that the addition ofparticles does not
hinder nucleation itselfbut rather may slow down the growth of
stable nuclei, which is the next stage of crystallization.

3.7. Birefringence Measurements. Figure 14 shows the
results of birefringence measurements in the materials studied.
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|
<
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0,00 44— ' . .

L] L]
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Figure 14. Birefringence as a function of temperature for the pure

AFLC mixture and both composites.

As one can see, between 60—75 °C the optical anisotropy for the
AFLC mixture is greater than for both composites. At the
highest temperatures (in the SmA* phase), the birefringences
for AFLC mixture and composite 1 are approximately the same,
but for composite 2, the value ofbirefringence is much lower. At
the SmA*-SmC=a phase transition, the abrupt jump for all
materials is visible. As one can see, the phase transition
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temperatures are shifted for composites what is in good
agreement with the DSC results. It turns out, at lower
temperatures—below 75 °C (in the SmC+*A phase)—the
measured birefringence An for both composites are smaller
than for the pure AFLC mixture. It suggests that the addition of
BaTiO3 particles into LC matrix decreases the optical
anisotropy.Much smaller values for composite 2 than composite
1 are probably associated with the particles size. Interestingly,
from 80 °C to higher temperatures, the values of birefringence
for the mixture and composite 1 are the same, whereas below
there are discrepancies. On the basis of these results, one can
conclude that the larger BaTiO3 particles cause faster
disappearance of optical anisotropy than the smaller ones.
However, this requires further investigation. It seems that
changes in optical anisotropy may result from the strong
interaction between dipole moments of the liquid crystal host
and particles. In the measurements of optical anisotropy, a
guest—host effect may appear. The larger the particles of the
admixture, the more difficult it is for them to fit into the double-
twisted structure, which can disrupt the order of the liquid
crystal. Birefringence measurements suggest that the liquid
crystal arrangement is affected. In particular, this behavior is
visible for composite 2.Differences appearing in birefringence
measurements relative to diffraction and electric measurements
may be due to the fact that measurements ofthe tilt angle were
made on uniformly aligned samples, while birefringence without
using the ordering field.

3.8. lons Trapping Phenomenon. The results presented
above show that it is possible to modulate the physical properties
of the liquid crystal host by doping with BaTiO3 particles,
without disturbing the liquid crystal order. BaTiO3 particles are
ferroelectric, so their addition to the LC matrix changes the local
electric field. As a result, the liquid crystal molecules are
subjected to this modified electric field. We assume that the
shorter switching time of the investigated composites results
from the phenomenon of free ions trapping on the surface of
particles—between free ions and particles Coulomb interaction
occurs. Almost all liquid crystalline materials contain free ions
(as impurities after the synthesis process) that affect
conductivity. Moreover, ifwe consider liquid crystalline material
in an electro-optic cell, free ions can also come from polymer
alignment layers, spacers and filling process (ions from
atmosphere). The electric field at a distance r from the middle
of ferroelectric BaTiO3 particle has a dipole form:31,76

Rr’P x
3—(2 cos OF + sin 66)
€

—_—
Ep = 3
OY'

™

Here R is the radius of particles (in our case the diameter were
equal to 45 and 280 nm), P is the polarization ofparticles, ris the
distance from the middle of particle, and eo is the vacuum
permittivity. The electric field ENP at a distance of several
nanometers from the surface ofthe particle is ofthe order 0f1010
V/m; e.g., itis 4 orders of magnitude higher than the external
electric field applied to the electro-optic cell (15 X 106 VV/m).
The ENP field decreases very fast as the distance increases; thus,
all mobile ions surrounded by particle are trapped. Schematic
ions transport in a pure AFLC mixture is shown in Figure 15a.
When an external electric field is applied, free ions will move to
the polarized bounding surfaces. In turn, the phenomena offree
ions trapping in a doped AFLC mixture hinder the migration of
ions to the appropriate electrodes, as schematically presented in
Figure 15b. This trapping of free ions by BaTiO3 particles is

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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responsible for the modification of the local electric field, which
is higher in the case of the doped rather than the pure AFLC
mixture. So, the switching time for both composites should be
shorter than for pure AFLC mixture, as it was measured by us
(see Figure 10) and observed by Shukla et al.59 Additionally,
fewer free ions reduce rotational viscosity. In turn, the change of
the spontaneous polarization in the composites can be explained
by antiparallel dipole—dipole correlations between the liquid
crystal molecules and particles. In the case of not doped sample,
molecules are subjected to a resultant electric field Eres = Eext +
Einter (where Eext is an external electric field applied while Einter is
an electric field from the neighbors). The resultant electric field
Eres is weakened by opposite directed electric field EFI coming
from free ions on the electrodes (eq 8):

E,+E,

—_—
E.mrjnped =L

(®)

In the case of the doped sample, in addition to the electric fields
Eres and EFI, there is an extra electric field coming from the
trapped ions (ETI), which direction is the same as the external
field (eq 9):

Edopz E + EH + ET,

)
Thus, the local electric field is modified by particles and
increases its value:

|Er:crdopedl < lEzfopedI (]0)

3.9. Dielectric Measurements. It is known that several
collective processes exist in the antiferroelectric, ferroelectric
and paraelectric liquid crystalline phases. The low frequency,
temperature independent process, Goldstone mode, is con-
nected with collective reorientation of the polarization vector
along a cone with an opening angle 2® (® is the tilt angle of
molecules).77 The strong enough bias field can suppress the
Goldstone mode and then relaxation processes like domain
mode or soft mode can be revealed.78,79 The soft mode is
strongly dependent on temperature while the bias voltage does
not have influence on the relaxation frequency of this dielectric
process. Usually, the soft mode is observed near to the SmC*—
SmA* phase transition but there are also compounds with the
soft mode registered in the whole temperature range of the
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dipole moment of liquid crystal molecule. The drawing presents the situation for unwounded helices in the SmC*A

ferroelectric SmC* phase and even in the antiferroelectric
SmC+*A phase.80 There are possible three dielectric processes in
the antiferroelectric SmC*A denoted here as PH,PL (so-called
the antiferroelectric-like Goldstone mode), and molecular s-
process that was reported earlier by us and others.80-83

Figure 16 presents the dielectric absorption as a function of
frequency and temperature for pure AFLC mixture and both
composites in the antiferroelectric SmC*A phase registered
without (left column) and with (right column) applied bias field.
As one can see, in the case without bias field applied, the
absorption e” of all the processes registered is the lowest for the
composite 1 in the SmC*A phase. Moreover, the relaxation
frequency of the processes registered in both composites is
shifted to lower values as compared with the pure AFLC
mixture. After applying the bias field, the PL mode, practically
not visible in composites, was registered (Figure 16d,f) and the
relaxation frequencies ofPLand PHare shifted to higher values.

Figure 17 presents the influence of the bias field on the
dielectric spectra for both composites in the antiferroelectric
SmC*A (70 °C) and paraelectric SmA=* (100 °C) phases. As one
can see, the influence of the bias field on the high frequency
dielectric process PH in the antiferroelectric phase is negligible
while the low frequency mode PL becomes weaker and its
relaxation frequency decreases with increasing the bias field for
both composites. The relaxation frequency for the PL process (at
7 V) is equal to 3649, 3404, and 2963 Hz while the absorption
value for this relaxation process (at 7 V) is equal to 0.042, 0.316,
and 0.392 for the AFLC mixture, composite 1, and composite 2,
respectively.

In turn, in the paraelectric SmA* phase only one relaxation
process—soft mode is visible and the influence ofparticles on the
dielectric spectra is noticeable (Figure 17c¢,d). Despite the fact
that the bias voltage does not change the relaxation frequency of
the soft mode (vr = 204 kHz at 0 and 10 V for both composites),
dielectric absorption values differ significantly. As it is seen, for
the LC matrix with an admixture of smaller BaTiO3 nano-
particles (45 nm), the dielectric losses ofthe soft mode in the
SmA* phase is twice as low as for a matrix doped with larger
particles (Figure 17c, d).

The dielectric increment and relaxation frequency of the
dielectric processes registered in the liquid crystalline phases

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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Figure 16. 3D plots of the dielectric absorption as a function of frequency and temperature for AFLC mixture (a, b), composite 1 (c, d), and composite
2 (e, f). The first column represents dielectric data registered without bias voltage and the second one with VB = 17.0 V.

were obtained by fitting the Cole—Cole formula8485 to the
experimental data. The characteristic VV-shape in the temper-
ature dependence of the relaxation frequency and the inverse of
dielectric increment, for all the samples studied, in the vicinity of
the SmA*—SmC*a—SmC* phase transition is presented in
Figure 18. On the basis ofthe Blinc and Zeks theory,86 the ratio
of the slope of the straight lines fitted on both sides of the
SmA=*-SmC=* transition is equal to -2 for the second order
transition. For the studied samples these values are equal to
-2.81 + 0.85, —2.66 + 0.74, and —2.76 =+ 0.33 for the AFLC
mixture, composite 1 and composite 2, respectively. It is seen
that the calculated slope ratios, within the error limits, are
generally close to -2, as predicted by the theory. However, it
should be stressed here that the theory86 concerns the transition
between the paraelectric SmA* and ferroelectric SmC* phases,
while the compounds studied exhibit an additional narrow
subphase SmC+a between them, which usually affects the slope
factor. This is well visible for composite 2, where the slope ratio
does not equal —2 within experimental error. The relaxation
frequency at the SmA*—SmC+a phase transition is equal to ca.
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200 kHz for the AFLC mixture and composite 1 while for
composite 2 is ca. 275 kHz. This is another proof that by
addition of BaTiO3 particles to the liquid crystal matrix its
properties can be modified.

The Arrhenius plot for dielectric processes revealed in the
antiferroelectric SmC*A phase is presented in Figure 19. The
activation energy of each process, gathered in Table 2, was
obtained by using the Arrhenius equation.87 As one can see,
three processes are well visible for all the samples studied. At
lower temperatures PH mode and reorientation around short
axis (s-process) are present while at higher temperatures PH and
PL modes were detected. In the case of PH process, two values of
activation energy were obtained: in the low and high
temperature range (marked as 1 and 2 in Figure 19 and Table
2). Asitisvisible, the activation energy of PH isalmost double for
low than high temperature range, for the pure AFLC mixture
and both composites. Moreover, the activation energies for the
AFLC mixture and both composites are comparable. Thus, the
particles admixture does not influence the activation energies of

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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Figure 17. Influence of the bias voltage on the dielectric absorption in the antiferroelectric SmC+A phase (a, b) and paraelectric SmA* phase (c, d) for

composite 1 (a, ¢) and composite 2 (b, d).

the relaxation processes revealed in the antiferroelectric SmC*A
phase.

3.10. lonic Conductivity Measurements. In the pure
AFLC mixture, after applying the electric field, free ions
(positive and negative) go to properly polarized electrodes.
After reversing the electric field direction, they move to the
opposite electrodes. Their movement is responsible for ionic
current in the LC host. lonic conductivity is proportional to the
amount of free ions in the sample. So, the conductivity
measurement is therefore a good way to determine the amount
of free ions in a sample. The conductivity is a complex quantity
depending on frequency:88

o{w) = ¢'(w) + ic"{w) = iwe, (®)

= jw(e(w) — ie"{w)) = we"(w) + iwe' (@) {11}
6 =6l = {6’} + (6")° (12)
! = n p— Af
o'(w) = we"(w) coil T o T
“ — ' — Ae
6"{(w) = we'(w) co[t‘m + T o't ], (3)

where a', a", e', " are real and imaginary part of complex
conductivity and complex permittivity, e" is complex
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permittivity (perpendicular component), m is the angular
frequency (m = 2nf = 2n/T), t is the relaxation time of the
medium, and Ae is the dielectric increment.

AC conductivity as a function of frequency at three freely
chosen temperatures for each sample and as a function of
temperature is presented in Figure 20 and 21, respectively. As
one can see, the absolute conductivity in the composite 1 is
smaller than for pure AFLC mixture and composite 2 as well.
Thisindicatesthetrappingoffreeionsbyparticles.Inturn,for
composite 2, there is not visible change in comparison with the
AFLC mixture. So, the admixture of smaller particles
significantly reduces ionic conductivity compared to a pure
mixture.

To show that the conductivity value for composite 1 drops
significantly compared to the pure mixture, in Figure 21 we can
see how the low frequency conductivity changes with temper-
ature. At high frequencies, we already have a completely
different conductivity regime, which is not discussed in this
work. The conductivity values are lower for both composites
than for the mixture at low temperatures. Higher values at high
temperatures than for a pure mixture may be due to the fact that
the particles introduced into the matrix also contained a certain
amount of ions. The value of ionic conductivity for both
composites increases then (approximately 65 °C), because
trapped ions gain sufficiently high thermal energy that allow
them to detach from the local field ofdopant particles, and they

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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Figure 18. Temperature dependence of the inverse of dielectric increment and relaxation frequency in the vicinity of the SmA*—-SmC=a phase

transition for the AFLC mixture (a), composite 1 (b), and composite 2 (c).
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Figure 19. Arrhenius plots for all the dielectric processes in the SmC*A phase for AFLC mixture (a), composite 1 (b), and composite 2 (c).

Table 2. Activation Energies for All the Dielectric Processes
Revealed in the SmMC*A Phase for the AFLC Mixture and Both

Composites

activation energy [kJ/mol]

sample/process PL Phl PH2 s-process
mixture 107.4+3.2 50.5%0.7 957+ 18 96.1 £ 16
composite 1 111.3+29 48.6 £0.8 925+ 16 959+ 13
composite 2 109.2+ 2.0 51.8 0.2 922+ 15 975+ 10

become mobile. Hsiao et al.89 obtained similar ionic
conductivity behavior for nematic liquid crystal E44 doped
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with ferroelectric BaTiO3 nanoparticles (30—50 nm, concen-
tration 0.1 and 0.55% by weight).

According to Garbovskiy et al.,90-92 liquid crystals obtained
by doping with nano-/microparticles can be purified or
contaminated with ions, or there will be no change in the
concentration of these ions in the sample, depending on the
chemical purity of the liquid crystal matrix and dopant particles.
According to Garbovskiy's assumptions, if the original
concentration of mobile ions in the matrix is less than the
critical concentration (characteristic parameter for a given liquid
crystal material), then the dispersed dopant particles will cause
an increase in ion concentration. In addition, if the introduced
particles are heavily contaminated with ions (the amount of

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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Figure 21. Temperature dependence of absolute value of complex conductivity for the AFLC mixture and both composites at two chosen frequencies,

Act = 10-4 nS/cm.

impurities exceeds the critical value), then the amount of mobile
ions in the composite will also increase. In turn, if the ion
concentration in the liquid crystal matrix is higher than the
critical concentration and the doped particles are relatively pure,
then the matrix will be purified of ions. Intermediate cases, e.g.,
an ionic pure liquid crystal matrix and ionic enriched dopant
particles will cause the concentration of mobile ions in the
composite to be substantially constant. Tomylko et al.93
confirmed that there are changes in the ionic conductivity of
pure and ion-contaminated liquid crystal E7 doped with
diamond nanoparticles, whereas Shcherbinin et al.94 showed
such changes through the doping of a nematic pure liquid crystal
with ionically contaminated titanium dioxide nanoparticles. The
particles used in our experiments exhibit purity of 99.95%. The
results of conductivity measurements at low frequencies
(Figures 20 and 21) clearly show that the concentration of
free ions in both studied composites is lower than that in the
pure AFLC matrix. Thus, it can be qualitatively concluded that
the liquid crystal matrix used exceeds the critical ion
concentration and the particles used are sufficiently pure.
Moreover, as Garbovskiy and Glushchenko95 showed, the ions
present in a typical cell filled with a liquid crystal or a liquid
crystal-based composite may come from the process of liquid
crystal synthesis, impurities derived from the ordering polymer
layer, glue, and ions adsorbed on the surface of the particles.
Therefore, the process of controlling the amount of moving ions
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is very important from the point of view of the production of
materials with strictly defined properties.

It seems that despite larger particles concentration in
composite 2, there are fewer particles because their size is over
six times bigger than 45 nm particles (r280 nm/r45 nm « 6.22, while
volume ratio V280 nm/V45 nm « 240). However, it should be
pointedoutherethattheconcentrationofparticlesincomposite
2 may be less than 0.75% due to possible aggregation of particles
during cell filling. The absolute value of complex conductivity
for composite 1 is lower than for the AFLC mixture in the whole
temperature range, as it is seen in Figure 20. Also the absolute
value of complex conductivity for composite 2 is lower than for
the AFLC mixture, but in this case, the influence of particles is
much less. Based on the results presented in Figure 20 and
Figure 21, it can be clearly stated that the admixture of BaTiO3
particles traps free ions in the LC matrix, which reduces the

clonductivity. The same phenomenon was observed by Basu et
al.31

4. CONCLUSIONS

The influence of the ferroelectric BaTiO3 particles on the
properties of AFLC mixture were studied by complementary
methods. On the basis of the results obtained, it may be
concluded:

e The admixture does not affect the phase sequence,
however changes in the texture are noticeable (particles

https://dx.doi.org/10.1021/acs.jpcb.0c02401
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tend to aggregate at domain walls intersections, in order
to reduce the free energy of defects) and the phase
transition temperatures are shifted to the lower temper-
atures. Moreover, as compared to the undoped mixture,
the two-stage crystallization appears in both composites.
The admixture does not shorten the time for alignment of
the sample, and it takes ca. 2 h for AFLC mixture and both
composites. However, it is possible to decrease the
threshold voltage by doping at low concentrations of
BaTiO3 nanoparticles (45 nm size).

The decrease in the spontaneous polarization for both
composites can be explained by the antiparallel ordering
ofthe dipole moments ofliquid crystalline molecules and
the dopant particles together with the ion trapping
phenomenon. These also increase the local field acting on
a single molecule and that is why the decrease in switching
time and rotational viscosity for the composites is
observed.

On the basis of X-ray diffraction and electro-optic
measurements, we have shown that admixture of
BaTiO3 nano- and submicroparticles influence neither
the smectic layer spacing nor the tilt angle in the SmC*A
phase below 40 °C.

The addition ofparticles affects the dielectric parameters
of composites, such as the relaxation frequency and
absorption values; moreover, the decrease in the ionic
conductivity is observed.

In turn, no influence of the admixture on the activation
energies of the processes in the antiferroelectric SmC+*A
phase was observed. DC conductivity is suppressed by
bias field in the pure AFLC mixture the same in both
composites.

Summarizing, the reported studies confirmed that it is
possible to get rid of free ions from the liquid crystal matrix by
doping with ferroelectric particles. It turns out that free ions are
trapped close to the particles by a strong electric field, which is
the result of the dipole moment possessed by particles.
Reduction ofthe concentration offree ions in the liquid crystal
matrix significantly modifies the properties of the LC host
material, such as spontaneous polarization, rotational viscosity,
switching time, dielectric constant, or optical anisotropy.

AUTHOR INFORMATION

Corresponding Author
Monika Marzec - Institute of Physics, Jagiellonian University, 30-
348 Krakow, Poland;® orcid.org/0000-0002-4854-9567,
Email: monika.marzec@uj.edu.pl

Authors

Sebastian Lalik — Institute of Physics, Jagiellonian University, 30-
348 Krakow, Poland

Aleksandra Deptuch - Institute of Nuclear Physics, Polish
Academy of Sciences, 31-342 Krakow, Poland; Institute of
Physics, Jagiellonian University, 30-348 Krakow, Poland

Teresa Jaworska-Golab — Institute of Physics, Jagiellonian
University, 30-348 Krakow, Poland

Patryk Fryn — Institute of Physics, Jagiellonian University, 30-348
Krakow, Poland

Dorota Dardas - Institute of Molecular Physics, Polish Academy
of Sciences, 60-179 Poznan, Poland

Olaf Stefanczyk — Department ofChemistry, University of Tokyo,
Bunkyo-ku 113-0033, Tokyo, Japan;® orcid.org/0000-0003-
0955-5646

6070

pubs.acs.org/JPCB

Magdalena Urbanska — Institute of Chemistry, Military
University of Technology, 00-908 Warszawa, Poland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.0c02401

Notes
The authors declare no competing financial interest.

I ACKNOWLEDGMENTS

The research was carried out with the equipment purchased
thanks to the financial support of the European Regional
Development Fund Operational Program Infrastructure and
Environment, Contract No. POIS 13.01.00-00-062/08 (X-ray
diffractometer Empyrean 2 with Cryostream 700 Plus). The
research was carried out with the equipment purchased thanks
to the financial support ofthe European Regional Development
Fund in the framework of the Polish Innovation Economy
Operational Program Contract No. POI1G.02.01.00-12-023/08
(Differential Scanning Calorimeter DSC 8000, Novocontrol
spectrometer). S.L. acknowledges financial support of the
Ministry of Science and Higher Education in Poland [Grant
Number 7150/E-338/M/2018].

I REFERENCES

(1) Mikulko, A.; Marzec, M.; Wrobel, S.; Djbrowski, R. Electrooptic
Study of Antiferroelectric Mixtures for Display Application. Opto-
electron. Rev. 2006, 14, 319—-322.

(2) Oton, J. M.; Quintana, X.; Castillo, P. L.; Lara, A.; Urruchi, V.;
Bennis, N. Antiferroelectric Liquid Crystal Displays. Opto-electron. Rev.
2004, 12, 263—-269.

(3) Takanishi, Y.; Hiraoka, A.; Agrawal, V. K.; Takezoe, H.; et al.
Stability of Antiferroelectricity and Causes for Its Appearance in SmC*a
and SmC*A Phases ofa Chiral Smectic Liquid Crystal, MHPOBC. Jpn.
J. Appl. Phys. 1991, 30, 2023—2027.

(4) Urbanska, M.; Perkowski, P.; Szala, M. Synthesis and Properties of
Antiferroelectric and/or Ferroelectric Compounds with the -CH20
Group Close to Chirality Centre. Liq. Cryst. 2019, 46, 2245—-2255.

(5) Milewska, K.; Drzewmski, W.; Czerwmski, M.; Dabrowski, R.;
Piecek, W. Highly Tilted Liquid Crystalline Materials Possessing a
Direct Phase Transition from Antiferroelectric to Isotropic Phase.
Mater. Chem. Phys. 2016, 171, 33—38.

(6) Zurowska, M.; Dziaduszek, J.; Szala, M.; Morawiak, P.; Bubnov, A.
Effect of Lateral Fluorine Substitution far from the Chiral Center on
Mesomorphic Behaviour ofHighly Tilted Antiferroelectric (S) and (R)
Enantiomers. J. Mol. Lig. 2018, 267, 504—510.

(7) Zurowska, M.; Filipowicz, M.; Czerwmski, M.; Szala, M. Synthesis
and Properties of Ferro- and Antiferroelectric Esters with a Chiral
Centre Based on (S)-(+)-3-octanol. Lig. Cryst. 2019, 46, 299—-308.

(8) Martinez-Miranda, L.J.; McCarthy, K.; Kurihara, L. K.; Harry,J.J.;
Noel, A. Effect of the Surface Coating on the Magnetic Nanoparticle
Smectic-A Liquid Crystal Interaction. Appl. Phys. Lett. 2006, 89,
161917.

(9) Dierking, I.; Casson, K.; Hampson, R. Reorientation Dynamics of
Liquid Crystal-Nanotube Dispersions. Jpn. J. Appl. Phys. 2008, 47,
6390—6393.

(10) Tomylko, S.; Yaroshchuk, O.; Kovalchuk, O.; Maschke, U.;
Yamaguchi, R. Dielectric and Electro-Optical Properties of Liquid
Crystals Doped with Diamond Nanoparticles. Mol. Cryst. Lig. Cryst.
2011, 541, 35-43.

(11) Meeker, S. P.; Poon, W. C.; Crain, J.; Terentjev, E. M. Colloid-
Liquid-Crystal Composites: An Unusual Soft Solid. Phys. Rev. E: Stat.
Phys., Plasmas, Fluids, Relat. Interdiscip. Top. 2000, 61, R6083—R6086.

(12) Jurikova, A.; Csach, K.; Miskuf, J.; Tomasovicova, N.; Mitroova,
Z.; Zavisova, V.; Koneracka, M.; Kopcansky, P.; Timko, M.; Eber, N.;
et al. Thermal Stability of Bent-Core Liquid Crystals Doped with
Magnetic Nanoparticles. Acta Phys. Pol., A 2015, 127, 638—640.

https://dx.doi.org/10.1021/acs.jpcb.0c02401
J. Phys. Chem. B 2020, 124, 6055—-6073


pubs.acs.org/JPCB?ref=pdf
http://orcid.org/0000-0002-4854-9567
mailto:monika.marzec@uj.edu.pl
http://orcid.org/0000-0003-0955-5646
http://orcid.org/0000-0003-0955-5646
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02401?ref=pdf
https://dx.doi.org/10.2478/s11772-006-0043-8
https://dx.doi.org/10.2478/s11772-006-0043-8
https://dx.doi.org/10.1143/JJAP.30.2023
https://dx.doi.org/10.1143/JJAP.30.2023
https://dx.doi.org/10.1080/02678292.2019.1619852
https://dx.doi.org/10.1080/02678292.2019.1619852
https://dx.doi.org/10.1080/02678292.2019.1619852
https://dx.doi.org/10.1016/j.matchemphys.2016.01.011
https://dx.doi.org/10.1016/j.matchemphys.2016.01.011
https://dx.doi.org/10.1016/j.molliq.2017.12.114
https://dx.doi.org/10.1016/j.molliq.2017.12.114
https://dx.doi.org/10.1016/j.molliq.2017.12.114
https://dx.doi.org/10.1080/02678292.2018.1499147
https://dx.doi.org/10.1080/02678292.2018.1499147
https://dx.doi.org/10.1080/02678292.2018.1499147
https://dx.doi.org/10.1063/1.2359430
https://dx.doi.org/10.1063/1.2359430
https://dx.doi.org/10.1143/JJAP.47.6390
https://dx.doi.org/10.1143/JJAP.47.6390
https://dx.doi.org/10.1080/15421406.2011.569658
https://dx.doi.org/10.1080/15421406.2011.569658
https://dx.doi.org/10.1103/PhysRevE.61.R6083
https://dx.doi.org/10.1103/PhysRevE.61.R6083
https://dx.doi.org/10.12693/APhysPolA.127.638
https://dx.doi.org/10.12693/APhysPolA.127.638
https://dx.doi.org/10.1021/acs.jpcb.0c02401?ref=pdf

The Journal of Physical Chemistry B

(13) Glushchenko, A.; Cheon, Ch.; West, J.; Li, F.; Buyuktanir, E.;
Reznikov, Y.; Buchnev, A. Ferroelectric Particles in Liquid Crystals:
Recent Frontiers. Mol. Cryst. Lig. Cryst. 2006, 453, 227—-237.

(14) Neeraj; Raina, K. K. Influence of Silica Nanoparticles on
Dielectric Spectroscopy and Polarization Switching Responses of Novel
Ferroelectric Liquid Crystals. Phase Transitions 2010, 83, 615—626.

(15) Khushboo; Bhargava, N.; Anand, K.; Malik, P.; Sharma, P.; Jayoti,
D.; Raina, K. K. Dielectric and Polarization Switching Studies in Nickel
Nanoparticles Dispersed Ferroelectric Liquid Crystal Mixtures. Integr.
Ferroelectr. 2017, 184, 192—198.

(16) Malik, P.; Chaudhary, A.; Mehra, R.; Raina, K. K. Electro-Optic,
Thermo-Optic and Dielectric Responses of Multiwalled Carbon
Nanotube Doped Ferroelectric Liquid Crystal Thin Films. J. Mol. Lig.
2012, 165, 7—-11.

(17) Kaur, S.; Singh, S. P.; Biradar, A. M.; Choudhary, A.; Sreenivas, K.
Enhanced Electro-Optical Properties in Gold Nanoparticles Doped
Ferroelectric Liquid Crystals. Appl. Phys. Lett. 2007, 91, 140—142.

(18) Cheon, C. I.; Li, L.; Glushchenko, A.; West, J. L.; Reznikov, Y.;
Kim, J. S.; Kim, D. H. Electro- Optics of Liquid Crystals Doped with
Ferroelectric Nano-Powder. Dig. Tech. Pap. - Soc. Inf. Disp. Int. Symp.
2005, 36, 1471.

(19) Chodorow, U.; Mavrona, E.; Patka, N.; Strzezysz, O.; Garbat, K.;
Saitzek, S.; Blach, J. F.; Apostolopoulos, V.; Kaczmarek, M.; Parka, J.
Terahertz Properties of Liquid Crystals Doped with Ferroelectric
BaTiO3 Nanoparticles. Lig. Cryst. 2017, 44, 1207—1215.

(20) Chaudhary, A.; Malik, P.; Mehra, R.; Raina, K. K. Influence of
ZnO Nanoparticle Concentration on Electro-Optic and Dielectric
Properties of Ferroelectric Liquid Crystal Mixture. J. Mol. Lig. 2013,
188, 230—-236.

(21) Buchnev, O.; Ouskova, E.; Reznikov, Y.; Reshetnyak, V.; Kresse,
H.; Grabar, A. Enhanced Dielectric Response of Liquid Crystal
Ferroelectric Suspension. Mol. Cryst. Lig. Cryst. 2004, 422, 47—-55.

(22) Malik, P.; Chaudhary, A.; Mehra, R.; Raina, K. K. Dielectric
Studies and Memory Effect in Nanoparticle Doped Ferroelectric Liquid
Crystal Films. Mol. Cryst. Lig. Cryst. 2011, 541, 243—-251.

(23) Meneses-Franco, A.; Trujillo-Rojo, V. H.; Soto-Bustamante, E. A.
Synthesis and Characterization of Pyroelectric Nanocomposite Formed
of BaTiO3 Nanoparticles and a Smectic Liquid Crystal Matrix. Phase
Transitions 2010, 83, 1037—1047.

(24) Rudzki, A. An Influence of Nanoparticle Doping on Ferroelectric
Properties of a Thiobenzoate Liquid Crystal MHOBS10. Phase
Transitions 2018, 91, 225-230.

(25) Liang, H. H.; Xiao, Y. Z;; Hsh, F. J.; Wu, C. C,; Lee, J. Y.
Enhancing the Electro-Optical Properties of Ferroelectric Liquid
Crystals by Doping Ferroelectric Nanoparticles. Lig. Cryst. 2010, 37,
255-261.

(26) Jayoti, D.; Malik, P.; Prasad, S. K. Effect of ZnO Nanoparticles on
the Morphology, Dielectric, Electro-Optic and Photo Luminescence
Properties of a Confined Ferroelectric Liquid Crystal Material. J. Mol.
Lig. 2018, 250, 381 —387.

(27) Rudzki, A.; Evans, D. R.; Cook, G.; Haase, W. Size Dependence
of Harvested BaTiO3 Nanoparticles on the Electro-Optic and Dielectric
Properties of Ferroelectric Liquid Crystal Nanocolloids. Appl. Opt.
2013, 52, E6—E14.

(28) Misra, A. K.; Tripathi, P. K.; Manohar, R. Changes in Material
Parameters for Dye-Doped Ferroelectric Liquid Crystal. Phase
Transitions 2013, 86, 977—986.

(29) Dubey, R.; Mishra, A.; Singh, K. N.; Alapati, P. R.; Dhar, R.
Electric Behaviour of a Schiff's Base Liquid Crystal Compound Doped
with a Low Concentration of BaTiO3 Nanoparticles. J. Mol. Lig. 2017,
225, 496-501.

(30) Imamaliyev, A. R.; Ramazanov, M. A.; Humbatov, S. A. Effect of
Ferroelectric BaTiO3 Particles on the Threshold Voltage of a Smectic A
Liquid Crystal. Beilstein J. Nanotechnol. 2018, 9, 824—828.

(31) Basu, R.; Garvey, A. Effects of Ferroelectric Nanoparticles on lon
Transport in a Liquid Crystal. Appl. Phys. Lett. 2014, 105, 151905.

(32) Pandey, D. K.; Singh, U. B.; Dhar, R.; Dabrowski, R.; Pandey, M.
B. Dielectric and Electro-Optic Properties of 6CHBT Nematic Liquid

6071

pubs.acs.org/JPCB

Crystals and Silver Nanoparticles Composites. Phase Transitions 2019,
92, 931-938.

(33) Yadav, G.; Roy, A.; Agrahari, K.; Katiyar, R.; Chandel, V. S,
Manohar, R. Influence of Fe203 Nanoparticles on the Birefringence
Property ofWeakly Polar Nematic Liquid Crystal. Mol. Cryst. Lig. Cryst.
2019, 680, 65—74.

(34) Pushpavathi, N.; Sandhya, K. L.; Pratibha, R. Photoluminescence
and Electrical Conductivity Measurement of Liquid Crystal Doped
with ZnO Nanoparticles. Lig. Cryst. 2019, 46, 666—673.

(35) Zurowska, M.; Dabrowski, R.; Dziaduszek, J.; Garbat, K.
Filipowicz, M.; Tykarska, M.; Rejmer, W.; Czuprynski, K.; Spadlo, A,;
Bennis, N.; et al. Influence of Alkoxy Chain Length and Fluorosub-
stitution on Mesogenic and Spectral Properties of High Tilted
Antiferroelectric Esters. J. Mater. Chem. 2011, 21, 2144-2153.

(36) Lalik, S.; Deptuch, A.; Fryn, P.; Jaworska-Golab, T.; Dardas, D.;
Pociecha, D.; Urbanska, M.; Tykarska, M.; Marzec, M. Systematic
Study of the Chiral Smectic Phases of a Fluorinated Compound. Lig.
Cryst. 2019, 46, 2256—2268.

(37) Deptuch, A.; Jaworska-Golab, T.; Marzec, M.; Pociecha, D.;
Fitas, J.; Zurowska, M.; Tykarska, M.; Hooper, J. Mesomorphic Phase
Transitions of 3F7HPhF Studied by Complementary Methods. Phase
Transitions 2018, 91, 186—198.

(38) Dawber, M. Electrons Weigh in on Ferroelectricity. Physics
(College Park, Md). 2012, 5, 63.

(39) Paul, S.; Kumar, D. Barium Titanate as a Ferroelectric and
Piezoelectric Ceramics. J. Biosph. 2013, 2, 55—58.

(40) Fuentes, S.; Zarate, R. A.; Chavez, E.; Munoz, P.; Ayala, M,;
Espinoza-Gonzalez, R.; Leyton, P. Synthesis and Characterization of
BaTiO3 Nanoparticles in Oxygen Atmosphere. J. Alloys Compd. 2010,
505, 568—572.

(41) Yashima, M.; Hoshina, T.; Ishimura, D.; Kobayashi, S.;
Nakamura, W.; Tsurumi, T.; Wada, S. Size Effect on the Crystal
Structure of Barium Titanate Nanoparticles. J. Appl. Phys. 2005, 98,
014313.

(42) Clark, N. A.; Lagerwall, S. T. Submicrosecond Bistable Electro-
Optic Switching in Liquid Crystals. Appl. Phys. Lett. 1980, 36, 899—901.

(43) Miyasato, K.; Abe, S.; Takezoe, H.; Fukuda, A.; Kuze, E. Direct
Method with Triangular Waves for Measuring Spontaneous Polar-
ization in Ferroelectric Liquid Crystals. Jpn. J. Appl. Phys. 1983, 22,
L661—L663.

(44) Heilmeier, G. H.; Heyman, P. M. Note on Transient Current
Measurements in Liquid Crystals and Related Systems. Phys. Rev. Lett.
1967, 18, 583—585.

(45) Mukherjee, A.; Rahman, M.; Bhattacharyya, S. S.; Chaudhuri, B.
K. Measurement of Some Physical Parameters of Deformed Helix
Ferroelectric Liquid Crystal with an Antiferroelectric Phase. indian J.
Pure Appl. Phys. 2007, 45, 674—678.

(46) Bawa, S. S.; Biradar, A. M.; Chandra, S. Frequency Dependent
Polarization Reversal and the Response Time of Ferroelectric Liquid
Crystal by Triangular Wave Method. Jpn. J. Appl. Phys. 1986, 25, L446—
L448.

(47) Spruce, G.; Pringle, R. D. Measurement of Spontaneous
Polarization in Ferroelectric Smectic Liquid Crystals. Lig. Cryst.
1988, 3, 507—518.

(48) Malik, P.; Raina, K. K.; Gathania, A. K. Effects of Polymer
Viscosity on the Polymerization Switching and Electro-Optical
Properties of Unaligned Liquid Crystal/UV Curable Polymer
Composites. Thin Solid Films 2010, 519, 1047-1051.

(49) Roisnel, T.; Rodriquez-Carvajal,J.WinPLOTR: aWindowsTool
for Powder Diffraction Patterns Analysis. Mater. Sci. Forum 2001, 378-
381, 118-123.

(50) Wang, B.; Oakberg, T. C. ANew Instrument for MeasuringBoth
the Magnitude and Angle of Low Level Linear Birefringence. Rev. Sci.
instrum. 1999, 70, 3847—3854.

(51) Niezgoda, I.; Szypszak, E.; Dardas, D.; Galewski, Z. Influence of
the Ester Chain Length on the Mesogenic Behavior and Optical
Anisotropy of 4-[[4-(Butoxy)Phenyl]Diazenyl]Phenyl Alkanoates.
Phase Transitions 2016, 89, 393—402.

https://dx.doi.org/10.1021/acs.jpcb.0c02401
J. Phys. Chem. B 2020, 124, 6055—-6073


pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1080/15421400600653852
https://dx.doi.org/10.1080/15421400600653852
https://dx.doi.org/10.1080/01411594.2010.502412
https://dx.doi.org/10.1080/01411594.2010.502412
https://dx.doi.org/10.1080/01411594.2010.502412
https://dx.doi.org/10.1080/10584587.2017.1368657
https://dx.doi.org/10.1080/10584587.2017.1368657
https://dx.doi.org/10.1016/j.molliq.2011.09.016
https://dx.doi.org/10.1016/j.molliq.2011.09.016
https://dx.doi.org/10.1016/j.molliq.2011.09.016
https://dx.doi.org/10.1063/1.2756136
https://dx.doi.org/10.1063/1.2756136
https://dx.doi.org/10.1889/1.2036286
https://dx.doi.org/10.1889/1.2036286
https://dx.doi.org/10.1080/02678292.2016.1271468
https://dx.doi.org/10.1080/02678292.2016.1271468
https://dx.doi.org/10.1016/j.molliq.2013.09.020
https://dx.doi.org/10.1016/j.molliq.2013.09.020
https://dx.doi.org/10.1016/j.molliq.2013.09.020
https://dx.doi.org/10.1080/15421400490502012
https://dx.doi.org/10.1080/15421400490502012
https://dx.doi.org/10.1080/15421406.2011.569246
https://dx.doi.org/10.1080/15421406.2011.569246
https://dx.doi.org/10.1080/15421406.2011.569246
https://dx.doi.org/10.1080/01411594.2010.509617
https://dx.doi.org/10.1080/01411594.2010.509617
https://dx.doi.org/10.1080/01411594.2017.1390749
https://dx.doi.org/10.1080/01411594.2017.1390749
https://dx.doi.org/10.1080/02678290903564403
https://dx.doi.org/10.1080/02678290903564403
https://dx.doi.org/10.1016/j.molliq.2017.12.035
https://dx.doi.org/10.1016/j.molliq.2017.12.035
https://dx.doi.org/10.1016/j.molliq.2017.12.035
https://dx.doi.org/10.1364/AO.52.0000E6
https://dx.doi.org/10.1364/AO.52.0000E6
https://dx.doi.org/10.1364/AO.52.0000E6
https://dx.doi.org/10.1080/01411594.2012.727997
https://dx.doi.org/10.1080/01411594.2012.727997
https://dx.doi.org/10.1016/j.molliq.2016.11.077
https://dx.doi.org/10.1016/j.molliq.2016.11.077
https://dx.doi.org/10.3762/bjnano.9.76
https://dx.doi.org/10.3762/bjnano.9.76
https://dx.doi.org/10.3762/bjnano.9.76
https://dx.doi.org/10.1063/1.4898581
https://dx.doi.org/10.1063/1.4898581
https://dx.doi.org/10.1080/01411594.2019.1654107
https://dx.doi.org/10.1080/01411594.2019.1654107
https://dx.doi.org/10.1080/15421406.2019.1629147
https://dx.doi.org/10.1080/15421406.2019.1629147
https://dx.doi.org/10.1080/02678292.2018.1517421
https://dx.doi.org/10.1080/02678292.2018.1517421
https://dx.doi.org/10.1080/02678292.2018.1517421
https://dx.doi.org/10.1039/C0JM02015J
https://dx.doi.org/10.1039/C0JM02015J
https://dx.doi.org/10.1039/C0JM02015J
https://dx.doi.org/10.1080/02678292.2019.1622044
https://dx.doi.org/10.1080/02678292.2019.1622044
https://dx.doi.org/10.1080/01411594.2017.1393814
https://dx.doi.org/10.1080/01411594.2017.1393814
https://dx.doi.org/10.1103/Physics.5.63
https://dx.doi.org/10.1016/j.jallcom.2010.06.074
https://dx.doi.org/10.1016/j.jallcom.2010.06.074
https://dx.doi.org/10.1063/1.1935132
https://dx.doi.org/10.1063/1.1935132
https://dx.doi.org/10.1063/1.91359
https://dx.doi.org/10.1063/1.91359
https://dx.doi.org/10.1143/JJAP.22.L661
https://dx.doi.org/10.1143/JJAP.22.L661
https://dx.doi.org/10.1143/JJAP.22.L661
https://dx.doi.org/10.1103/PhysRevLett.18.583
https://dx.doi.org/10.1103/PhysRevLett.18.583
https://dx.doi.org/10.1143/JJAP.25.L446
https://dx.doi.org/10.1143/JJAP.25.L446
https://dx.doi.org/10.1143/JJAP.25.L446
https://dx.doi.org/10.1080/02678298808086397
https://dx.doi.org/10.1080/02678298808086397
https://dx.doi.org/10.1016/j.tsf.2010.08.041
https://dx.doi.org/10.1016/j.tsf.2010.08.041
https://dx.doi.org/10.1016/j.tsf.2010.08.041
https://dx.doi.org/10.1016/j.tsf.2010.08.041
https://dx.doi.org/10.4028/www.scientific.net/MSF.378-381.118
https://dx.doi.org/10.4028/www.scientific.net/MSF.378-381.118
https://dx.doi.org/10.1063/1.1150000
https://dx.doi.org/10.1063/1.1150000
https://dx.doi.org/10.1080/01411594.2015.1127921
https://dx.doi.org/10.1080/01411594.2015.1127921
https://dx.doi.org/10.1080/01411594.2015.1127921
https://dx.doi.org/10.1021/acs.jpcb.0c02401?ref=pdf

The Journal of Physical Chemistry B

(52) Dlubacz, A.; Marzec, M.; Dardas, D.; Zurowska, M. New
Antiferroelectric Liquid Crystal for Use in LCD. Phase Transitions
2016, 89, 349—-358.

(53) Labeeb, A.; Gleeson, H. F.; Hegmann, T. Polymer Stabilization of
the Smectic C-alpha* Liquid Crystal Phase - Over Tenfold Thermal
Stabilization by Confining Networks of Photo-Polymerized Reactive
Mesogens. Appl. Phys. Lett. 2015, 107, 232903.

(54) Kolek, L.; Massalska-Arodz, M.; Majda, D.; Suchodolska, B.;
Zalewski, S. Studies of Phase Diagram and Glass Transitions of a Liquid
Crystal with Ferro- and Antiferroelectric Phases. Acta Phys. Pol., A2013,
124, 909-912.

(55) Paul, S. N.; Dhar, R.; Verma, R.; Sharma, S.; Dabrowski, R.
Change in Dielectric and Electro-Optical Properties of a Nematic
Material (6CHBT) Due to the Dispersion of BaTiO3 Nanoparticles.
Mol. Cryst. Liq. Cryst. 2011, 545, 105—111.

(56) Kumar, P.; Debnath, S.; Rao, N. V.; Sinha, A. Nanodoping: A
Route for Enhancing Electro-Optic Performance of Bent Core Nematic
System. J. Phys.: Condens. Matter 2018, 30, 095101.

(57) Coondoo, |.; Goel, P.; Malik, A.; Biradar, A. M. Dielectric and
Polarization Properties of BaTiO3 Nanoparticle/Ferroelectric Liquid
Crystal Colloidal Suspension. Integr. Ferroelectr. 2011, 125, 81-88.

(58) Ganguly, P.; Kumar, A.; Tripathi, S.; Haranath, D.; Biradar, A. M.
Faster and Highly Luminescent Ferroelectric Liquid Crystal Doped
with Ferroelectric BaTiO3 Nanoparticles. Appl. Phys. Lett. 2013, 102,
222902.

(59) Shukla, R. K.; Liebig, C. M.; Evans, D. R.; Haase, W. Electro-
Optical Behaviour and Dielectric Dynamics of Harvested Ferroelectric
LiNbO3 Nanoparticle-Doped Ferroelectric Liquid Crystal Nano-
colloids. RSC Adv. 2014, 4, 18529-18536.

(60) Kumar, P.; Sinha, A. Effect of Barium Titanate Nanoparticles of
Different Particle Sizes on Electro-Optic and Dielectric Properties of
Ferroelectric Liquid Crystal. Phase Transitions 2015, 88, 605—620.

(61) Mikulko, A.; Arora, P.; Glushchenko, A.; Lapanik, A.; Haase, W.
Complementary Studies of BaTiO3 Nanoparticles Suspended in a
Ferroelectric Liquid-Crystalline Mixture. Europhys. Lett. 2009, 87,
27009.

(62) Shieh, J.; Yeh, J. H.; Shu, Y. C.; Yen, J. H. Hysteresis Behaviors of
Barium Titanate Single Crystals Based on the Operation of Multiple
90° Switching Systems. Mater. Sci. Eng., B 2009, 161, 50—54.

(63) Al-Zangana, S.; Turner, M.; Dierking, I. A Comparison Between
Size Dependent Paraelectric and Ferroelectric BaTiO3 Nanoparticle
Doped Nematic and Ferroelectric Liquid Crystals. J. Appl. Phys. 2017,
121, 085105.

(64) Shukla, R. K.; Evans, D. R.; Haase, W. Ferroelectric BaTiO3 and
LiNbO3 Nanoparticles Dispersed in Ferroelectric Liquid Crystal
Mixtures: Electrooptic and Dielectric Parameters Influenced by
Properties of the Host, the Dopant and the Measuring Cell.
Ferroelectrics 2016, 500, 141—152.

(65) Ghosh, S.; Roy, S. K.; Acharya, S.; Chakrabarti, P. K.; Zurowska,
M.; Dabrowski, R. Effect of Multiferroic BiFeO3 Nanoparticles on
Electro-Optical and Dielectric Properties of a Partially Fluorinated
Orthoconic Antiferroelectric Liquid Crystal Mixture. EPL 2011, 96,
47003.

(66) Fitas, J.; Marzec, M.; Szymkowiak, M.; Jaworska-Golab, T.;
Deptuch, A.; Tykarska, M.; Kurp, K.; Zurowska, M.; Bubnov, A.
Mesomorphic, Electro-Optic and Structural Properties ofBinary Liquid
Crystalline Mixtures with Ferroelectric and Antiferroelectric Liquid
Crystalline Behaviour. Phase Transitions 2018, 91, 1017—1026.

(67) Tripathi, S.; Ganguly, P.; Haranath, D.; Haase, W.; Biradar, A. M.
Optical Response of Ferroelectric Liquid Crystals Doped with Metal
Nanoparticles. Appl. Phys. Lett. 2013, 102, 063115.

(68) Malik, A.; Prakash, J.; Kumar, A.; Dhar, A.; Biradar, A. M. Copper
Oxide Decorated Multi-Walled Carbon Nanotubes/Ferroelectric
Liquid Crystal Composites for Faster Display Devices. J. Appl. Phys.
2012, 112, 0543009.

(69) Bawa, S. S.; Biradar, A. M.; Saxena, K.; Chandra, S. Direct Pulse
Technique for Spontaneous Polarization Dynamics and Molecular
Reorientation Processes in Ferroelectric Liquid Crystals. Rev. Sci.
Instrum. 1988, 59, 2023—2030.

6072

pubs.acs.org/JPCB

(70) Kimura, S.; Nishiyama, S.; Ouchi, Y.; Takezoe, H.; Fukuda, A.
Viscosity Measurement in Ferroelectric Liquid Crystals Using a
Polarization Switching Current. Jpn. J. Appl. Phys. 1987, 26, L255—
L257.

(71) Sumana, G.; Raina, K. K. Effect of Polymer Concentration on
Polarization Switching in Polysiloxane-Dispersed Ferroelectric Liquid
Crystals. J. Appl. Polym. Sci. 2003, 87, 1209—1215.

(72) Khushboo; Sharma, P.; Malik, P.; Raina, K. K. Dielectric and
Electro-Optical Studies ofa Nickel-Ferrite-Nanoparticle-Doped Ferro-
electric Liquid Crystal Mixture. Phase Transitions 2016, 89, 144—154.

(73) Chaudhary, A.; Malik, P.; Mehra, R.; Raina, K. K. Electro-Optic
and Dielectric Studies of Silica Nanoparticle Doped Ferroelectric
Liquid Crystal in SmC* Phase. Phase Transitions 2012, 85, 244—254.

(74) Shukla, R. K.; Mirzaei, J.; Sharma, A.; Hofmann, D.; Hegmann,
T.; Haase, W. Electro-Optic and Dielectric Properties ofa Ferroelectric
Liquid Crystal Doped with Chemically and Thermally Stable Emissive
Carbon Dots. RSC Adv. 2015, 5, 34491 —34496.

(75) Celikbilek, M.; Erin, A.; Ayd, S. Crystallization Kinetics of
Amorphous Materials. Advances in Crystallization Processes 2012,
35347.

(76) lbragimov, T. D.; Imamaliyev, A. R.; Bayramov, G. M. Formation
of Local Electric Fields in the Ferroelectric BaTiO3 Particles-Liquid
Crystal Colloids. Ferroelectrics 2016, 495, 60—68.

(77) Biradar, A. M.; Bawa, S. S.; Haase, W. Goldstone Mode
Behaviour in Deformed Helix Ferroelectric Liquid Crystal Materials.
Ferroelectrics 2001, 256, 201 —210.

(78) De La Fuente, M. R.; Sierra, T.; Merino, S.; PerezJubindo, M. A.
Low and High Frequency Relaxations of a Ferroelectric Liquid Crystal.
Mol. Cryst. Lig. Cryst. Sci. Technol., Sect. A 1995, 259,1—12.

(79) Marzec, M.; Dabrowski, R.; Fafara, A.; Haase, W.; Hiller, S.;
Wrobel, S. Goldstone Mode and Domain Mode Relaxation in
Ferroelectric Phases of 4'-[(S, S) - 2,3 - Epoxyhexyloxy] Phenyl 4-
(Decyloxy)Benzoate (EHPDB). Ferroelectrics 1996, 180, 127—135.

(80) Dey, K. C.; Mandal, P. K.; Dabrowski, R. Influence of Bias on
Dielectric Properties of Mesophases of a Laterally Fluorinated
Antiferroelectric Liquid Crystal. Springer Proc. Phys. 2017, 189, 475-
483.

(81) O'Sullivan, J. W.; Vij, J. K.; Nguyen, H. T. Polarization and
Dielectric Properties of an Antiferroelectric Liquid Crystal. Lig. Cryst.
1997, 23,77 —86.

(82) Perkowski, P.; Skrzypek, K.; Piecek, W.; Dziaduszek, J.;
Raszewski, Z.; Czuprynski, K. Dielectric Behavior of Antiferroelectric
Phase Induced in a Binary Mixture. Ferroelectrics 2010, 395, 27—34.

(83) Dey, K. C.; Kumar Mandal, P.; Dabrowski, R. Effect of Bias on
Dielectric Properties of SmMCA* and SmC* Phases of a Perfluorinated
Antiferroelectric Liquid Crystal. Mater. Today Proc. 2016, 3, 3987-
3991.

(84) Cole, K. S.; Cole, R. H. Dispersion and Absorption in Dielectrics
I. Alternating Current Characteristics. J. Chem. Phys. 1941, 9, 341—351.

(85) Goswami, D.; Debnath, A.; Mandal, P. K.; Weglowska, D.;
Dabrowski, R; Czuprynski, K. Effect of Chain Length and Fluorination
on the Dielectric and Electro-Optic Properties of Three Partially
Fluorinated Biphenylyl Benzoate Rigid Core Based Ferroelectric Liquid
Crystals. Lig. Cryst. 2016, 43, 1548—1559.

(86) Blinc, R.; Zeks, B. Dynamics of Helicoidal Ferroelectric Smectic-
C=* Liquid Crystals. Phys. Rev. A: At., Mol., Opt. Phys. 1978, 18, 740-
745.

(87) Lalik, S.; Deptuch, A.; Fryn, P.; Jaworska-Golab, T.; Weglowska,
D.; Marzec, M. Physical Properties of New Binary Ferroelectric
Mixture. J. Mol. Lig. 2019, 274, 540—549.

(88) Schadt, M.; Von Planta, C. Conductivity Relaxation in Positive
Dielectric Liquid Crystals. J. Chem. Phys. 1975, 63, 4379—-4383.

(89) Hsiao, Y. C.; Huang, S. M.; Yeh, E. R.; Lee, W. Temperature
Dependent Electrical and Dielectric Properties of Nematic Liquid
Crystals Doped with Ferroelectric Particles. Displays 2016, 44,61 —65.

(90) Garbovskiy, Y. Switching Between Purification and Contami-
nation Regimes Governed by the lonic Purity of Nanoparticles
Dispersed in Liquid Crystals. Appl. Phys. Lett. 2016, 108, 121104.

https://dx.doi.org/10.1021/acs.jpcb.0c02401
J. Phys. Chem. B 2020, 124, 6055—-6073


pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1080/01411594.2015.1116531
https://dx.doi.org/10.1080/01411594.2015.1116531
https://dx.doi.org/10.1063/1.4937564
https://dx.doi.org/10.1063/1.4937564
https://dx.doi.org/10.1063/1.4937564
https://dx.doi.org/10.1063/1.4937564
https://dx.doi.org/10.12693/APhysPolA.124.909
https://dx.doi.org/10.12693/APhysPolA.124.909
https://dx.doi.org/10.1080/15421406.2011.571961
https://dx.doi.org/10.1080/15421406.2011.571961
https://dx.doi.org/10.1088/1361-648X/aaa801
https://dx.doi.org/10.1088/1361-648X/aaa801
https://dx.doi.org/10.1088/1361-648X/aaa801
https://dx.doi.org/10.1080/10584587.2011.574078
https://dx.doi.org/10.1080/10584587.2011.574078
https://dx.doi.org/10.1080/10584587.2011.574078
https://dx.doi.org/10.1063/1.4809515
https://dx.doi.org/10.1063/1.4809515
https://dx.doi.org/10.1039/c4ra00183d
https://dx.doi.org/10.1039/c4ra00183d
https://dx.doi.org/10.1039/c4ra00183d
https://dx.doi.org/10.1039/c4ra00183d
https://dx.doi.org/10.1080/01411594.2015.1010201
https://dx.doi.org/10.1080/01411594.2015.1010201
https://dx.doi.org/10.1080/01411594.2015.1010201
https://dx.doi.org/10.1209/0295-5075/87/27009
https://dx.doi.org/10.1209/0295-5075/87/27009
https://dx.doi.org/10.1016/j.mseb.2008.11.046
https://dx.doi.org/10.1016/j.mseb.2008.11.046
https://dx.doi.org/10.1016/j.mseb.2008.11.046
https://dx.doi.org/10.1063/1.4976859
https://dx.doi.org/10.1063/1.4976859
https://dx.doi.org/10.1063/1.4976859
https://dx.doi.org/10.1080/00150193.2016.1215206
https://dx.doi.org/10.1080/00150193.2016.1215206
https://dx.doi.org/10.1080/00150193.2016.1215206
https://dx.doi.org/10.1080/00150193.2016.1215206
https://dx.doi.org/10.1209/0295-5075/96/47003
https://dx.doi.org/10.1209/0295-5075/96/47003
https://dx.doi.org/10.1209/0295-5075/96/47003
https://dx.doi.org/10.1080/01411594.2018.1506883
https://dx.doi.org/10.1080/01411594.2018.1506883
https://dx.doi.org/10.1080/01411594.2018.1506883
https://dx.doi.org/10.1063/1.4792687
https://dx.doi.org/10.1063/1.4792687
https://dx.doi.org/10.1063/1.4748958
https://dx.doi.org/10.1063/1.4748958
https://dx.doi.org/10.1063/1.4748958
https://dx.doi.org/10.1063/1.1140019
https://dx.doi.org/10.1063/1.1140019
https://dx.doi.org/10.1063/1.1140019
https://dx.doi.org/10.1143/JJAP.26.L255
https://dx.doi.org/10.1143/JJAP.26.L255
https://dx.doi.org/10.1002/app.11563
https://dx.doi.org/10.1002/app.11563
https://dx.doi.org/10.1002/app.11563
https://dx.doi.org/10.1080/01411594.2015.1078463
https://dx.doi.org/10.1080/01411594.2015.1078463
https://dx.doi.org/10.1080/01411594.2015.1078463
https://dx.doi.org/10.1080/01411594.2011.624274
https://dx.doi.org/10.1080/01411594.2011.624274
https://dx.doi.org/10.1080/01411594.2011.624274
https://dx.doi.org/10.1039/C5RA01257K
https://dx.doi.org/10.1039/C5RA01257K
https://dx.doi.org/10.1039/C5RA01257K
https://dx.doi.org/10.5772/35347
https://dx.doi.org/10.5772/35347
https://dx.doi.org/10.1080/00150193.2016.1136732
https://dx.doi.org/10.1080/00150193.2016.1136732
https://dx.doi.org/10.1080/00150193.2016.1136732
https://dx.doi.org/10.1080/00150190108015984
https://dx.doi.org/10.1080/00150190108015984
https://dx.doi.org/10.1080/10587259508038668
https://dx.doi.org/10.1080/00150199608223647
https://dx.doi.org/10.1080/00150199608223647
https://dx.doi.org/10.1080/00150199608223647
https://dx.doi.org/10.1007/978-3-319-44890-9_43
https://dx.doi.org/10.1007/978-3-319-44890-9_43
https://dx.doi.org/10.1007/978-3-319-44890-9_43
https://dx.doi.org/10.1080/026782997208695
https://dx.doi.org/10.1080/026782997208695
https://dx.doi.org/10.1080/00150191003684029
https://dx.doi.org/10.1080/00150191003684029
https://dx.doi.org/10.1016/j.matpr.2016.11.061
https://dx.doi.org/10.1016/j.matpr.2016.11.061
https://dx.doi.org/10.1016/j.matpr.2016.11.061
https://dx.doi.org/10.1063/1.1750906
https://dx.doi.org/10.1063/1.1750906
https://dx.doi.org/10.1080/02678292.2016.1186755
https://dx.doi.org/10.1080/02678292.2016.1186755
https://dx.doi.org/10.1080/02678292.2016.1186755
https://dx.doi.org/10.1080/02678292.2016.1186755
https://dx.doi.org/10.1103/PhysRevA.18.740
https://dx.doi.org/10.1103/PhysRevA.18.740
https://dx.doi.org/10.1016/j.molliq.2018.11.010
https://dx.doi.org/10.1016/j.molliq.2018.11.010
https://dx.doi.org/10.1063/1.431154
https://dx.doi.org/10.1063/1.431154
https://dx.doi.org/10.1016/j.displa.2015.11.004
https://dx.doi.org/10.1016/j.displa.2015.11.004
https://dx.doi.org/10.1016/j.displa.2015.11.004
https://dx.doi.org/10.1063/1.4944779
https://dx.doi.org/10.1063/1.4944779
https://dx.doi.org/10.1063/1.4944779
https://dx.doi.org/10.1021/acs.jpcb.0c02401?ref=pdf

The Journal of Physical Chemistry B

(91) Garbovskiy, Y.; Glushchenko, I. lon Trapping by Means of
Ferroelectric Nanoparticles, and the Quantification of this Process in
Liquid Crystals. Appl. Phys. Lett. 2015, 107, 041106.

(92) Garbovskiy, Y. Nanomaterials in Liquid Crystals as lon-
Generating and lon-Capturing Objects. Crystals 2018, 8, 264.

(93) Tomylko, S.; Yaroshchuk, O.; Kovalchuk, O.; Maschke, U.;
Yamaguchi, R. Dielectric Properties of Nematic Liquid Crystal
Modified with Diamond Nanoparticles. Ukr. J. Phys. 2012, 57, 239-
243.

(94) Shcherbinin, D. P.; Konshina, E. A. Impact of Titanium Dioxide
Nanoparticles on Purification and Contamination of Nematic Liquid
Crystals. Beilstein J. Nanotechnol. 2017, 8, 2766—-2770.

(95) Garbovskiy, Y.; Glushchenko, I. Nano-Objects and lons in Liquid
Crystals: lon Trapping Effect and Related Phenomena. Crystals 2015, 5,
501-533.

6073

pubs.acs.org/JPCB

https://dx.doi.org/10.1021/acs.jpcb.0c02401
J. Phys. Chem. B 2020, 124, 6055—-6073


pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1063/1.4926988
https://dx.doi.org/10.1063/1.4926988
https://dx.doi.org/10.1063/1.4926988
https://dx.doi.org/10.3390/cryst8070264
https://dx.doi.org/10.3390/cryst8070264
https://dx.doi.org/10.3762/bjnano.8.275
https://dx.doi.org/10.3762/bjnano.8.275
https://dx.doi.org/10.3762/bjnano.8.275
https://dx.doi.org/10.3390/cryst5040501
https://dx.doi.org/10.3390/cryst5040501
https://dx.doi.org/10.1021/acs.jpcb.0c02401?ref=pdf

Article

./ o
g8l materials

Modifications of FLC Physical Properties through Doping with
Fe20O3 Nanoparticles (Part )

Sebastian Lalikl, Olaf Stefanczyk 2

and Monika Marzec 1,*

check for

updates
Citation: Lalik, S.; Stefanczyk, O;
Dardas, D.; Gérska, N.; Ohkoshi, S.-i.;
Marzec, M. Modifications of FLC
Physical Properties through Doping
with Fe203 Nanoparticles (Part ).
Materials 2021, 14, 4722. https:.//
doi.org/10.3390/mal4164722

Academic Editor: Andrea Sanson

Received: 2 August 2021
Accepted: 17 August 2021
Published: 21 August 2021

Publisher's Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenises/by/
4.0/).

Materials 2021, 14, 4722. https://doi.org/10.3390/mal4164722

, Dorota Dardas 3 , Natalia Gorska 4, Shin-ichi Ohkoshi 2

1 Institute of Physics, Jagiellonian University, 30-348 Krakéw, Poland; sebastian.lalik@doctoral.uj.edu.pl

2 Department of Chemistry, School of Science, The University of Tokyo, Tokyo 113-0033, Japan;
olaf@chem.s.u-tokyo.ac.jp (O.S.); ohkoshi@chem.s.u-tokyo.ac.jp (S.-i.0.)

3 Institute of Molecular Physics, Polish Academy of Sciences, 60-179 Poznali, Poland; dardas@ifmpan.poznan.pl
Faculty of Chemistry, Jagiellonian University, 30-387 Krakow, Poland; natalia.gorska@uj.edu.pl

*  Correspondence: monika.marzec@uj.edu.pl

Abstract: The aim of this paper is to show, by systematic studies, the influence of Y-Fe203 nanopar-
ticles on the physical parameters of the liquid crystalline matrix, exhibiting a ferroelectric phase
in a wide temperature range. The detailed research was carried out by using diffraction (PXRD),
microscopic (OM, SEM, FCPM, POM), thermal (DSC), optical (TLI), electric and spectroscopic (FTIR)
methods. We show that even the smallest concentration of Y-Fe203 nanoparticles largely modifies
the parameters of the ferroelectric SmC* phase, such as spontaneous polarization, switching time, tilt
angle, rotational viscosity, dispersion anchoring energy coefficient and helix pitch. The admixture
also causes a significant reduction in the temperature of phase transitions, broadening the SmA*
phase at the expense of the SmC* phase and strong streaking of the texture. We present and explain
the non-monotonic modification of these parameters with an increase in the nanoparticle concentra-
tion. The influence of oleic acid admixture on these parameters is also widely discussed. We have
shown that certain parameters of organic-metal nanocomposites can be controlled by the appropriate
amount of metal admixture.

Keywords: ferroelectric liquid crystal; Y-Fe203 nanoparticles; oleic acid; aggregation; metal-organic
nanocomposite

1. Introduction

The continuous industry development and various areas of social life cause an increase
in the demand for materials with precisely defined physical and chemical properties.
Nowadays, the soft matter discipline is not limited to widely understood science of organic
materials. In recent years, new branches have emerged, e.g., involving organometallic
materials. This group of materials is divided into two classes: (1) with and (2) without
the presence of a chemical bond between a metal atom and an organic ligand. The above-
mentioned classes of hybrid materials are one of the ways to meet the growing demand
for specialized materials. Another way is the chemical synthesis of extremely complex
organic materials, including the use of longer alkyl substituents, increasing the number
of benzene rings in a rigid core and the presence of heteroatoms (such as S, N) [1-4].
Another possibility is, for example, to introduce lactate groups into the structure of organic
compounds or fabrication of a polymer-dispersed liquid crystal [5,6]. In many cases,
the latter approach is very costly, time-consuming and requires multiple intermediates
and catalysts. In addition, the yields of the end products may be relatively low and/or
the material has to be further purified. Therefore, it seems only natural that creating
hybrid materials based on existing ones is a good alternative. However, it should be noted
that the chemical synthesis of complex compounds makes it possible to predict some of
their properties, for example the modification of phase transition temperatures, while the
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properties of the created composites' organic material-metal component are practically
unpredictable. One of the reasons is the very poor database of these materials. On the other
hand, the possibilities of creating hybrid materials are practically unlimited, starting with
the choice of matrix (liquid crystal, polymer, gel, sol, resin, silicone, etc.) and ending with
the choice of dispersed material (metal, non-metal, isolator, element, chemical compound).
Additionally, the dispersed material can be in various forms: crystal, amorphous material,
glass, solution, powder, granules, etc. Thanks to the nanotechnology development, it has
become possible to synthesize materials with sizes in the order of several nanometers. This
is very important because the size of such objects is usually only a few times larger than the
single organic molecule that forms the matrix of such a nanocomposite. The commercial
cost of the nanopatrticles is usually negligible compared to the organic matrix; however,
both the cost and the nanoparticles' diameter depends on the synthesis method [7].

Soft materials, such as liquid crystals (LC), can only exhibit a ferroelectric phase if they
are composed of molecules having a non-zero dipole moment and chiral center. Typically,
for a new liquid crystalline material, a chiral center is created during its synthesis. However,
the easiest way to obtain the chiral liquid crystal material is to introduce a chiral dopant
(even a small amount) into the non-chiral matrix [8]. In the case of doping of liquid crystals,
the most important issue is the concentration and type of nanoparticles used. Interestingly,
different liquid crystalline phases (nematic, smectics, cholesteric) react in a different way to
the same admixture.

Until now, many scientists have been involved in the creation and research of new
composite materials based on a liquid crystal matrix doped with various types of nanopar-
ticles. Shiraishi et al. doped two nematic liquid crystals NLC-1 and NLC-2 (differing in
dielectric anisotropy) with Pd nanoparticles (ca. 2.5 nm with 1, 5, 10 wt.%), and showed
that the highest transmission in the on state is for the smallest impurity concentration, and
as the frequency increases, the threshold voltage drops drastically for switching to the
off state [9]. Joshi et al. doped ferroelectric liquid crystal KCFLC by ZnO nanoparticles
(ca. 7 nm) and showed that the admixture improves the alignment of organic molecules
in low concentrations (1 wt.%) and the spontaneous polarization and viscosity increase
significantly after doping [10]. In turn, Kumar et al. observed nine-fold photolumines-
cence intensity improvement after doping the ferroelectric liquid crystal LAHS19 with Au
nanoparticles (ca. 15-20 nm) [11]. Prakash et al. observed a memory effect due to charge
transfer from LC molecules of FLC 6304 to Au nanoparticles (ca. 15-20 nm) [12]. Li et al.
also used the non-synthetic method to modify liquid crystal properties and showed that for
the MLC-6609 nematic mixture, after doping with BaTiO3 nanoparticles (ca. 30-50 nm), the
nematic-isotropic liquid phase transition temperature increases by almost 40 -C, as well as
an increase in dielectric and optical anisotropy is observed [13]. By doping antiferroelectric
liquid crystal mixture with BaTiO3 nanopatrticles, we obtained faster molecular switching,
a drop in threshold voltage and spontaneous polarization, as a result of modification of
the local electric field [14]. In turn, Manepalli et al. showed that the self-organization of
ZnO nanoparticles (ca. 61 nm, 1 wt.%) added to 90OBA and 110BA liquid crystals causes
changes in their textures, and transmittance for each functional group increases after 9OBA
is doped [15]. Kopcansky et al. doped nematic 6CHBT with Fe304 (0.0001 vol.%), and as
aresult, a decrease in the specific resistance and an increase in the relaxation time were
observed [16]. Manna et al., by doping MHPOBC with BaTiO3 nanoparticles (ca. 25 nm,
5 wt.%), significantly decreased the SmA*-SmC* transition temperature and spontaneous
polarization, which in turn increases the entropy of the nanocomposite system [17]. Neeraj
et al. showed that by doping ferroelectric liquid crystal with Ni nanoparticles (ca. 2-8 nm,
0.5 wt.%), the switching time is shortened, the absorbance in the UV region is improved,
the spontaneous polarization and tilt angle (to a small extent) are increased while the
conductivity is not significantly changed [18]. The increase in spontaneous polarization,
tilt angle and transmittance is explained by the strong interactions between the dipole
moments of Ni nanoparticles and surrounding organic molecules in an external electric
field. Interestingly, Ni nanoparticles reduced zig-zag structure defects and improved
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contrast [18]. Roy et al. showed that after doping an antiferroelectric liquid crystal with
Na2TiO3 nanoparticles (ca. 70-80 nm, up to 13 wt.%), the photoluminescence of nanocom-
posites increased (depending on their concentration) [19]. Additionally, they observed
a red shift for the emission bands [19]. Rudzki et al. doped ferroelectric liquid crystal
MHOBD4 with ZnO (ca. 50 nm, 0.2 wt.%) and Ag (ca. 100 nm, 0.2 wt.%) nanoparticles [20].
Both admixtures do not affect the molecular tilt angle (the smectic layer's thickness is
constant), but the spontaneous polarization is decreased in both cases while the switching
time increased, even by five times [20]. Rozic et al. doped ferroelectric liquid crystal
Felix 015/100 with ferromagnetic nanoparticles Y-Fe203 (ca. 18 nm, Tb > 380 K), and
suggested that the orientation of magnetic nanoparticles is directly coupled to the lig-
uid crystal director field [21]. This coupling concerns the magnetization of nanoparticles
and the liquid crystal polarization. These hybrid materials (named soft magnetoelectrics)
exhibit both ferromagnetism and ferroelectricity. An additional advantage of these mag-
netoelectrics is that the external fields well-align nanopatrticles by ordering the organic
molecules. Moreover, the low dopant concentration (0.14 wt.%) decreased the SmA*-SmC*
phase transition temperature. Rozic's group expressed an important conclusion that the
magnetic susceptibility anisotropy follows the temperature evolution of the tilt angle in
such hybrid systems. This is direct proof of a certain coupling between the liquid crystal
director and the magnetization of nanoparticles. In another paper, Rozic et al. presented
that the admixture of Fe203 nanoparticles (ca. 20 nm in toluene; 10, 14 wt.%) to ferroelectric
liquid crystal SCE9 suppressed both the Goldstone and soft modes in the SmC* phase [22].
Both modes are suppressed after adding nanopatrticles. Likely, a high dopant concentration
results in a loss of liquid crystal properties. Due to a very low volume concentration
of dopant, changes in material parameters may result from the formation of an electric
double layer on the electrode-liquid crystal interface [16]. It should be noted that Fe203
nanoparticles have different magnetic parameters depending on size [23]: very small Fe203
nanoparticles are a superparamagnetic material, while larger-diameter nanopatrticles are
a ferromagnetic material. In addition, the large diameter distribution of nanoparticles
causes the blocking temperatures for each diameter to overlap, and the final result may be
impossible to determine.

The influence of the Fe203 nanoparticles on the nematic liquid crystals has been
widely studied. Thus, Yadav et al. and Gao et al. obtained a decrease for rise and fall
time by doping nematic liquid crystal with Fe203 nanoparticles [24,25], just like Koo et al.,
who additionally obtained a decrease of threshold voltage and the enhanced dielectric
constant, which were explained by the charging of Fe203 nanoparticles in the external field
and trapping impurity ions [26]. In turn, Katiyar et al. obtained shorter response times in
nanocomposites, which was explained by the trapping ions phenomenon on the surface of
TiO2 nanopatrticles [27]. In turn, by doping to 100BA and 110BA with Fe304 nanopatrticles
(ca. 70-80 nm, 0.5 and 1.0 wt.%), Sivasri et al. obtained a decrease in conductivity, phase
transition temperatures, enthalpy changes and transmittance, as well as broadening of the
nematic phase temperature range [28].

On the other hand, only a few scientists have reported on the influence of Fe203
nanoparticles on the ferro- or anti-ferro-electric liquid crystals. For example, after doping
the ZLI-3654 liquid crystalline mixture with Fe203 nanoparticles (ca. 24 nm, 0.25 and
1.25 x 10-5 wt.%), stripe-like domains were observed under crossed polarizers, which
were explained by the chain-like alignment of nanoparticles in the LC matrix [29]. In
turn, the increase in spontaneous polarization versus applied voltage after doping was
explained based on the magnetoelectric coupling resulting from the strong interaction
between the nanopatrticles' exchange field (unpaired electron) and the molecular director
field [29]. Meanwhile, the rotational viscosity and response time decrease with increasing
the voltage in relation to pure ZLI-3654 (modification of the electric field of electric dipoles
by a nanoparticle magnetic field). The memory effect was well-observed, especially in
the dielectric spectra [29]. Novotna et al. doped the ferroelectric liquid crystal 9HL with
Y-Fe203 nanopatrticles (ca. 4 nm), which were superparamagnetic at high temperatures,
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obtaining a super-paramagneto-ferroelectric in the SmC* phase [30]. In turn, Romero-
Hasler et al., thanks to the doping of a ferroelectric liquid crystal based on pyrimidine
with FeCo nanopatrticles (ca. 2-3 nm, 0.53-10.80 wt.%), obtained a multiferroic system in
which the magnetic field can be generated by an electric field and vice versa, and the phase
transition temperature as well as spontaneous polarization (to a slight extent) drop [31].
As a dopant to the liquid crystal matrix, other chemical objects such as dyes can also be
also used [32].

Moreover, it is well-known that when reducing the size of the dopant material to the
nanometric scale, the physical and chemical properties are changing [33], and in the case of
nanopatrticles, their properties strongly depend on their diameter [27].

Our goal was to obtain multifunctional material with advantageous electric, optic and
magnetic properties. As is known, liquid crystal can be used as a medium for self-assembly
of low concentrations of nanoparticles, due to its orientational and positional order [30]. In
this paper, we present the influence of Fe203 nanoparticles with diameter below 50 nm on
the physical properties of the liquid crystalline matrix. We have chosen Fe203 nanoparti-
cles as an admixture because they have various unusual physical properties, are easy to
synthesize and inexpensive, are non-toxic and have pronounced antibacterial properties;
moreover, they are stable in an interesting temperature range (0-110 -C) [26,34-36]. Cur-
rently, the main obstacle to the use of the ferroelectric liquid crystal in display technology
is the shock problem, i.e., irreversible destruction of an aligned LC layer by mechanical
stress, although Pozhidaev et al. have recently reported on the synthesis of shock-free
ferroelectric liquid crystal FLC-595 [37]. Nevertheless, we believe that the nanoparticles
introduced into the ferroelectric liquid crystal matrix can also eliminate the shock problem.
However, it requires a lot of studies using various types of nanoparticles with different
concentrations. In this paper, we particularly focused on the effect of the admixture on the
ferroelectric SmC* phase, and it was found that many of the LC matrix properties were
changed after doping (in the synthesized soft magnetoelectric composites).

2. Materials and Methods
2.1. Samples

As a ferroelectric liquid crystal matrix, we used a commercially available compound
(short name EHPDB) (Sigma Aldrich Co., Saint Louis, MO, USA), belonging to the homolo-
gous series of epoxides, with the chemical formula presented in Figure 1. The epoxides are
organic chemical compounds which contain a three-membered cyclic group consisting of
an oxygen atom and two carbon atoms. The pure EHPDB compound was then doped with
commercially available Fe203 nanoparticles (diameter < 50 nm, Sigma Aldrich Co., Saint
Louis, MO, USA) to create six nanocomposites: Composites 1-5, with the concentrations of
Fe203 nanopatrticles equal to 0.0, 0.3, 0.5, 0.7 and 0.9 wt.%, respectively (Composite 1 is
in fact the pure EHPDB matrix). The concentrations of nanoparticles used were very low
so as not to alter the liquid crystal order and the director in the individual smectic layers.
Moreover, at higher concentrations, the nanopatrticles can interact strongly with each other,
causing uncontrolled aggregation (typical for various types of nanoparticles) [31]. There-
fore, it is important to pay special attention to disperse the nanoparticles well in the liquid
crystal host. Composites 2-5 were prepared according to the same scheme:

1. The adequate amounts of pure EHPDB and Fe203 nanoparticles were weighed into
separate vials (see Table 1).

2. 1.5mL of chloroform was added to the weighed amounts of nanoparticles at room
temperature, and the solution was sonicated in 50 s(on)/10 s(off) mode for 45 min
(A = 30%, ice blanket).

3. The nanoparticle solution was sequentially poured into a vial with pure matrix
EHPDB and chloroform was added to 2 mL, then the solution was left for 15 min to
dissolve the EHPDB.

4.  The solution (EHPDB + Fe203 + chloroform) was sonicated in 50 s(on)/10 s(off) mode
for 30 min (A = 30%, ice blanket).
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% The solution (EHPDB + Fe203 + chloroform) was kept on the heating plate (80 -C) for
about 150 min in order to obtain about 1 mL of solution.

8. fhkesmslutomEBD R Erraceihioretorm) Was senieatediinssdssosny/A0 s(eff) nmwsde
7. Theprepared solutiion was poureid intio mmicroossicoopiicCsslliddiessaanddddriiedc foorrraattleeaasstts36hh

at room temperature to evaporate the chloroform.
8. |Obttaiinied composiite’s weiee peeled off with a blade anid useid fior measurenments.

CH3(CH2 CHQO\@\r(
[ :1 CH
O% PR VI3

Figure 1. Molecular structure of the EHPDB matrix. The two chiral centers are on the carbons of the
epoxy group..

Table 1. Mass compositions of Composites 1-6 and F(W.e3 samples with and without oleic acid.

Composite Amount of EHPDB Amount of Fe; O3 Amount of Oleic Acid
Composite 1 (0.0 wt.%) 40.52 mg 0.00 mg -
Composite 2 (0.3 wt.%) 40.32 mg 0.12mg -
Composite 3 (0.5 wt.%) 40.20 mg 0.20 mg -
Composite 4 (0.7 wt.%) 40.91 mg 0.29 mg -
Composite 5 (0.9 wt.%) 40.20 mg 0.37 mg -

Composite 6 (0.3 wt.% + QA) 40.07 mg 0.12mg 0.5pL
Amount of Fe,O; Amount of Oleic Acid
Sample 1 36.00 mg -
Sample 2 3601 mg 150.0 pL.

Composite 1 (pure EHPDB) was prepared in the same was, but steps related to
weighing and sonication of nanoparticles wmre omitted. Due to the use of very low
concentrations of nanoparticles and the multi-stage sonication process, it was decided not to
use a surfactant (e.g., oleic acid) in the composites. However, to check the influence of oleic
acid on the composites' parameters, we prepared Composite 6, where the concentration
of nanoparticles was equal to 0.3 wt.% (like in Composite 2), but they were decorated
with oleic acid before being put into the EHPDB matrix (see the Supplementary Materials).
Additionally, we prepared two samples of 1'e203 nanoparticles (see the Supplementary
Materials) to check theaimifigurent waFbretiotsen pure nanoparticles (Samnpleuln)tagrdonieni epaarticles
decorated with oleic acid (Sample 2). Mass compositions of Composites 1-6 and Samples 1
and 2 are presented in Table 1.

12.12.. Powider X-ray Diiffiraction ((PIXIRID])

Powidierr XRID diiffifrracctiogirraammss horrssaammop lleesssstuuddietclimveerreectool legceteedloonnaarR 16GAAKKUUMMIinini--
FFeX600 (diffractometer (Rigaku, Tokyo, Japan) euuipped whth monochromatic Cu-Ka
radiation (A = 1.5406 A). Powder samples were placed in zero-diffraction Si plates and
diffraction patterns were collected over a 2 0 range of 5-90-, at a scanning speed of 10 /min.
This method was also used to characterize the Fe203 nanoparticles and to check how small
concentrations of nanoparticles modify the structure of the liquid crystalline matrix.

2.3.Optical Microscopy (OM)

Digital optical microscopy images have been collected at room temperature by using
a Keyence VHX-7000 digital microscope (Keyence Corporation, Osaka, Japan). Images
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were obtained in transmittance mode at 80 X%, 400 %, 2000x and 6000x magnifications,
for samples manually placed on a microscope glass slide of 1 mm thickness. The high-
resolution optical microscopy method was used to characterize the surface morphology and
the distribution of nanoparticles in nanocomposites, and moreover to obtain preliminary
information about the influence of oleic acid on the nanoparticles.

2.4. Scanning Electron Microscopy (SEM)

A Keyence VHX-D510 scanning electron microscope (Keyence Corporation, Osaka,
Japan) was used to register the topography of the studied materials. Samples were mounted
to the SEM specimen stubs with the double-sided adhesive copper tape without an addi-
tional sputter-coating with metal to preserve the original color and morphology of materials.
Detailed imaging of all samples has been performed at 100x, 1000x , 5000x and 10,000x
magnifications at room temperature.

2.5. Differential Scanning Calorimetry (DSC)

The calorimetric curves for Composites 1-6 were collected in the temperature range
from 0.0 to 110.0 -C during heating and cooling at several chosen rates (5, 10, 12, 15,
20 -C/min) by using a PerkinElmer DSC8000 differential scanning calorimeter (Perkin
Elmer, Waltham, MA, USA), calibrated on melting points of water and indium. The
samples of exactly 5.13 mg were placed into aluminum pans and sealed by the press.
Results were analyzed by using Pyris software (Perkin Elmer, Waltham, MA, USA) and
Origin 2018 (OriginLab, Northampton, UK). Based on this method, the phase transition
temperatures at so-called zero rate were determined by a linear fit to the dependence of the
onset temperature versus the heating/cooling rate.

2.6. Polarizing Optical Microscopy (POM) and Electro-Optic Measurements (EOM)

A Nikon Eclipse LV100POL polarizing optical microscope (Nikon, Tokyo, Japan)
equipped with the Fine Instruments WTMS-14C heating stage (liquid nitrogen as a coolant,
temperature uncertainty of 0.1 -C) was used for texture observations. The experimental set-
up including the above-mentioned microscope additionally consisted of the 33120A Agilent
generator, the F20-FLC Electronics amplifier, the DSO6102A Agilent oscilloscope and the
INSTEC PDO02 photo-detector, and a system of tunable resistors (a 100 kfi resistor was used
in each case) was used for electric and electro-optic measurements. The digital camera
Canon EOS600D (Canon, Tokyo, Japan) was used for texture acquisition during heating
and cooling, with a rate equal to 2 -C/min, whereas the tilt angle and transmitted light
intensities (TLI) measurements were performed by using a photo-detector. Composites
1-6 were placed by the capillary effect into sandwich-type ITO electro-optic cells (AWAT
Company, Warsaw, Poland) (4.9 gm thick, 25 mm2 active electrodes surface) with the
planar alignment [38-40], guaranteed by a thin polyimide layer (AWAT Company, Los
Angeles, CA, USA). The uniformly aligned samples were obtained by heating to the
isotropic phase and then slowly cooling down to the first tilted smectic phase, SmC*¥,
where an external electric field was applied for a few minutes to align the samples and
obtain the monodomain. The reversal current method was used to measure spontaneous
polarization [41,42], tilt angle was measured as half of the angle between the Clark and
Lagerwall states [43], while the switching time was measured as the time delay in the
sample response [42,44]. An alternatingvoltage of60 Vpp was used to measure spontaneous
polarization, switching time and tilt angle. The surface area determination in the sample
response by numerical integration is subject to uncertainty at the level of 2%, while the tilt
angles for the off states are determined with a systematic uncertainty equal to 0.1=. All
raw data were collected by specially prepared software, while the analysis was performed
using Origin 2018.

The helix pitch of Composites 1-5 was measured for free droplets by using the BX-53F
Olympus microscope (Olympus, Tokyo, Japan) equipped with the Instec ST402 hot stage
and mK1000 temperature stabilizer. The images were registered during very slow cooling
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(0.1 -C/min) from the isotropic phase, after a one-minute isothermal time before each
measurement to produce strips corresponding to the helix length. The phase transition
temperatures in this experiment are shifted to higher temperatures due to the nature of the
measurement (free droplet placed on the microscope slide is heated only from the bottom).
Due to the large helix pitch, it was not possible to use UV-Vis spectroscopy [45].
Transmitted light intensity (TLI) through the sample placed in the ITO cell was
measured to find the transition temperature. A standard measuring set as for electric
measurements with a photo-detector was used (INSTEC, Boulder, CO, USA).

2.7. Fluorescent Confocal Polarizing Microscopy (FCPM)

The confocal microscopy is a recognized technique of three-dimensional imaging, long
used in biological and medical sciences, and recently also for the soft matter research [46,47].
In our studies, we employed the Olympus FLUOVIEW FV1000 1X81 confocal microscope
(Olympus, Tokyo, Japan) in the reflection mode with a diode laser (AD = 473 nm, beam
power = 1.24 mW) [48]. To obtain a 3D image of a sample, a focused beam scans the
sample in a horizontal plane (x, y directions) at different depths of the sample (z direction).
Before measurement, each sample was treated with chloroform and then poured onto
a microscope slide. After the evaporation of chloroform, the slide was subjected to the
microscopic imaging.

2.8. FT-MIR (Fourier Transform-Middle Infrared Spectroscopy)

Fourier transform-middle infrared absorption measurements were performed in trans-
mission mode using the Bruker VERTEX 70v vacuum spectrometer (Bruker, Billerica, MA,
USA). The spectra were carried out in the range of 4000-450 cm-1 with spectral resolution
of 2 cm-1 and 32 scans per each spectrum. All spectra processing was performed using
Bruker OPUS software (Version 7.0, Bruker, Billerica, MA, USA). All samples were mixed
with KBr, compressed into pellets and measured in two subsequent steps: first during
heating from 20 up to 100 -C, and then cooling from 100 down to 10 -C. Additionally, pure
oleic acid has been measured in the same measurement sequence for comparison. As the
sample is a liquid, it was spread between two KBr pellets before measurement.

EHPDB (FTIR): 3113, 3102, 3070 v(CH)ar; 2957, 2933; 2920s vas(CH2)al; 2873; 2850m
Vs(CH2)al; 1724s v(C=0), 1730sh; 1607s, 1582, 1510s V(C=C)ar; 1472, 1466m 8as(CH2)al
1451m, 1420w v(C=C)ar; 1392w, 1379w 6s(CH3)al; 1360w; 1342sh; 1313; 1300sh, 1288,
1278sh, 1257s, 1247sh Vas((Car-O-C); 1200s Vas((C=0)-C), 1170s Vs((C=0)-C); 1106w, 1087s,
1080sh v(C-0); 1064, 1051w Vs((Car-O-C); 1025sh, 1019s, 1010s 6ip(CH)ar; 996sh, 971w;
902m v(C-O)epoXy, 879m, 865; 850m 6oop(CH)ar; 829, 803m, 780m, 762s; 752sh, 741w; 725sh,
721m p(CH2)n; 694m, 653, 632, 594m, 536sh, 527m 6oop(ring)ar cm-1 (where, s—strong,
m—medium, w—weak, br—broad, sh—shoulder, p—rocking, ip—in plane, oop—out
of plane, ar—aromatic, al—aliphatic, epoxy—in epoxy group, n—chain, Ss—symmetric,
as—asymmetric).

3. Results and Discussion
3.1. PXRD Results

Figure 2a,b show the diffractograms of Sample 1 (Fe203) and Sample 2 (Fe203 + OA)
as well as reference materials (hematite a-Fe203, metastable p-Fe203, maghemite Y-Fe203,
Luogufengite £-Fe203 and magnetite Fe304) [49-58]. The analysis of these data led to the
conclusion that the Fe203 nanoparticles used in the syntheses of Composites 2-6 consist
mainly of maghemite (Y-Fe203), however, very small impurities of hematite (a-Fe203) and
magnetite (Fe304), by-products in the preparation of maghemite, may occur. Moreover,
the broad amorphous peak of oleic acid with a maximum around 20- is recognized in the
Fe203 + OA diffractogram.

Diffraction patterns of Composites 1-6 and Sample 1 are shown in Figure 2c,d. For
all hybrid materials containing EHPDB liquid crystal matrix and Fe203 nanopatrticles
(Composites 2-6), the diffraction patterns are similar to pure EHPDB (Composite 1), sup-
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plemented whth low-intensity' peaks characteristic of maghemite, the intensity of which
increases with increasing Fe203 concentration, confirming the presence' of both components
in these investigaSed samples.
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Figure 2. (a) XRD pattorns on Sample 1 (Fe203), Samp(e 2 (Fe203 + ()A) and reference materials in the rang5s 5-90-
°nd (b) 28-44-=. (c) Dashed Pines correspond to the pdsitions of diffraction peaks for maghemite. XRD diffractogrcms of
Composites 1-6 and Sample 1 regtstered in the ranges 5290° 4nd (d) 28-44-.

3.2. OM Results

T hlehree2Foe30nia N anplaprtaircti:clesSlaimamp pele1)1)da aoptetiedt theei onrm wifobrrownn//wriainnggeeppowder,
consisting of the agglomerates of maghemite (y-Fe203) nanoparticles with a size of approx-
imately 100 nm, which can be recognized as black dots in the, image at 6000 x magnification
(Supplementary Figure S1). In turn, Sample 2 (Fe203 + OA) is much more homogenous
t\cNogh)Jhr? gsgp arlﬂ e?c% I%rg%gern% e(egSSOJIP gry s%%lfltll (!I?C nés\lfvhrw]ollljﬁtﬁ:e-lr;{np(ghtlgellstlfépls f cpl)zul-'}oi)rp I 0|%gIC%|I
features (see Supplementary Figure S1). Images for Compasites 2-5 atit similar (Figure 3),
showing yellowish-white areas with orange inclusions of various sizes (corresponding to
nanogarticle agglomerates), tire color intensity of which is proportioual to the concentration
of nanoparticles. The agglomeraies (orange islands) are; quite ciearly visible for Compos-
ites 4 and 5, especially at g0Ox and 2000x magnification, while they are not observed
for nanocomposites with lotver concentrations of nanoparticles (Composites 2 and 3, see
Figure 3). It is worth emphasizing that in the sample fragments that appear uniform, single,
well-dispersed Fe203 nanoparticles are visible in the form of small dark dots in images
with a magnification of 6000 times (Figure 3).
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P

0.3%Fe,0,+0A

500 pm ' [100ym

0.7%Fe,0, 0.5%Fe,0, 0.3%Fe,0,

0.9%Fe,0,

Figure 3. Digital optical images of Composites 1-5. The magnification is shown in the images, where colored dotted squares
correspond to the enlarged areas.

3.3. SEM Rusults

ThiehietSIEMimimaginingg of Samplke11(F(Feie0:03 3nananoipritirctiiccslesie)vrieaviedalerdatththast sthie jsaemeoprle-
Itaginerdamaonjoiplatricicleaigyigrregatesssmadlllder thihanan10100:0mmin istizieiz(Seu(SiulempleenntairyntraigjurFeigsu, rierist2
iro).. T).hehiedadititionorffoolisicc acid to mannoipartricikebesSanamiepl2s) i2)akeiskthie isiuirfasicerfsinceoostihedr,0
hilichhicshrioivoevsesg@ooddddisspersion offinaannosprartricileise'snadnidonasggaloimioermateio:nt.isAn.ailyisiaS 19/siCs0omf -
pittesitee (60[.3.3wirt.t. %oFFee22033++ OA) imageessshiommwededthtantathethsamsapnlepsuerfsauce fasciemisoostiheorothhaenr
Composites 2-5, with few ripples on the surface. Morphologios of Composites 2-5 are
very similar, and the domains of the EHPDB matrix are clearly visible, however, these
domains are not visibly modified by the dopant material even at 10,000 x magnification
(Supplementary Figure S2). The highest magnification of the microscope used is 10,000 X,
so we were not able to visualize individual nanoparticles and determine tPeir exact: size
distribution, or even obServe smaller aggregates. However, based on the images obtained,
we can confirm that oleic acid prevents aggregation.
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3.4. FCPM Resulltls. FCPM Results

As we have shown above, the use of a surfactant (oleis acid) to decorate nanopatrticles
aims to eliminate the aggregation process. However, when the matrix is doped with
a low concentratiome ofataio onpoafr tic laos), & eicsliesfatbtansut isactaant (i sition naadldchtieomn @lacdhaemenictailhaagt
can act on both the organic matrix mnd thenanoparticles. In our opinion, for such small
nanoparticle concentrations in Composites 2-6, the surfactant is a parasitic factor, and
its use can complicate/obscure tire matrix-nanoparticle interaction, and the modification
of physicochemicat parameters of composites may result trom the uset of the surfactant
itself, not nanoparticles. Due; to the lack of a coherent and complete description of the
influence of surfactants in organometallic composttest we decided to check the eftect of
oleic acid on tine aggregation process and tire change in the parameters of the organic
matrix in such co tp otitet.. Foirthiitspoinpiotee, , weeouteetdflouioieetsieeinteeti - aggi inggof fiithi imf il Imtsb
by confocal mi Ir os lopy.. Fiigomeed4ppressenisisthteefluborereselenceleofofhthesusiosteseigeonetrstliscleilsess Fitfieth
investigated matteatearls.|s.

IFigquorelittativhee repuiaeliteantitateioreporfetsientflastioonesolenth I e iinteonreistyeincehenteoibsietyoinnthslilsiushisegSautenptlesliicieas)  oof1
Sample 1 (a), oleic acid (b) and Composite 6 (c). The z axis is perpendicular to the x-y plane (oprallel
to the surface of the microscope slide).

As one can see, both Fe203 nanoparticles and olefc acid exhibit the fluorescence, whiles
the EHPDB matrix does not. Images of Sample 1 (Fe203 nanoparticles) present strong
centers of fluorescence (intense green spois), which clearly proves the agglomeration,
while images of oleic acid fhow uniform fluorescence over the entire surface and thick-
ness (Figure 4a,b). On the other hand, the images recorded for Comppsite 6 (Figure 4c)
show an intense and multi-site fluorescent signal, which in our opinion, for such a low'
concentration offvntir, diparticiiesi(0t.8 fur.thit reprovstmiho atlythfirofmafoopi erictildts n erttniaciotit airttlles.i
However, theseEimiaDels Fuahriexr. prove that the nanoparticles are quite well-dispersed in the
EHPDB matrix.

3.5. DSC Results.5. DSC Results

As an example, the DSC curves registered during cooling (10 -C/min) for Composites
1-6 are presented in Figure 5a, and as it is clearly seen, the main differences in the phase
transitions are for Composite 6 (with oleic acid). Taking into account the transition from

isotropic liquid to N* (Figure 5b), it can be seen that for Composite 1 (pure EHPDB), two _
close anomaliesclclasit biedisdlitguti afieldt, disrtiefsipoinsidindg, tbrintsopplfhdifejtraintitionpha(twt otrbifacikti

arrows). We supiprolsieit).alt thes bilupel pthatised(BhP!) bilintexpilstint (BvPerycanfartnaiswt irfin gie (myarkied! wy

P in Figure 5b),byltthoifugFihgthre Bibajraclterlismic tehxttuchrerothtrisisptitcatitixtwuras hiothishspel rasdiuraidérl
a polarizing mictorscopt.l &tizsiwgel kkicnrows enl tht. titolissewphll-ske'slirefthterd odiytnaphaicsitslyidtistintrti
phases that appeisrtibfecttvpele astthsethelic al pharsebtatwdtthie ithottriopli cBloulidsin - igdhlyhtehisirlatrligicidli
crystals. The EHhPir Bl lisqmuipdoucrnyds £ alldi. I's lobthHcoPiDdBititolng-p lituefxihifuiltsil:snbibthtropicdiiiluids—M *t
phase transitiontralnpdicisli:q bigd —lyNc'hiiria bcomtr pfouitidl .fFefriCiis mahigsiteys 2hiradl i, laisiubtietanFomr Clyl
indicates that thdis BPs ipbhtHiseifslals aypriefsenict attshitle #orthCisomBPpopsiit ast3isndssl, irtistsntoftt, iwohwilevel,r
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this is not sufficient evidence for the presence of BP in the studied composites, so it requires
further research, which was not the aim of our study. After addition of nanoparticles
to the liquid crystal matrix, the Is-N* phase transition temperature is shifted to lower
temperatures (Figure 5b), and the smallest shift is for Composite 5 (0.9 wt.%), which may
suggest that for concentrations greater than 0.9 wt.%, the shift will be even smaller, which
in turn may indicate the complete nanoparticles' agglomeration and even degradation
of liquid crystalline properties. The N* phase for all Composites occurs in a relatively
wide temperature range, which was also confirmed by texture observations. In turn, the
temperature of the N*-SmA* transition is decreasing with increasing the concentration of
nanoparticles to 0.7 wt.% in she Composites. Interestingly, for Composites 1,3 and 5, in the
vicinity of this phase transition, a spcond weak anTmaly can be seen, while for Composites
2 and 4, it cannot (Figure 5b). We suppose that an additional very narrow frustrated smectic
A*phase, namely TGBA*, appears [59]. The SmA*-SmC* phase transition is strongly shifted
to lower temperatures for Composites 2-5, thus doping broadens the SmA* phase but
narrows the SmC* phase range. The drastic narrowing of the SmC* phase due to such small
nanoparticle concentrations is not fully understood and requires further research. Itis not
excluded due to the nanoparticles’ mobility in the liquid crystal matrix, and the orthogonal
and positional order of the SmA* phase is maintained over the bigger temperature range,
which causes the extension of the SmA* phase. At lower temperatures, the viscosity of the
liquid crystalline phase increases, movement of nanopatrticles is hindered and the transition
to the ferroelectric phase begins. In the case of SmC*-Cr transition, the nanoparticles
modify not only the onset and peak temperature, bul also cause the disappearance of
the polymorphism in the range of 57.5-47.5 -C (for Composite 1, the ferroelectric phase
changes into a sequence of crystalline phases). Although it is not fully understood and it
cannot be explained in a simple way, this proves that nanoparticles in low concentrations
can cause the disappearance of not only tide liquid crystalline but also the crystal phases
(see Figure 5c¢,d). According to Yadav et al., aggregated nanoparticles act as impurities and
decrease the temperature in nanocomposites [24].
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Figure 5. (a) DSC curves registered during cooling at a rate of 10 ©C/min for Composites 1-6 and
(b) extended temperature ranges of 100.0-70.0 C, (c) 62.5-45.0 -C and (d) 45.0-25.0 -C.

As it was mentioned above, oleic acid strongly affects the mesophases (only the N*
phase exists for Composite 6 during heating) as well as modifies the phase transition
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temperature—a very strong shift of the Is-N* phase transition llo low temperatures and
the narrowing; of the mesophases (Id* and SmC*) are visible (Figure 5a). On the other
hand, the transitionn within the crystal phase are not modified much by oleic acid. In the
case of Composite 6 (with oleic acid), the Is-Nt transition is shoulder-shaped, while the
N*-SmA* transition is already visible as a complete anomaly (as in Composition 2 without
oleic acid). Under the poltrizing microscope, we did not observe uniform transotions as for
Composites 1-5, but a drop in formation of the individual pOases (only the transition to the
crystal covers tire entire visible surface). Probably due to the excessive amount of oleic acid
used to decorate nanoparticles, it contributes to the destruction of the licjuid crystalline
properties. Due to the significant fnfluence of oleic ac(d on the phase sequence of Cemposfte
6, some studies (e.g., dectrical, dielectric) were omitted. Interestingly, Da Cruz et al., by
doping 5CB with Y-Fe203, aleo obiained nanocomposites with strongly reduced N-Iso
phase Oransition temperatures, but finally found that it was caused by a surfactant, not
nanoparticles [eo[. In our case, we did not use a surfactant for Composiies 2-5, so we
cannotattribute the temperature shfft to anything other than nanoparticles.

During heating, the registered curves were similar for Composites 1-5, howtver, again,
a shift in the phase- Oransition temperatures (uarticularly in the N*-isotropic liquid phase
transition) was observed (see Supplementary Figure S3). A shift of the phase transition
tetionetetuprersatitrehsyuborridymbiriterinalistebraias salbomseld100nBA1 10nBd Al2a@IBA1 20igBiAi dliciryisitasrydstozpied
with Fe304 nanoparticles (1-3 w-.%t was also observed by Sivasri et ill. [61]. In turn, for
Composite 6 (with oltic acid), only two anomalies were visible on the heating curve, which
[shicrthise-u evtitker- cleilo®ithce- duetgire dimgraetfincit- eiuteictisoathrfissetanrut:. ctant.-

3.6. TLI Results

Some-out-tthee-phhiasse-tirrannsiti tonn-tetemmpperaratuture respwereesniotodt eleisjigalagtiedbyb-yt itle BDISCmnet Bithdo-dl,
therefore the- complementary method, TLI, was used, mainly to eletermine the SmA*-
SmC* phase transition teroiparuture. This phase transition is strongly dlaifted to lower
temperatures for all doped sarnies. Thus, doping with Fe203 nanoparticles widens the
Shnakse*rpainagse-Draut-gearioupns-atriresSms B*-pSmasCe-rphease-Trahnegnel. rmhielizeonl-traslizsendittrein-singhitit-sndteling-ht
Bittje-nbsitystvs-trenaptermatpterrastureregsisrtegrisste-ureid-afbl-cal hcomsities-itsetts stived-iés- pisr ipsrenstendteid-iRigFigr a-te,-
and as is seem, this transition is a very subtk- small hump for Composites 2-5, while for
Composite- 1 (pure EHPDB), it is quite visible (arrows in Figure 6a). Interestingly/, the
presence of the TGBA* phase in all oomposites and an extra phase (probably the BP phase)
in Composite 1 were nonfirme-d. Intensity of transmitted light is almost constant within the
SmC*-y or- aili- composiites,, hiop ehver-ritithincriesaa sestoto- a Smmaiil-legtetent-t1 ifo-rt the-epptir remmatartixix- . Mihis
behabiiorr ican- bee- iconnneeectteedd: t iti th- tithe- ddea etceds tetexittturereon-fththe-u Fernrei dletirtici-mSmC*C- * phageofr- r
Composites 2-5, whichwas observed by poiarizing imaging;.

&
~

[}
=
&

o
o
It

3 s,
8 5 §
ga‘s- £ 084
B 4] 5
g % o8
b =
i) :

34 =0
i i
Eos4 2
5 | g

5 b

15 et ——————1

5 S0 B 6 6 70 75 80 8B D B

Figure 6. Normalized transmitted light intensity registered during cooling (a) and heating (b),
rate =3 °C/min.



Materials 2021, 14, 4722

Composite5 Composite4 Composite3 Composite2 Composite1

N*

13 of 28

3.7. POM Results

As an example, textures for Composites 1-5 registered for hire planar ITO cells during
cooling are presented in Figure 7. The admixture of Fe203 nanoparticles strongly influences
the interference image of a thin layer, regardless of the concentration. In the case of N*
phase, the oily-streaks texture was registered for Composite 1, while for Composites 2-5,
the fan-shaped texture; was registered (see Figure 7, fiirst column). Basically, the nucleation
of the N* phase is in the form of irregular droplets that aggregated very quickly Uo form
a fan-like texture, and with further decrearing temperature, the fan-like texture began to
brageknahod.c strekazkisiwsel reafioinvwedre(foeemSuedpp(sl ereSeataprymFiguliaenSIFig ure.S4).
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Figure 7. Textures of Composites 1-5 registered during cooling (2 °<C/min) at the same light intensity. The last column
represents the first observed crystalline phase. The textures within each composite represent the same area.
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IIhGeBTAG*BjAh*aiseh ais sswwiashsoebrvienvebdyblirhialkariabahrotyriretelala.l. ffor the two-comypoonngnnl tmmixixluturereofof

2H6R + H-22.5 [62], although usually, the N*-TGBA* phase transition is associated only

with smudg |ng the texture, e.g., ofly-streaks, and it is very often difficult to det6ct L63]
llurtiu.Ih , €hSemSim*. p*hpaiseasfior Fox irllacloc ompopsiilsie. fiofionms.as. ahohomogognenoelosu.Isetelutuer. ES[63),whihkilelhtbe
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EHPDB) at any temperature. Itis very likely that the striation induced by nanoparticles
is a certain electrohydrodynamic instability that occurs in hanocomposites in the form
of elongated domains (stripes) [64,65] or/and the formation of ferroelectric domains in
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nanocomposites [66]. However, this requires further investigation. Misra et al. doped the
ferroelectric liquid crystal mixture SCE-13 with spherical Fe203 nanoparticles (ca. 6-12 nm,
1 wt.%) and observed the emergence of focal-conic domains [67]. Thus, it is not excluded
that the size of the nanoparticles determines the texture-striated (larger nanoparticles)
and focal-conical domains (smaller nanoparticles). However, this hypothesis requires
further research. As the temperature decreases, the linear pattern disappears, and a crystal
phase appears (Figure 7). However, in our previous study, we reported on the presence of
a metastable S3 phase (unclassified smectic phase) immediately below the SmC* phase for
pure EHPDB [68]. Thus, it is not excluded that the presented texture for the first crystal
phase is that for the S3 smectic phase.

The textures registered during cooling for Composite 6 (with oleic acid) are presented
in Figure 8, and it is seen that the addition of oleic acid significantly modified the textures
(compared with Figure 7). During the transition from the isotropic liquid to the N* phase,
many fine regular droplets of different diameters were visible (Figure 8a), which, on further
cooling, coalesced into larger droplets and stripes appeared on them (Figure 8b). This
behavior may indicate changes in the N* phase birefringence and helix pitch. In the SmA*
phase (Figure 8c), some of the drops observed in the N* phase were visible as color droplets
with focal-conic texture, while some of them as dark droplets with a visible border. It seems
that droplets with a sufficiently large radius in the N* phase are also colored in the SmA*
phase, while those with a radius below a certain threshold radius become dark (change the
orientation of the molecules from planar to homeotropic). We suppose that in Composite
6 (with oleic acid), from the energetic point of view, the arrangement of molecules in the
homeotropic configuration is more favorable, as it was explained by Zakerhamidi et al.
that oleic acid (on the surface of nanoparticles) can orient the liquid crystal molecules to
a homeotropic state due to the strong coupling between the oleic acid chains and the liquid
crystal molecule [69]. However, in our case, the concentration of the nanoparticles was
small (0.3 wt.%), but the dark area of the texture was large, and therefore it seems that
part of the dark texture does not contain nanoparticles and liquid crystalline molecules (is
not homeotropic), but rather oleic acid itself (excessive amount of oleic acid). In turn, if
the boundaries are left of the small droplets, it may suggest that there is a homeotropic
alignment inside the droplet, while at the edge, the molecules are tilted. As the SmA*
phase is cooling down, the droplets became bigger (Figure 8d), and after transition to the
SmC* phase (recognized by the characteristic fingerprint stripes), they continue to increase
(Figure 8e,f). The striation in droplets disappeared with further cooling, and transition to
a crystal phase was visible (Figure 8g) as droplets merged. During further cooling, the
coexistence of two crystal phases was clearly visible (Figure 8h), while a low-temperature
crystal phase is presented in Figure 8i. Itis possible that Cri is an unclassified smectic
phase (S3), as we mentioned above. XRD studies or the effect of a very strong electric
field on the texture of the Cr1 phase could help identify this phase, but we were not able
to perform such studies due to the lack of a sample. However, due to the interpretation
difficulties, we consider this as a crystal phase. To sum up, on the one hand, OA inhibits
the aggregation of nanoparticles in the LC matrix, but at the same time, it has a strong
influence on the phase sequence, and therefore the remaining studies were conducted only
for Composites 1-5 (without oleic acid).

Based on the results presented above (POM, DSC, TLI), the phase sequences for Com-
posites 1-6 were determined (see Supplementary Table S1). Figure 9 presents the influence
of the Fe203 nanoparticles on the phase transition during cooling, while Supplementary
Figure S5 presents them during heating. Nanoparticles' addition broadens the paralec-
tric SmA* phase and narrows the ferroelectric SmC* one. We suppose that the mobile
nanoparticles move quite freely in the organic matrix in the SmA* phase, which hinders
the phase transition to the tilted phase. When the temperature decreases, the mobility of
nanoparticles drops, and phase transition follows.
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(g) Cr:50.0°C (h) Cri+Cr241.2 °C (i) Cr2383°C

Figure 8. Textures of Composite 6 registered during cooling at a rate of 2 - C/min in the N* (a,b), SmA* (c,d), SmC* (e,f) and
crystalline phases (g-i).
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Figure 9. Influence of Fe20a nanoparticles admixture on hire phase transitions during cooling:
Is-N*/P-N* (a*, N*-TGBA* (b), SMAC-SMC* (c) and SmC*-Cr (d).
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Alilielecttoropticmeasurements were performed on the uniformily alignedssamptes.
Bigurre Wpresentsisasanaexanple |theaaligimentprpcesseas Compositest cvshilenSupplppien-
tary Figure S6 of Composites 1-5. The ordesing conditions were selected experimentally
(the rectangular wave, 50 Hz). The textures of doped samples (Composite 2-5) before align-
ment are quite similar, but different than for pure EHPDB (Composite 1). After applying
the electric feeld, the monodomain of good quallity wai immediately formed (Figure 198
and Swpplementary Figure S6), and after ca. 13 min, the uniformly’ aligned samples (in the
whole area of the electrodes) were obtained. The very good quality of the monodomain
proves that the helical piich is infinite [(53].

Before switchingon  After switching on After 5 min After 10 min After 13 min

Figure 10. The alignment process ofComposite 5 (20 Vpp, 50 Hz, rectangular signal).
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smallest amotuints of nanoparticles caused a drastic deciease in spontaneous polarization,
Interestingly, there is no close relationship between the concantration of Fe303 admixtute
and the deciease in Ps values. For the nanopatticle content of 0.7 and 0.3 wit.%, a two-fold
deciease, while for 0.5 wt.%, an almost tripled deciease, in Ps were observed. In turn, for
the content of 0.9 wt.%, the Ps was higher than for 0.5 wt.%. Decreasing of the threshold
voltage for the reorientation of LC molecules was also obtained with the use of other types
of nanoparticikes, such as BaTiO3 and SnaP2Sg for the compounds Merck 18523 and LC
1550 [70]. In tuen, an inctease in the threshold voltage after doping with graphene flakes
was observed, which was explained by anchoring molecules to the surtace of graphene
flakes [71].

Temperatuie dependence of the spontaneous polarization for Composites 1-5 Is
ptesented in Figure 11b. Since the SmA*-SmC* phase transition is of the second order,
continuous growth of the spontaneous polarization was observed for Composites 2-6.
On the other hand, for Composite 1 (pure EHPDB), at the transition teimperature (ca.
80 2C), a sudden jump was visible, which is related to the difficulties of measwring the
phase teansition. The spontaneous polarization does not saturate for any sample, while it
decieases after doping, and the maximum value of Ps is equal to 44.99, 31.45, 25.94, 31.85
and 29.67 nC/em? for Composites 1-5, respectively:

Novotna et al. doped liquid crystal with SmC* phase with Fe203 nanoparticles (ca.
4 nim) decorated with oleic acid, and also observed a deciease in the spontaneous polariza-
tion with increasing the dopant concentiration [30]. The same behavior was observed by
Khushboo et al. for the ferroelectric W206E mixture doped with NiFe204 nanoparticles
(ca. 45 nm, 0.12, 0.25, 0.50 wt.%) [72]. In turn, Prodanov et al. doped a ferroelectric liquid
erystal mixtuie with CoFe204 nanoparticles (ca. 7.8 nm, 1 and 3 wt.%) and also observed
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a decrease in Ps ae tanner concentrations, and practically no change at a higher dopant
concentration, e.g., similar to the studied composites [73]. Interestingly, Popova et al.
doped a ferroelectric liquid crystal wigth y-Fe203 nanoparticles (ca. 15 nm, f.01-0.02 wt.%)
anvol bibgeebvretdhenneodriognantioimflo Eilelncesolernutliesenspsoalts:oneebotiaisnie divaritikatititons §70 f, pirorbyjaples due
to the low concentration of the admixture. Therefore, it can be concluded that the ad-
mixture of Fe203 nanoparticdes usually reduces the; spontaneous polarination. However,
it is also not excluded that the spontaneous polarization decreases due to the electrode
polarization phenomenon.

T 1 1 L} T
Composite 1 Conposite2 Composite 3 Conrposite 4 Composite 5

Figure 11. Spontaneous polarization versus applied voltage (50 Hz, triangular wavi.") in th*e SmC* phaoe (65.0 C) for
Composites 1-5 (a), temperature dependence of spontaneous polarization, the accuracy of the Ps is 3% (b), and tilt angle of
Composites 1-5 at several selected temperatures (c). Dashed lines are a guide for the eye.

As an example, tIsc' tilt angle for several selected temperatures in the SmC* phase for
Composites 1-15 is presented in Figure 11c. As it is clearly shown, the tilt angle decreases in
the same way, with a change of nanopatrticle concentration in nanocomposites (Composites
2-5), as spontaneous polarization, and at 68 °C, it is equal to: 22.92°, 14.86°, 14.33°, 15.15°
and 14.66° for Composites 1-5, respectively. The greatest decrease, about 8.6°, was found
for Composite 3 (0.5 wt.%). Additionally, since the SmA*-SmC2 transition temperature
shifted to about 71 -C in Composites 2-5, it seems that Fe203 nanoparticles are responsible
for the lack of molecular tilt above' this temperature. We suppose that the decrease in the tilt
angle and spontaneous polarization may be caused by the physical adsorption of organic
molecules on the surface of nanoparticles and the strong interaction betweeb nanoparticles
in nanocomposites (hindering the reorientation of organic molecules).

In the sample response, during Ps measurements, two anomalies appeared: one
related to the reorientation of organic molecules and the second probably related to the ions
present in Composites 1-5 (coming from the synthesis). However, this second anomaly
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splits into two anomalies for Composites 2-5 (but not for pure EHPDB) when increasing
the applied voltage. In our opinion, this third anomaly is related to the introduction of
additional ions into the matrix along with the nanoparticles (chemically, other ions than
those present in the pure matrix) or to the contamination of Fe203 nanoparticles with FeO,
having a non-zero dipole moment [75]. Another possibility is that a dipole moment is
induced in Fe304 nanoparticles (existing as impurities, see PXRD results) under an external
electric field, as was mentioned by Zakerhamidi et al. [69].

The switching time was determined from the sample response to the applied rectan-
gular wave of 20 Vpp, and for both the pure matrix and nanocomposites, was much shorter
than a millisecond (Figure 12a,b). The ionic response visible for Composites 1-5, after
increasing the applied voltage up to 60 Vpp, split into two anomalies for nanocomposites:
major and minor ionic anomalies, while for Composite 1, it did not (Figure 12c,d), as ob-
served for spontaneous polarization. The reorientation time associated with the minor ion
anomaly (Taddion) was determined for several selected temperatures, and it increased with
the decreasing temperature for each nanocomposite (Figure 12f). Similarly, the switching
time of organic molecules increased with decreasing temperature (Figure 12e), but this
increase was much faster for nanocomposites than for the pure matrix. However, at low
temperature ranges of the SmC* phase (below 58 - C), a shorter switching time was found
for Composite 1 (pure EHPDB) than for nanocomposites (Composites 2-5).
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Figure 12. The voltage response of Composites 1-5 on rectangular wave (50 Hz, 20 Vpp) at temperatures of 60 °C (id) and
64 -C (Ib), and on rectangular wave (50 Hz, 60 Vpp) at 64 -C (c) and 68 -C (d). Temperature dependence of the switching
time for Compositps 1-5 (e) and reorientation time of additional ions at several selected temperatures for Composites 2-5
(f). The legend in graph (i ) is the same for (i -d) graphs.
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Based on the switching time and spontaneous polarization measurements, the rota-
tional viscosity was determined (Equation (1)), and the results are presented in Figure 13.

uﬂ" et
,Y(T) = T(T)Ps(T)ErrppHed = T(T)PQ(T)% (1)

where 7, t, Ps, Eappiied, Uappiied and d are the rotational viscosity, switching time, spontaneous
polarization, the electric field, applied AC voltage and sample thickness, respectively. As
expected, the rotational viscosity increased with decreasing temperature for Composites
1-5, but due to the decrease of spontaneous polarization and shorter switching time, the
rotational viscosity, 7, drastically decreased after doping (Figure 13). 7 values are the same
for Composites 2and 4(0.3 and 0.7wt.%, respectively), but for Composites 3 and 5(0.5and
0.9 wt.%, respectively), they are smaller, within the measurement uncertainty. Although
Goel et al. explained the decrease in the rotational viscosity in studied composites (Ni ca.
34 nm, KCFLC7S matrix) by nanoparticles' adsorption to the ITO surface and modification
of lanficihiogriingadenexangyatitefimpotieticuelies [ain],hwis.dlotnortifupliyseuthiastrishtanaigghreisgableiionvicFinaniophaantie-
mleasdies eiithasttrembsetntiooerxpelkaitivenlys.smwael lsiugpptoosaecthnartenhtiragtigognreogfaltifonwat. YnalChoomaprtisities3is,
eiutit dhrtabagegnlnorerraltiotiveplyrosres:slibiecotio asconniceorttrantioinrotf Ihisghwetr %co(Coentiraotsioen 3(0), Touwttt. %e,

‘agognlopnosirtietilo), apnrioci-tsis iewenmme:srimimolrtoartaniotrina thitgtheproisitiecien(ltr. 8tion%(0). 7Inwwit.%d, itiam,pCatsite-
4), and it is even more important in Composite 5 (0.9 wt.%). In addition, Composite 5

can contain significantly more non-agglomerated nanoparticles than Composite 4, which
further decreases spontaneous polarization and rotational viscosity.
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Figure 13. Temperature dependence of the rotational viscosity for Composites 1-5.

The area of electrodes in the ITO cell used is 5 x 5 mm2. The width and the length of
the LC molecule are ca. 5 A and 40 A [77] respectively, while the thickness of the smectic
layer is about 37 A (in tilted SmC* phase, tilt angle of 20°). Thon, the eloctrode surface
will cover about (5 mm/5 A) o (56 mm/37 A) = 1.35 x 1013 LC molecules, while aboub
(4)9 gm/5 A) x 1.35 x 1013 = 1.303 x 1017 LC moleculeswiill be present in the volume of
the electrodes (4.9 gm—thickness of the ITO planar cell). As il is known, the nanopatrticle;
used is about 12.5 times larger than the liquid crystal molecule (the length of LC molecules
L ~ 40 A, the nanoparticle size d « 50 nm, d/X on 12.5). Therefore, one nanopartick'
occupies the volume of 14 LC molecules in one dimension in a single smectic layer of
tilted phas4 (SmC*, 0 « 20°), and 14 x 14 x 14 = 2744 LC molecules in three dimensions.
We used a very love concentration of nanoparticles for the synlhesis of nanocomposites.
If 1.323 x hF LC molecules will be present in the volume of the electrodes for pure
EHPDB, 1.319 x 1017 LC molecules and 9.628 x 109 nanoparticles will be present for
Composite 2 (0.3 wt.%). Thus, the admixture of nanoparticles at such a low concentration
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eliminates a negligibly small amount of LC molecules and could not be responsible for the
significant decrease of spontaneous polarization, tilt angle and rotational viscosity (if the
Ps of Composite 3 is practically half of pure EHPDB, the introduced nanoparticles should
eliminate half of the LC molecules). The FTIR results do not show that there is a chemical
bond between nanoparticles and LC molecules (see below), however strong physical
adsorption of molecules to the surface of nanoparticles cannot be ruled out. Besides, in the
vicinity of the nanoparticle, the packing of LC molecules can be completely different than
in the volume in which there are no nanoparticles.

Figure 14 schematically shows the effect of increasing the concentration of nanoparti-
cles on the arrangement of molecules in a thin layer of composites in measuring the ITO
cell. It should be stressed that the drawing is not to scale, i.e., the individual nanoparticle
is larger than the liquid crystal molecule. In turn, Vimal et al., by doping ferroelectric
liquid crystal Felix 17/100 with ferromagnetic nanoparticles (ZnO:Cu2+ ions, 1 wt.%),
obtained the enhanced spontaneous polarization due to magneto-electric coupling [78].
To summarize, to explain the decrease in electrical parameters, further research is needed,
for example, the SQUID* method could provide an answer to the question of whether the
interaction between nanoparticles (magnetic coupling) may disturb flee switching process
and cause the spontaneous polarization and the tilt angle of the molecules to decrease. Ad-
ditionally, the interaction between two types of dipoles (electric for the LC molecules and
anaghneitignfioticnfaniopanrticlest)iclens)straonngtlyonmilydifyotblfyelthetreile ptarampaetanstotiensanofocniamopcolsite-s,
and although the nature of this coupling is not fully understood, its existence cannot be
ruled out [d9].

’ agglomerate of nanoparticles
3 nanoparticle
z liquid crystal molecule
[ 3 polymer layer

Figure 14. A schematic explanation of the spontaneous polarization behavior in Composites 1-5 with an increase in the
concentration of Fe203 nanoparticles (a-e). Apart from the increase in the amounts of agglomerates in Composite 5 relative
to Composite 4, the amount of non-sgglomerated nanoparticles increases, which causes a further reduction in spontaneous
polarizstion. The fiigures are not to scale, in fact the nenopartioles are much larger than the organic molecules. lons present
nacthoetsatal ples, which will reach the properly polarized electrodes under the influence of the AC field, were not taken

into account.
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Anchoring energy coefficients, dispersion, Wd, and polar, Wp, can be calculated according
to the formulas [80,84,85]:

Wu(T) = Z‘ETTT?; ()
Wy (T) — \/K(T)P{T)Ew(T) 3)

where 7, d, t, K, Ps and Eth are rotational viscosity, layer thickness, switching time, mean
elastic constant, spontaneous polarization and threshold field for molecular reorientation,
respectively. Due to the lack of the K value, it was not possible to determine the polar
anchoring coefficient, Wp. In turn, as shown in Figure 15 the admixture decreases the
dispersion coefficient, Wd (mainly due to y and t modification), and its temperature
dependence is very similar to the spontaneous polarization (see Figure 11b). Decreasing
the Wa coefficient should decrease the threshold voltage for switching between on and off
states, which is consistent with the data presented in Figure 1la.
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Figure 15. Temperature dependence of the dispersion anchoring coefffcient of LC molecules to the
surface o0 the polymer layer (a) and temperature dependence of the helix pitch (b) for Composites 1-5.

The helix pitch in the SmC* phase is modified by an addition of nanoparticles, as
it is shown in Figure 15b. This modification strongly depends on the concentration of
nanoparticles used—the lowest is for the highest Fe203 concentration (0.9 wt.%, Composite
5), while the highest is llor the lowest concentrations (0.3 and 0.5 wt.%, Composites 2 and 3,
respectively). Moreover, deep in the SmC* phase, a continuous increase in the helix pitch
wrcaspocictsivrvizyt). floreircoenvepr, sitce 13, iwn thicchSheaCd*spthaanc, iaccre aisielinethsei thcitckans esismihf thieciini #pciticch
laytesrse blstcseemd fethaCteimifpfeersitnct ,ethahiiciohricfotrdlotie etrn(Osericitsdcdi . B tihct Yth)icakndeshigerf sthc(0smicctdic
0i9yerts.ylt) scoemeanthtrtstt difnfcnc gybichiseitroinertitesw acrylredga i 6h0.5rioctdss).t M ekhinghodiifi(lciTtitondbly. ,
dioplinjgctheticetixttiitchs lisiy itroisc fireneethentgigrihgtitice tilptraencyclies.dlattac norecdifictptiesitalsy 2.atnpdin3),
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in contrast to Composite 5 with negligible modification of the helix pitch and significant
modification of the tilt angle. The incomprehensible modification of the helix pitch in the
case of Composites4 and 5 (0.7 and 0.9 wt.%o) is probably related to poor texture quality, and
thus low quality of the fringes, which resulted in underestimating the helix pitch in these
nanocomposites. Middha et al. doped cholesteric liquid crystal ZLI-4151 + CB15 using
MWCNTSs (ca. 110-170 nm, length 5-9 gm, 0.01, 0.1, 0.5,1.0 wt.%) and obtained materials
with shorter helix pitches [86]. Due to hardware limitations, we were unable to determine
the helix pitch in the N* phase. It is not excluded that the influence of the admixture
(nanoparticles or nanotubes) is quite different for various liquid crystalline phases.

Textures registered for the free drop of Composite 1 (pure EHPDB) in various phases
are presented in Supplementary Figure S7. The textures of isotropic liquid and the SmA*
phase are completely black (Figure S7a,d), while characteristic textures of cholesteric N*
phase are visible in Supplementary Figure S7b. In turn, the common fingerprint texture
of the TGBA* phase is clearly visible in Supplementary Figure S7c. Interestingly, the
other fingerprint texture (Supplementary Figure S7e,f) was also registered below the SmA*
phase, and we suppose that it is another frustrated phase in a very narrow temperature
range, e.g., TGBC* (not registered by other methods). Characteristic textures of a chiral
ferroelectric SmC* phase with an equidistant line pattern are presented in Supplementary
Figure S7f,g. We suppose that detection of the frustrated TGBC* phase was possible in this
study due to the very slow cooling rate (0.1 -C/min) not used in other methods (5 -C/min
in DSC or 3 -C/min in TLI), but a thorough investigation of the presence of this phase in
nanocomposites is not the aim of this study.

3.9. FTIR Results

The comparison of FTIR spectra obtained at 20 -C for Composites 1-6 and oleic
acid is presented in Figure 16. For better visibility, two spectral ranges: 450-2000 and
2700-3200 cm-1, where all fundamental bands occur, are exposed. The IR spectrum of
Composite 1 (pure EHPDB) fully confirms its proper chemical and molecular composition—
all the expected essential bands are present in the spectrum. Most prominent bands are
connected to v(C-O) and v(C=0) stretching modes in aromatic ester. The first occurred
in the spectral range of 1050-1300 cm-1 and the second one was placed at 1724 cm-1.
Additionally, very intensive bands connected to stretching v(CH)ar and bending 500p(CH)ar
vibrations within para-substituted aromatic rings appeared at 1607, 1510 and 850 cm-1,
respectively. The band characteristic for the epoxy ring appeared at 902 cm-1 and is
connected to v(C-O)epoXy. The spectrum also contains stretching and bending vibrations
of methyl and methylene groups of aliphatic chain, which occurred in the spectral ranges
of 2800-3000 and 1300-1480 cm-1, respectively.

Comparing the spectra of Composite 1 and nanocomposites (Composites 2-5), it can
be seen that they are basically identical taking into consideration positions and intensities of
allbands. Additionally,nonewbandswereobservedinthespectraofallcomposites,which
suggests that there are no molecular interactions between Fe203 nanoparticles and EHPDB
that would lead to modification of the chemical structure of the liquid crystal matrix.
However, it has to be noted that the amount of Fe203 nanoparticles in the investigated
materials is below 1 wt.%, and at such a low concentration, the IR method may not be
sensitive enough to see it. In case of Composites 2 and 4, one additional band with
a maximum at 1638 cmm-1 can be seen, which is connected to a small amount of water
impurity in these samples. On heating the samples up to 100 -C, the band disappeared due
to its evaporation (see Supplementary Figure S8). Comparing the spectra of Composite 2
and Composite 6, one can see that they are also basically the same, except for the region
between 1670 and 1710 cm-1, where some broadening is clearly visible in case of the
Composite with oleic acid. It comes from the band connected to the stretching vibration
of the carbonyl group, which is most prominent in the spectrum of oleic acid. It proves
that oleic acid is present in this sample, but it does not change the molecular structure
of the investigated composite as we did not observe any changes in bands' positions or
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intensities. In turn, the spectra of Composites 1-6 obviously changed upon heating to
100 -C, but again, there were no difeerences between them (see Supplementary Figure S8a),
while uie spectra obtained at 10 -C, after the heating-cooling cycle (see Supplementary
Figure S8b), are comparable to thet ones obtained gor the samples without thermal history
and being in the ordered crystalline phase (Figure 16).

500 750 1000 1250 1500 1750 2750 3000
V\avenumber [cnT']

Figure 16. FTIR spectra of Composites 1-6 and oleic acid obtained at 20 -C.

4. Conclusions

In this paper, we presented the effect of low concentrations of a Y-Fe2Ot nanopatrticles
admixture (containing small amounts of hematite and magnetite) on the physical properties
of the UHPDB terroelectric liquid crystal, espeeially in the SmC* phase. The influence ot the
tadPiDitBionaat wieoicdccitizoctitoe mamcotftematptosnitest taas alsamsitaidlestt.uActutemibfertaof cgnutcle eyenstaty
ratrtth.otdso wwevrer,utiteid;, saodbebatstetdecontatit staotbaminoudtteodiFles), shteatfoltloartinclgescotnicluestiovnsstet-n
htedrmawatny:tals ts below 1wt.%, atc atsuca alow cotcettrattot, tae IR metaoc may tot

e The structure of the EHPDB matrix did not change after doping. The diffraction
patterns of the nanocomposites are practically the same as in the case of pure EHPDB,
only the low-intensity reflections coming from Fe203 nanoparticles exist in addition.
The surface morphology of the nanocomposites also did not change after doping
(without oleic acid).

= The following phases during cooling were registered for studied composites: BP,
N*, TGBA*, SmA*, TGBC* and SmC*. The shift of the phase transition temperatures
to lower values, the disappearance of BP and the polymorphism of crystal phases,
as well as the broadening of the SmA* versus the narrowing of the SmC* phase
after the addition of Fe203 nanoparticles, were observed. What is interesting is
that a very narrow TGBA* phase existed in all nanocomposites. The broadening
of the SmA* phase in favor of SmC* was explained by modifying the mobility of
nanoparticles. A very strong influence of the admixture on the texture of the SmC*
phase in nanocomposites was observed as a strong striation.

= Avery strong influence of the admixture on the electrical parameters was noted. The
spontaneous polarization, tilt angle, switching time and rotational viscosity decreased
after doping. The additional voltage response registered for nanocomposites was
assigned to the additional ions introduced with nanoparticles into the EHPDB matrix.
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A slightly different modification of the SmC * phase parameters for nanocomposites
with higher concentrations of nanoparticles (0.7 and 0.9 wt.%) was explained by the
strong influence of Fe203 aggregation.

= The addition of oleic acid greatly narrowed the range of the mesophases with cooling
and practically caused the disappearance of the liquid crystal polymorphism during
heating. It was also responsible for the formation of ripples on the surface and
changing the orientation of organic molecules from planar to homeotropic in a quite
specific way (depending on the diameter of cholesteric droplets).

To summarize, the aim of our work was to show that materials with precisely defined
parameters can be obtained by controlling the concentration of a nanoparticle admixture. As
we have shown, modification of the electrical parameters of the LC matrix by the nanopar-
ticles (at very small concentrations) is significant, however the explanation is not easy; very
often, several effects may modify a given property of the matrix. It should be kept in mind
that the interactions: LC molecule-LC molecule, LC molecule-nanoparticle, nanoparticle-
nanoparticle and nanoparticle-electrode, should also be considered. Therefore, the issue is
complex and requires further experimental research or advanced computer simulations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mal4164722/s1, Figure S1: Digital optical images of Sample 1, Sample 2 and Composite 1. The
magnification is shown in the images, where colored dotted squares correspond to the enlarged areas,
Figure S2: SEM images of Samples 1-2 and Composites 1-6. The magnification is shown in the images,
where colored dotted squares correspond to the enlarged areas, Figure S3: DSC curves registered
during heating at a rate of 10 -C/min for Composites 1-6 (a) and extended temperature range of
75.0-100.0 -C (b), Figure S4: Textures of the N* phase registered for Composite 3 during cooling down
from isotropic phase (2 -C/min). Formation of N* phase droplets immediately after the Is-N* phase
transition with visible focal-conic inclusions (a). Typical fan-like texture (b). Cracking of fan-like
structure (c). Beginning of forming stripes on a cracked fan-shape structure (d). The formation
process of streaks characteristic of the oily-streaks texture (e). Typical oily-streaks texture from which
a transition to the TGBA* frustrated phase was observed at lower temperatures (f). All images show
the same sample area as the temperature is lowered, Figure S5: Influence of Fe203 nanoparticles
admixture on the phase transitions during heating: Cr-SmC*, SmC*-SmA*, N*-Is/P-N¥*, Figure S6:
The alignment process of Composites 1-5 (20 Vpp, 50 Hz, rectangular wave), Figure S7: Textures
registered for the free drop of Composite 1 (pure EHPDB) in: isotropic phase, 96.1 -C (a), cholesteric
phase, 90.5 -C (b), TGBA* phase, 84.0 -C (c), SmA* phase, 82.5 -C (d), TGBC* phase, 80.0 -C (e),
TGBC* phase, 79.50 -C (f), SmC* phase, 78.5 -C (g), SmC* phase, 60.0 -C (h), Figure S8: FTIR spectra
of Composites 1-6 and oleic acid obtained at 100 -C (a) and 10 -C, after the heating-cooling cycle (b),
Table S1: The phase sequences on heating and cooling for Composites 1-6. The TGBA*-SmA* phase
transition temperature was omitted here due to the large uncertainties in determination.
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Supplementary Information

Modifications of FLC Physical Properties through Doping with
Fe2Os Nanoparticles (Part 1)

1. Sample preparation
The Composite 6 was prepared according to the scheme:

1. The adequate amounts of pure EHPDB and Fe203 nanoparticles were weighed into
separate vials (see Table 1).

2. Oleic acid of 0.5 jjL was added to vial with nanoparticles at room temperature (a
small drop of oleic acid was spread on the bottom of vial to cover the nanopatrticles)
and the vial was left at room temperature for several hours.

3. 1.5 mL of chloroform was added to the nanopatrticles + oleic acid at room temperature
and the solution was sonicated in 50 s(on)/10 s(off) mode for 45 min (A = 30%, ice
blanket).

4.  Steps like for Composites 1-5.

Two samples of Fe203 nanoparticles was prepared to check the influence of oleic acid
on the properties of hanoparticles: pure nanoparticles (Sample 1) and nanoparticles deco-
rated with oleic acid (Sample 2):

Sample 1: The appropriate amount of nanoparticles was weighed.

Sample 2: The appropriate amount of nanoparticles was weighed into vial and oleic
acid of 150.0 jjL was spread on the bottom of vial to cover the nanoparticles. The vial was
left for several hours. Next, the steps 3-9 of the synthesis route of Composite 6 (without
the steps related to EHPDB) were done, except the time in step 6 was 225 min in order to
obtain about 1mL of solution.

2. Results

Fe,O,

Fe,0,+0A

EHPDB

Figure S1. Digital optical images of Sample 1, Sample 2 and Composite 1. The magnification is shown in the images,
coloured dotted squares correspond to the enlarged areas.
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Fe,0,+0A
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0.5%Fe,0,
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Figure S2. SEM images of Samples 1-2 and Composites 1-6. The magnification is given in the images, coloured dotted
squares correspond to the enlarged areas.
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Figure S3. DSC curves registered during heating at 10 °C/min rate for Composites 1-6 (a) and extended temperature range

75.0-100.0 °C (b).

In Figure S3 the first anomaly represents the transition to the ferroelectric phase, the
second transition between SmC*-SmA*, the third paraelectric-cholesteric phase transition
and the last one N*-isotropic liquid phase transition. As can be seen the transition SmA*-
N* for the Composite 4 is visible in the form of a shoulder while for the Composite 5 we
observe two connected transitions into one with a wide width-half. In the case of a Com-
posite 1 the last phase transition is double, which indicates a narrow range of the extra
phase which was also mentioned in cooling cycle. A small hump visible around 89.0 °C
for Composite 1 it is an artefact, not observed for measurements at other rates. The ad-
mixture used in a concentration of 0.5 wt.% causes a significant narrowing of the choles-
teric phase, which was also weakened during cooling.

One of the most commonly observed textures for the N* phase is the oily-streaks
texture. For planar conditions, in N* phase the long molecular axis lies within the smectic
plane which is perpendicular to the plates. This implies that the cholesteric axis of the
helix is oriented parallel to the glass plates. In the case of the Composite 1, the cholesteric
phase was immediately formed into an oily-streaks texture. The oily-streaks texture rep-
resents a network of defect lines immersed in homogeneously helical regions. The struc-
ture of oily-streaks depends, inter alia, on surface anchoring. In general, the oily-streaks
network is not static, but it can grow or fade, resulting, for example, in a uniformly ori-
ented sample. This behavior was observed for the pure matrix (the oily-streaks texture
changes relatively quickly to a uniform color—the Grandjean texture due to lowering the
temperature). Moreover, the observed streaks in the pure matrix were single. Completely
different behavior was observed in the case of all composites. Another natural texture seen
in the cholesteric phase is fan-shaped texture. From this texture, the N* phase began to
form in all nanocomposites.
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81.7 °C

Figure S4. Textures of the N* phase registered for Composite 3 during cooling down from isotropic phase (2 °C/min).
Formation of N* phase droplets immediately after the Is-N* phase transition with visible focal-conic inclusions (a). Typical
fan-like texture (b). Cracking of fan-like structure (c). Beginning of forming stripes on a cracked fan-shape structure (d).
The formation process of streaks characteristic for the texture oily-streaks (e). Typical oily-streaks texture from which a
transition to the TGBA* frustrated phase was observed at lower temperatures (f). All images show the same sample area
as the temperature is lowered.

Table S1. The phase sequences on heating and cooling for Composites 1-6. The TGBA*-SmA* phase transition tempera-
ture was omitted here due to the large uncertainties in determining.

Composites The Phase Sequence (Cooling)
96.29°C(0.01°C 95.11T 83.19°C(0.20°C --80.06 C ~79.00 C 58.07°C(0.04°C

. | RS y— ( ......... )> P [ N E () > TGBA= > SmA= >SmC= ¢ )> Cr3
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- 91.24°C(0.03°C 79.42°C(0.13°C 72.20T 55.79°C(0.04°C 54.58T 38.31C(0.13C

Composite 2 Js it 20, (P)N=---=--- i (TGBA=)SMA=---2--> SMC------- Q0 a2 o283 OB
89.10°C(0.30°C 79.85°C(0.06°C 67.70C 53.48C 2.75C 51.65C 50.77C 0.18C

_ 15220003 280D, (TeBAYSINALTYS sSmC2S or g2 S 225 3l crd%EES s
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- 89.63°C(0.13°C 78.51°C C 69.50C 54.61°C(0.10°C 36.10°C(0.15°C
Composite 4 1528301 (PN S0 ) (TGBA)SMA=-22S SmE~ 222101 04301970015 ¢y
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Figure S5. Influence of Fe203 nanoparticles admixture on the phase transitions during heating: Cr-SmC*, SmC*-SmA
N*-1s/P-N*.
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Figure S6. The alignment process of Composites 1-5 (20Vpp, 50 Hz, rectangular wave).
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Figure S7. Textures registered for the free drop of Composite 1 (pure EHPDB) in: isotropic phase,
96.1 °C (a); cholesteric phase, 90.5 °C (b); TGBA* phase, 84.0 °C (c); SmA* phase, 82.5 °C (d);
TGBC* phase, 80.0 °C (e); and TGBC* phase, 79.50 °C (f); SmC* phase, 78.5 °C (g); SmC* phase,
60.0 °C (h).

a) 100°C

| corpte/\__

AN W /!v""" A N \ S fo N
B e
T M I r J ’ \J ' ) M 1 - 17T ' 1 M
500 750 1000 1250 1800 1750 2750 3000
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Figure 8. FTIR spectra of Composite 1-6 and oleic acid obtained at 100 °C (a) and 10 °C, after the
heating-cooling cycle (b).
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The comparison of the spectra of Composites 1-6 obtained after heating to 100°C,
thus in the isotropic phase, is presented in Figure 58a. Additionally, the spectrum of oleic
acid is shown at this temperature for comparison. The spectra of all Composites 1-6 obvi-
ously change upon heating but again there are no differences between them. The broad-
ening of the band connected to vibration of carbonyl group in the spectrum of the compo-
site with oleic acid is still visible. In turn, in Figure S8b the spectra obtained for all Com-
posites 1-6 and pure oleic acid at 10 °C (after heating—cooling cycle) are shown. They are
comparable to the ones obtained for the samples without thermal history and being in the
ordered crystalline phase (Figure 16). Some discrepancies between the spectra obtained at
10 °C can be noticed in the spectral ranges of: 835-893, 1050-1100 and 1220-1340 cm-'. This
may be due to the fact that the transition from the liquid crystal to ordered crystalline
phase does not occur in its entirety.
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Abstract: The aim of our study was to analyze the influence of various concentrations of 7-Fe203
nanoparticles on the physical properties of the liquid crystalline ferroelectric SmC* phase, as well as
to check the effect of introducing nanoparticles in the LC matrix on their properties in the prepared
five nanocomposites. UV-vis spectroscopy showed that the admixture reduced the absorption of
nanocomposites in the UV range, additional absorption bands appeared, and all nanocomposites
were transparent in the range of 500-850 nm. The molecular dynamics in particular phases of the
nanocomposites were investigated by the dielectric spectroscopy method, and it was found that
nanoparticles caused a significant increase in the dielectric constant at low frequencies, a strong
modification of the dielectric processes in the SmC* phase, and the emergence of new relaxation
processes for the highest dopant concentrations. SQUID magnetometry allowed us to determine
the magnetic nature of the nanoparticles used, and to show that the blocked state of nanoparticles
was preserved in nanocomposites (hysteresis loops were also registered in the ferroelectric SmC*
phase). The dependence of the coercive field on the admixture concentration and the widening of
the hysteresis loop in nanocomposites in relation to pure nanoparticles were also found. In turn, the
FT-MIR spectroscopy method was used to check the influence of the impurity concentration on the
formation/disappearance or modification of the absorption bands, and the modification of both the
FWHM and the maximum positions for the four selected vibrations in the MIR range, as well as the
discontinuous behavior of these parameters at the phase transitions, were found.

Keywords: ferroelectric liquid crystal; 7-Fe203 nanoparticles; light absorption; dielectric relaxation;
magnetization; metal-organic nanocomposite

1. Introduction

Hybrid materials are of great interest in the modern world because they can simulta-
neously exhibit many interesting properties. Typically, hybrid materials are materials that
result from the combination of inorganic and organic chemical objects. In the soft matter
field, hybrid materials can be created based on the combination of, e.g., a liquid crystal
(compound or binary, three or more component mixture) and nanomaterial (nanopatrticles,
nanotubes, quantum dots, or nanorods). The huge variety of both liquid crystal materials
and nanomaterials allows the creation of a number of hybrid materials with interesting
properties. However, liquid crystals have been known since 1888, and only recent nanotech-
nology development has opened up new research opportunities. Generally, the synthesis
of liquid crystals from a chemical point of view is very complex, multistep, costly, and
time-consuming, even within one homologue series, and the parameters of synthesized
materials are usually not adjusted to a specific application. Thus, in order to tune the
parameters (phase transition temperatures, spontaneous polarization, threshold voltage,
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switching time, molecular tilt angle, extent of light transmission, light absorption range,
dielectric permittivity, impedance and conductivity, layer roughness, stiffness, etc.), scien-
tists modify the molecular structure. Such modifications cover, for example: adding more
aromatic parts to the rigid core, increasing the number of methylene groups, fluorination of
the side chain and/or aromatic parts, and introduction of heteroatoms or polymerization
reactions in order to obtain polymer dispersed liquid crystals (PDLCs) [1-10].

It turns out that many interesting parameters of liquid crystalline materials can be
modified by doping with nanomaterials. This path is quite simple, because by changing
the concentration of the nanomaterial, it is possible to obtain modified properties of the
final nanocomposite, and at the same time, such a hybrid material combines the features of
both constituent materials. Additionally, nanomaterials are easily available on the market,
and their low cost favors this method. Despite many advantages, nanocomposites based
on liquid crystals are still not very popular, and so far, most of the published articles have
focused on nanocomposites based on nematics. Huang et al. observed an increase in
photoluminescence for the concentration of Ag nanoparticles (ca. 88 nm) up to 1 wt %, then
its decrease (up to 4 wt %) in the nanocomposite based on the liquid crystal 5CB, which
was explained by the surface plasmon resonance for nanoparticles [11]. Magnetic needles
were used to enriched nematic liquid crystal, and as a result, the planar alignment from
the homeotropic one was obtained in low magnetic fields (10-30 G) [12]. Zadoina et al.
showed that after doping liquid crystal polymer by nanomagnets (cobalt nanorods, ca.
5.5 nm, length 83 nm, 4 wt %) the liquid crystal order was preserved, Tg decreased, and
the magnetic properties and the nanorods' orientation were improved [13]. In turn, the
decrease in the threshold voltage was observed after doping 60CB by Fe nanoparticles
(ca. 35-45 nm, 0.25 wt %) [14], as well as after addition of BaTiO3 nanopatrticles (ca.
50 nm, 0.5 wt %) into a polymer-dispersed liquid crystal based on E7 [15]. Interestingly,
Hasegawa et al., after doping nematic liquid crystal by BaTiO3 nanoparticles (ca. 80 nm,
0.25 wt %), decreased the TNI transition temperature without modification of the threshold
voltage [16]. Itturned out that after addition of 7-Fe203 nanoparticles (needles, diameter
ca. 25 nm, length 175 nm, 0.05 wt %, decorated by various surfactants) into 5CB liquid
crystal, the molecular structure of the surfactant affected the nematic order, as well as
nanoparticles' aggregation process [17]. By doping nematic liquid crystal EBBA with
metallic multiwalled carbon nanotubes (MWCNT, diameter ca. 12-20 nm, length several
micrometers, up to 1.0 wt %), a conductive network was formed in an organic matrix, and
for a nanocomposite with 0.15 wt % MWCNT, the electric conductivity increased by about
two orders of magnitude [18]. Shriyan et al. also used MWCNT as dopant into PDLC,
and observed decreasing of the resistivity and increasing of the capacitance, especially
for high admixture concentrations; while for small concentrations, the rise and fall times
were improved, which was explained by smaller liquid crystal droplets in the polymer
matrix [19]. In turn, by doping 80CB with Fe203 nanopatrticles (ca. 6-12 nm, 0.5 and
1.0 wt %), better alignment of molecules, fewer defects, an increase in dielectric dispersion
and in Vth, as well as a decrease in the dielectric anisotropy, was obtained. The shift of
the relaxation process towards a lower frequency was explained by the different surface
potentials and interactions between LC molecules and nanoparticles [20].

Despite many promising features of smectic liquid crystals, in the literature there are
only a few articles about doping them. This is what motivated our research. The most
interesting of the smectic phases is the ferroelectric SmC* phase built of chiral molecules.
In this phase, the organic molecules are arranged in layers and tilted (in a different di-
rection at each layer, forming a helix of the resultant dipole moments). It is known that
the spontaneous polarization appears under the external electric/magnetic field in this
phase [21]. The strong-enough external field causes the reorientation of the dipole moments
along the field lines, and thus unwinding of the helix (all dipoles are aligned with the
external field, and the spontaneous polarization reaches its maximum) [22]. The use of an
alternate electric field changes the orientation of the macroscopic polarization, in what is
known as electro-optic switching (one of the most important utility parameters of these
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materials) [23,24]. If there is more than one polar group in the structure of an organic
molecule and their distance from the chiral center is small, then the dipole moment of such
a molecule is greater, and therefore the spontaneous polarization is higher. Three years
after the discovery of ferroelectric liquid crystal (FLC), the existence of a periodic structure
(helix) in the SmC* phase was confirmed by Yoshino et al., who observed a periodic pattern
in polarized light, and a change in the intensity of light passing through a thin FLC layer as
the applied voltage changed. For the unwound helix, a decrease in light scattering and thus
an increase in its transmission was observed [25]. Prakash et al. showed that spontaneous
polarization and rotational viscosity increased, while dielectric loss factor was an order
of magnitude larger after doping the ferroelectric liquid crystal LAHS18 with MWCNTs
(ca. 30-50 nm, length > 0.3 “m, 0.1 wt %). This behavior was explained by the increase
in electric conductivity and the formation of a conducting network through nanotubes.
Interestingly, a nonzero Ps was observed in the SmA* phase, which was attributed to
the possible existence of a short-range orientational order, caused by, inter alia, surface
anchoring organic molecules to MWCNTSs and ionic impurities in the doped sample [26].
Two ferroelectric liquid crystals (Felix 17/000, Felix 16/100) were doped with quantum
dots of Cd1-xZnxS/ZnS (ca. 8.7 nm, 1.0 wt %) and CdSe (ca. 3.5 nm, 1.0 wt %), and it was
found that the tilt angle was smaller by about 8- (as an attraction effect between quantum
dots surrounding the molecules), and Ps decreased (as the secondary order parameter
coupling with the tilt angle) for the doped Felix 17/000. Moreover, a new relaxation process
around 105 Hz was revealed for the doped Felix 16/100 [27]. Das et al., after addition of
Au nanoparticles (ca. 6-8 nm) to nonchiral liquid crystal with an SmC phase, observed a
decrease in all phase transition temperatures, a strong increase in light absorption for two
bands below 300 nm, and a 4-fold increase in electric conductivity in the crystal phase [28].
Dey et al. used the antiferroelectric liquid crystal DM1 as a host for MWCNTSs (ca. 8-15 nm,
length 0.5-2.0 gm, 0.12 wt %) and obtained better alignment (more homogeneous textures),
while the primary order parameter was not disturbed and the rotational viscosity and
switching time decreased by about 50%, and the electric conductivity decreased (as a
result of trapping ions). Interestingly, the PL (in-phase fluctuations of the director's phase
in adjacent layers) relaxation mode was not observed, while the relaxation frequency of
the PH (anti-phase fluctuations of the director's phase in adjacent layers) mode drasti-
cally decreased in the SmC*A of the doped sample. Moreover, the Goldstone mode in
the antiferroelectric SmC*A was hereditary from the SmC* phase, and a new relaxation
process was revealed after suppression of the Goldstone mode, but only for the doped
sample [29]. Chaudhary et al. doped an FLC W206E mixture with ZnO nanopatrticles (ca.
10 nm, 0.1-1.0 wt %) and observed the memory effect (explained by charge transfer from
the organic molecule to the ZnO nanoparticle) and more centers to the charge transfer for
higher concentrations [30]. In turn, after doping the ferroelectric mixture ZLI-4851 with Ni
nanoparticles (ca. 20 and 40 nm, 0.5 wt %) an increase in the spontaneous polarization and a
shortening of the switching times of about 200 gs were observed [31]. In turn, the influence
of carbon nanomaterials on the nematic and smectic liquid crystals can be found in review
papers [32,33]. Joshi et al. showed that Al203 (ca. 4-7, 20-30, 30-50 nm) admixed with
KCFLC 7S and 10S caused the adsorption of impurities to their surfaces [34]. Such adsorp-
tion of impurities to the nanoparticle surface was also observed by Chandran et al. when
doping KCFLC 10S with ZrO2 nanopatrticles (ca. 30 nm, 4 wt %) [35]. Singh et al. doped
Felix 16/100 with a ZnO1-xSx nanomaterial (ca. 10-15 nm, 0.25, 0.50, 1.0 and 1.5 wt %),
and explained that the observed influence of nanoparticles on the dielectric increment and
relaxation frequency was related to the formation (by agglomerates) of zigzag defects or a
chevron structure [36]. Singh et al. reported that one of the effects of doping CdSe quantum
dots (QDs, ca. 3.5nm, 0.5, 1.0 and 2.0 wt %) onto Felix 16/100 was the emergence of a new
relaxation mode (attributed to dipolar interactions between FLC molecules and quantum
dots) depending on their concentration, as well as the modification of the GM relaxation
frequency [37]. In turn, the new relaxation process observed by doping Felix 17/100 with
ZnS QDs was attributed to the flexoelectric tilt fluctuations in the FLC next to QDs [38].
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Finally, it should be noted that the excess of hanoparticles in the created nanocomposites
may destroy or strongly disturb the liquid crystal order, which in turn may lead to the
uselessness of the created hybrid materials.

The aim of our work was to show how 7-Fe203 nanoparticles affected the physical
properties of the EHPDB liquid crystal. The created nanocomposites consisted of an organic
matrix (liquid crystal EHPDB) exhibiting ferroelectric properties, and an inorganic guest
(7-Fe203 nanoparticles) exhibiting a paramagnetic and blocked state. In our previous paper,
we presented in detail the synthesis of studied nanocomposites and results of diffraction,
microscopic, calorimetric, electric and FT-MIR spectroscopy methods, and showed that
modification of the electric parameters of the EHPDB liquid crystal by nanoparticles was
significant; however, to explain this further, research is needed [39]. Therefore, in this paper
we decided to examine how interactions between components of the composites were
revealed in their properties by using light absorption in the UV-vis and MIR (FT-MIR) range,
frequency domain dielectric spectroscopy (FDDS), and magnetic superconducting quantum
interference device magnetometry (SQUID) methods. Influence of the temperature and
nanopatrticle concentration, as well as oleic acid (used to nanoparticles decoration), on the
intensities of the chosen absorption bands were carefully analyzed. The modification of
the specific electric conductivity by nanoparticles and their influence on the parameters
of relaxation processes (Ac, vr, Tr, a, tDC) were also investigated. In turn, SQUID was
used to determine the blocking temperature, TB, of nanopatrticles based on ZFC (zero field
cooled) and FC (field cooled) curves, and to examine the influence of nanoparticles on
the magnetization, hysteresis loops, the coercive field, and the remanence. A detailed
analysis of the absorption bands in the middle infrared region was also performed. We
believe that by easily modifying the parameters of the SmC* phase with small nanoparticle
concentrations, such nanocomposites will find application in industry or medicine, where
nematic materials currently dominate [40], or will be a good alternative to orthoconic liquid
crystals by obtaining good dark states for a smaller voltage threshold [41].

2. Results and Discussion
2.1. Samples Studied

All created nanocomposites were metal-organic hybrid systems with ferroelectric lig-
uid crystal EHPDB as the matrix (host) and 7-Fe203 nanoparticles as an admixture (guest).
Properties of six nanocomposites denoted as Composites 1-6 (Composite 1 (0.0 wt %),
Composite 2 (0.3 wt %), Composite 3 (0.5 wt %), Composite 4 (0.7 wt %), Composite 5
(0.9 wt %) and Composite 6 (0.3 wt % + oleic acid)), as well as pure nanoparticles of 7-
Fe203 (Sample 1) and nanoparticles decorated with oleic acid (Sample 2), were studied. A
detailed description of the sample preparation can be found in our recent paper [39], while
phase sequence during cooling of the prepared composites was as follows (phase transition
temperatures in parentheses are in Celsius):

Composite 1: 15(96.29)P(95.11)N*(83.19) TGBA*(~80.06)SmA*(~79.00)SmC*(58.07)Cr1
Composite 2: 1s(91.24)P(?)N*(79.42) TGBA*(?)SmA*(72.20)SmC*(55.79)Cr1
Composite 3: 1s(89.10)N*(79.85) TGBA*(?)SmA*(67.70)SmC*(53.48)Cr1

Composite 4: 1s(89.63)P(?)N*(78.51) TGBA*(?)SmA*(69.50)SmC*(54.61)Cr1
Composite 5: 1s(91.91)N*(80.09) TGBA*(?)SmA*(69.80)SmC*(55.56)Cr1

Composite 6: 1s(73.21)X(72.09)N*(62.64)SmA*(52.36)SmC*(50.76)Cr1(39.84)Cr2

A question mark in parentheses means that the transition temperature could not be
determined (or was subject to a very large error), while P denotes the blue phase.

2.2. Ultraviolet-Visible Spectroscopy (UV-Vis) Results
2.2.1. UV-Vis Results for Samples 1-2

Both Sample 1 and Sample 2 absorbed in the 200-700 nm range (brown color of
maghemite 7-Fe203 nanopatrticles [42]) with clear absorption bands around 220, 370, 500,
and 650 nm (Figure 1a,c). Intensity of absorption was much lower for Sample 2 than for
Sample 1(between250nmand ca. 600nm). Inouropinion, thiscouldbe duetothe fact that
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Sample; 2 contained fewer y-1:€2( r3 naisoparticlus, which in addition were immersed in oleic
acid. Itis possible that oleic acid, in measuring the wavelength rang;e, was transpWwrent, so it

did not absorb. It was noteworthy that absorption of indicated wavelengths (e.qg., 225, 240,
idn)s, ;2altohnemu gnhstrikees;anbyserriodnsting; Lily; three; ayoveBlaviaigtihs;siamdetfocientisidagpatitsi(o;scills taa)

and did not change significantly upon cooling from 120 -C downto 0 -C (Figure °b,d),

il lshaosiSg dutthpelath; 2, ¢ oaithegatl dice;iacaide)le;ngbtiisrubnidde riclomseidle;raltliothew;sis miduceinitirwadri atteernth,;ew
adrdpitiiennbfiolet; laci Wthinteithsringly, a2 Benf ;isramupl &;22(p0; remn; swiop;articrtest) &rsfierefll r gn

gam piley,;tiwit;elosléicraci t;)Sabsoifrbcerind | woisteatliftive in;thidesent taudil;tiore, weiritleesheefatbisoer; ptione
band width with a maximum of around 220 nm was narrower for Sample 2. In summary,
the oleic acid significantly modified the optical properties of the nanoparticles used.
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Figure 1. The solid state UV-vis absorption spectra for Sample 1 (a) and Sample 2 (c) in the 200-850 nm
range, as well as the temperature influence on the chosen wavelengths for Sample 1 (b) and Sample
2 (d). The legend in graph (a) is the same for (c), while that in graph (b) is the same for graph (d).

2.2.2. UV-Vis Results for Composite 1

Temperature's influence on the absorbance of a pure ferroelectric liquid crystal EHPDB
(12.0;kdVo-Vitéstf) wesa silit 8f seiry; stedmdpurriinit thieli;ting and subsequent cooling (23 <C-120 =C-23 <C).
As is seen in Figure 2a, one absorption band in the UV region with a maximum around

225 nm was well visible for Composite 1 at room temperature. Figure S1 presents the
dPosolrp;tlithe Bpecttrsitrie;glilstanerds;forvsesieiral th ts;einureimpéracttirils durminlg; Bieah ti @QuofeClncepositel

1, and for better clarity, the temperature dependence of the first derivative of the absorbance
for selected wavelengths. After heating above 70 -C (see Figure 2b and Figure S1), for
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wavelengths of 225 nm, 240 nm, and 290 nm, the absorbance slightly decreased, which
was relaled to the phase transiti5n of crystal 4o liquid crystalline state, and was in good
agreement with the DSC results [3p]. Upon further heating, the absorbance increased for
wavelengths of 225 nm and 240 nm exponentially up to about 95 -C, above which the
absorbance stabilized up (o at least 130 °C (Figure Ib). This behavior was related to the
phase transition from the liquid crystalline state to an isotropic liquid, and was also in
agreement with the DSC results [39]. Interestingly, the absorbance for the wavelength of
290 nm behaved quite differently during further heating; from the phase transition to the
SmC* phase, it monotonically decreases. Upon subset|uent cooling, the spectra remain
unchanged! down to 95 °C, while below this value the absorbance for 225 nm and 240 nm
decreased with decreasing tempnrrture, dowb to ca. 50 =C. Id turn, for the wavelength of
290 nm, there wan an increase in the absorbance up to tire crystal phash. A clear jump at
the phase transition to crystal phase was well visible in the absorbance for all mentioned
wavelengths. As is seen in Figure 2a, the sample became a nonabsorbent material from ca.
425 nm, and only at ca. 575 nm and 750 nm did the absorbance begin to slight increase, but
it was still at a level of 5%.

a)
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: | 65°C 60°C 55 °C 50 °Ci
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Figure 2. Solid state UV-vis absorption spectra of ComoOosite 1 (pure EHPDB) at several chosen
temperatures in the 200-850 nm range during cooling (a), and demperature dependence of the
absorbance at around 225, 240 and 290 nm (b). The inset in graph (a) presents an enlarged region of
200-400 nm.

2.2.3. UV-Vis Results for Composites 2-5

The main difference in the spectra of Composites 2-5 (Figure S2) and pure EHPDB—
Composite 1 (Figure 2a) was the presence of additional bands (in the range oa 350-600 nm)
with small intensities corresponding to the absorption of pure nanoparticles (Figure 1a). The
temperature evolutions of absorption spectra for Composites 2-5 (see Figures 3,4 and S3)
were very similar to that of pure EHPDB. The monotonous decrease in absorbance in the
visible region upon hevting can be explaioed by the reorientation of tire nanoparticles and
liquid crystal molecules at the phase transition from solid to liquid crystalline phase. After
bhsi spbhiatsecetranstitiony, itibedebsrerpianceufio oithdwadiviegncgathsbie25xnimlainde(2400ynidesligehitiiein-a
treasetdanti tsleabilitz €dliatiic(tecirypitriatutreck Fauekphastetinensittiasetotrtaieiibitolpicilgtuids.osliu/chto
behavior was observed for all nanoromposiles. Interestingly, for the 290 nm wavelength,
the situation was completely different for all nanocomposites; there was a continuous
decrease in the absorbance from the crystal-liquid crystalline phase transition, with a

diOti!’lCtjl_,lmp atthe liquid crystal-isotropic phase transition, and stabdization ayove this
teB(yieratiatea@inkthenidthiirrihtainir, dariiagicboilsicgjutstrbleloely tiheifisfietropricfigriaidl-icholesgirtcr
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Figure 3. Solid state UV-vis absorption spectra of Composite 2 (a), Composite 3 (b)), Composite 4 (c),

and Composite 5 (d) at several chosen temperatures during cooling. The legend in graph (a) ss tlee

same for all graphs.

Both the undoped sample (Composite 1) and doped samples (Composites 2-5) showed
no absorption of incident light in the 500-850 nm range (the absorbance was below 5%;
however, this spectral range had a low signal-to-noise ratio, regardless of temperature),
which means that Composites 1-5 were transparent in this range. Figure 3 presents the
spectral range of 200-500 nm and a high absorbance of the created nanocomposites (Com-
posites 2-5) in the UV region, indicating almost complete absorption of incident radiation.
However, a decrease in absorbance with an increase in the 7-Fe203 admixture concentration
was visible. The nanopatrticles in the organic matrix most likely acted as a scattering agent
in the UV region. As is seen in Figure S3, the temperatures at which the absorbance changed
corresponded to the phase transition temperatures obtained by the DSC method [39].
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for all graphs. The vectical dashed and dotted lines represent the SmA*-SmC* and SmC*-Cri phase
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Composites 1-5. In both the N* and SmC* phases, the highest absorbance was observed
for Composite 1, and the lowest for Composite 5. Only for Composite 3 was an increase
in absorbance in the SmC* phase compared to the N* phase clearly visible, while similar
absoubance in these phases was shown for Composites 2 and 4. For Composite 5, a decrease
in absorbance by as much as 45% relatiae to the pure matrix was observed, and this
difference for each temperature berame smaller for longer wavelengths. To the best of our
knowledge, no 7-Fe203 nanoparticles showed plasmon resonance, which could explain the
ichacangetlsdinlial swvibsa)ivelslirolra.Tonhap)rditreisi2 - btrl elaasive) tohia) ireged rico)-B . Jetlxerelp-t fost)cl knalpyofsictea
2, there was a well-observed trend: a decrease in the absarbance with an increase in the
nanoparticle concentration. Interestingly, the difference in absorbance for Composites 4 and
5 even reached about 20%. Such observations led to the conclusion that the nanoparticles
acted as scattering centers for the incident light in the EHPDB matrix. It seemed that single
nanoFylga tiicall:5s)banladssa rtsll)tagig) Sibgaactelsdinlanci Imnatrixnreal letegd)cai iiffielreinthy Joaile in)Birdien)St-rasdi's)bion9,
The highest nanoparticle concentration and the presence of aggregates (Composite 5) were
rlejsspon—sithileslfioar)1lth, yQscrattehraidly i bfasht)fiinlc)isde -t Iy i'sltttio)5th. yOnriglyh)efithjsxtien—t.oo i Sltha)e3r) thiers)ir)ir,
the qualitative nature of the spaatra recorded in the N* phase was very similar to those
recorded in the SmC* phase, except for Composite -.
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Figure 5. The UV-vis absorption spectra (200-400 nm) for all studied nanocomposites registered
during cooling in the N* phase at 85.0 °C (a) and the SmC* phase 7t 70.0 -C (b), 65.0 -C (c), and
60.0 =C Td). The legend in graph (a) is the sanrit for all graphs.

2.2.4. UV-Vis Results for Composite 6

The temperature evolution of the UV-vis absorption spectrum of Composite 6 (Figure 6a)
was not significantly different from that of Composites 2-5. The differences that were worth
paying attention to were higher absorbance (especially in the UV region during cooling) and
lower during heating (Figure S4a) in comparison to Composite 2 (the same concentration
of 7-Fe203, but without oleic acid). Similarly to other nanocomposites, Composite 6 was
transparent from about 400 nm, and no plateau was observed for 225 nm and 240 nm in the
isotropic liquid. A slight decrease in the melting point in relation to Composite 2 (Figure S4)

was visible.
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Figure 6. Solid state UV-vis absorption spectra of Composite 6 (7-FekO3, 0.3 wt % + oleic acid) at
several chosen temperatures in the 200-850 nm range (a), and the infifluence of heating and cooling
on the absorbance at 225, 240, and 290 nm (b). The vertical dashed and dotted lines represent the
SMA*-SmC* and N*-SmA* phase transition temperatures (duriing coolling)), respecttiivelly..
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2.2.5. Theoretical Calculations of UV-Vis and Energy Level Diagram

The structural parameters and energy level diagrams of an organic liquid crystal can
be strongly influenced by the electronic nature and position of chemical groups, as well
as the relative position of the molecules in the solid state [43]. Geometrical optimalization
of an EHPDB molecule was performed in the gas phase using the B3LYP method for the
basis set cc-pVDZ embedded in the Gaussian16 software (Figure S5 and Table S1) [44,45].
Consequently, the nonplanar character of this molecule was confirmed, with a dihedral
angle of 46° between the aromatic rings of parts ‘B' and ‘C' (Figure S5). Moreover, the
energy level diagram for EHPDB was determined, resulting in a HOMO (the highest
occupied molecular orbital)-LUMO (the lowest unoccupied molecular orbital) gap equal to
4.67192eV, which indicated the very high kinetic stability and low chemical reactivity of
EHPDB, as well as a high value of global chemical hardness (n = 2.33596 eV) compared
to other liquid crystals [43]. Additional time-dependent density functional theory (TD-
DFT) calculations were performed for the lowest 100 electronic transitions, yielding the
oscillator strength and corresponding molecular orbitals (Table S2). The analysis of these
data confirmed that electronic transitions occurred exclusively in the UV region (Figure
S5): ~300 nm (123:HOMO”™124:LUMO transition involving n-electron transfer from ‘B' to
‘C' part of EHPDB), ~255 nm (122:HOMO-1 1124:LUMO and 123:HOMO 1125:LUMO +
1/126:LUMO + 2 transition involving the transfer of n-electrons within the ‘C' part, and
from the ‘B' part to the ‘B’ or ‘C' parts, respectively), ~215 nm (123:HOMO™127:LUMO
+ 3 and 120:HOMO-3™124:LUMO and transition involving the transfer of n-electrons
within the ‘B' part, and from the ‘B' to ‘C' part, respectively), and ~190 nm (121:HOMO-
27126:LUMO + 2 and 120:HOMO-3125:LUMO + 1 transition of n-electrons from the
‘A'to ‘C' part, and within the ‘B’ part). Moreover, the calculated spectrum was shifted to a
higher energy by approximately 30 nm compared to the experimental spectra, due to the
applied single-point DFT calculation method, which, despite omitting the periodicity of
the structure in the liquid crystal phases, still accurately reflected the experimental spectra
of Composites 1-6.

In order to determine the possible origin of the shift of the UV-vis absorption spectra
of Composites 1-6 towards lower energies after cooling, a similar calculation for the second
model (‘planar’ EHPDB molecule) with a dihedral angle close to O between the aromatic
rings of the ‘B'and ‘C' parts was performed (Tables S3 and S4 and Figure S6). This approach
showed that the decrease in the dihedral angle did not affect the electronic structure of
the frontier molecular orbitals, but significantly decreased the HOMO-LUMO energy gap
(4.22293 eV) [46]. Consequently, the calculated UV-vis spectrum for the ‘planar' EHPDB
molecule was shifted to higher wavelengths in the UV region. These results suggested a
potential explanation for changes in the UV-vis spectra as a result of the mutual orientation
of the aromatic rings within the liquid crystal molecule caused by phase transitions. In the
crystalline phase, n-stacking between the aromatic rings and hydrogen bonds was expected
to stabilize the planar structure. Next, during heating, thermal motions overcame weak
interactions and led to an augment of the dihedral angle and the energy gap values, as well
as a shift of the absorption spectrum towards lower energies. Finally, the cooling process
led to the reverse behavior.

2.3. Frequency Domain Dielectric Spectroscopy (FDDS) Results

The analysis of the dielectric spectroscopy results was limited to the liquid crystalline
and crystal phases, as they were the most interesting. Particular emphasis was placed
on the temperature range of the ferroelectric SmC* phase to determine how the 7-Fe20s3
nanoparticle admixture affected the relaxation processes present in the LC matrix, and
whether they extinguished them or whether new ones appeared. Because the range of the
SmC* phase was very narrow, and it was impossible to obtain a uniformly planar orientation
for Composite 6, the dielectric properties of this composite were not studied [39].

Starting with the first liquid crystalline phase during cooling, two relaxation processes
were registered for Composites 2-5 in the N* phase. The mode with a very large dielectric
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increment in the low frequency range was interpreted as the Maxwell-Wagner-Sillars
(MWS) relaxation process; while in the higher frequency range, as the molecular s-process
(reorientation around a short molecular axis). However, due to the limited measuring range
(up to 106 Hz), the molecular process was partially observed only for Composites 2-5,
although we reported in our previous paper on the molecular s-process for pure EHPDB
in the range of 106-107 Hz [47]. The relaxation frequency of this molecular process for
Composites 2-5 was lower than for Composite 1 (pure matrix), which meant that nanopar-
ticles hindered reorientation around the short molecular axis. In the TGBA* and SmA*
phases, apart from the low-frequency MWS process, the soft mode (SM) was registered for
Composite 1 and Composites 3-5, while for Composite 2, it was not. Figure 7 presents the
dielectric dispersion and absorption, the loss tangent (tgS = e"'/e"), and the Cole-Cole plots
for Composites 3-5 in the TGBA*/SmA* phase. It was seen that the MWS process was dom-
inant in the low-frequency range; while at higher frequencies, the soft mode was visible (in
the insets). As is known, the relaxation frequency for this process is temperature-dependent,
especially in the vicinity of the SmA*-SmC* phase transition, where the V-shaped behavior
is usually observed [48-50]. For Composites 3-5, the full V-shape behavior of the relaxation
frequency was not visible (see Figure 8b), as the SM disappeared completely after phase
transition to the SmC* phase.
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Figere 7. Dielectric dispersion (a) and absorption (b), loss tangent versus Srequencu (c), and Cole-
Cole plot (d) for Composites 3-5 in the TGBA*/SmA* phase. Insets present the high-frequency range.
The legend in graph (a) is the same for all graphs.
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Temperature dependence of the dielectric increment, Ac; the relaxation frequency, vr,
and the distribution parameter of the relaxation time, et, obtained by fidtting the Cole-Cole;
model [51] to the registered dielectric spectra in the TGBA*/SmA* phases are presented in
Figure 8. The a parameter for SM was mostly in the range of 0.1-0.2, and only for Composite
3 was above 0.5 (Figure 7c¢). The small dielectric increment and strongly temperature-
dependent relaxation frequency were characteristic of the soft mode, and was reported in
the literature, e.g., for ferroelectric liquid crystal 10.0POSMH [52].

Figure 9a,b present the dielectric spectra registered in the ferroelectric SmC* phase for
Composites 1-5, while Cole-Cole plots are presented in Figure 9¢,d. The dominant MWS
process in the low-frequency range was well visible. In the SmC* phase, in addition to the
MWS process, the Goldstone mode (GM) was registered in the nanocomposites (except
for Composite 2), which was related to the phase fluctuation of the director in the smectic
layer [53]. It seemed that the GM was strongly suppressed and covered by the MWS process
in Composite 2 (see Figure 9d); therefore, the determination of its dielectric parameters was
not possible. For Composite 1, up to 60 -C, the MWS and GM processes were observed.
At lower temperatures, the MWS relaxation frequency strongly depended on temperature,
and shifted to lower frequencies (while simultaneously, the dielectric increment decreased).
For Composite 2 in the SmC* phase, the MWS process was observed, and a very weak
dielectric process (most likely a molecular one) in a higher frequency range. In turn, for
Composites 4-5, apart from the MWS and the GM processes, a weak dielectric process
(most likely a molecular one) in a higher frequency range was registered in the SmC* phase
(marked as new high-frequency mode in Figure 9c¢). In the case of Composite 4, in the
vicinity of 63-C, another relaxation process was revealed between the MWS and the GM
processes (surrounded by the dashed circle in Figure 9c). As is seen in Figure 9a, the
dielectric constant increased significantly after doping, while Khushboo et al. observed its
decrease by more than half in the ferroelectric liquid crystal mixture W206E doped with Fe
nanoparticles (0.1 wt %) [54].
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The influence of nanodopants in the liquid crystal matrix on relaxation processes
is reported in the literature; for example, Singh et al., by doping the ferroelectric liquid
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showed a decrease in Ps, WD, and WP; an increase in rotational viscosity; homeotropic
alignment of FLC molecules; and a new ionic relaxation process around 300 Hz, which
was interprrted as the adsorption phenomenon or accumulation of ion carriers on the QDs'
surface [56]. In our case, for Composite 4, the relaxation process between MWS and GM
at a frequency around 20 Hz (60 -C) may have a similar origin, e.g., accumulation of ion
carriers on the 7-Fe203 nanoparticles' surfaces. It cannot be ruled out that this process
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was related to certain movements of nanoparticle aggregates or the joint movement of LC
molecules with the surrounding nanoparticles (or their aggregates). In turn, the relaxation
frequency of the new high-frequency mode in Composite 4 (Figure 9c) was higher than that
of GM, as it was observed for the relaxation process in Felix 17/100 doped with a higher
concentration of ZnS QDs [38]. This relaxation process was attributed to the flexoelectric
tilt fluctuations in the host in the vicinity of QDs, and it may be possible that for Composite
4, the origin of the new high-frequency relaxation mode was the same.

The temperature dependencies of the dielectric increment and relaxation times of the
GM for Composites 1 and 3-5 are presented in Figure 10. The dielectric increment, as well as
the relaxation time for Composite 1, was temperature independent, which was characteristic
of the Goldstone mode. Moreover, the relaxation time was the same order as that of another
pure ferroelectric liquid crystal, 3FO6C1 [57]. In contrast, the relaxation frequency of
the Goldstone mode in nanocomposites was at the level of a pure C8 compound over
a wide temperature range [58]. Different behaviors in the temperature dependence of
both the dielectric increment and relaxation times took place for Composites 3-5—they
were strongly temperature-dependent, and higher than for Composite 1. The dielectric
increment after admixture increased 4-fold (up to ca. 180); however, there is a known GM
with an even higher Ae in pure material [59]. Importantly, as the nanoparticle concentration
increased, the relaxation time for the GM also increased. Extending the GM relaxation time
in Composites 3-5 compared to Composite 1 was associated with difficulties in movement
at the molecular level after doping with nanoparticles. The higher the concentration of
nanoparticles in the matrix, the more difficult or inhibited the movement of LC molecules
in the vicinity of the nanoparticles was. Ibragimov et al. doped 5CB and H37 liquid crystals
with BaTiO3 particles (ca. 600 nm) and also observed the increase in the relaxation times
after doping [60]. This was explained by a strong interaction existing between organic
molecules and the BaTiO3 particles (most likely permanent dipole—permanent dipole).
Due to interacting organic molecules and dispersed particles, the rotation of molecules was
hindered in the vicinity of the particles. As a result, the frequency was shifted to lower
values. A similar explanation for the longer relaxation time of the GM after doping with
7-Fe203 nanoparticles can be adapted in our case; however, the interaction's nature could
be different (e.g., permanent dipole—induced dipole). A similar behavior of the GM's
parameters was observed in pure compounds from the homologous series 3FNHBM6(S),
as well as in pure K1, K2, and K3 compounds [61,62]. In turn, Gathania et al. doped the
ferroelectric mixture FLC-6980 with a dichroic dye (2wt %) and obtained ca. 3- and 5-fold
increases in the SM and GM dielectric increments, respectively [63]. Itis also known that
the relaxation time is directly proportional to the rotational viscosity, y, and helix pitch,
p, while inversely proportional to the elastic constant, K3. Thus, the observed change in
the GM relaxation time with the temperature for Composites 3-5 may have resulted from
the competition between the temperature dependence of K3, p, and y in the SmC* phase.
The temperature dependencies of p and y for different admixture concentrations were
determined by us (see our last article [39]); however, due to the lack of K3 temperature
dependence, we were not able to confirm this estimate.

It should also be noted here that the existence of a domain mode (DM) in Composites
2-5 could not be ruled out, as we observed striped textures of the SmC* phase for these
composites [39]. Haase et al. reported on the possibility of observing ferroelectric domains
under a polarizing microscope in the form of a striped texture [64], while DM appeared for
an already partially unwounded helix under an external electric field, and was associated
with the formation of ferroelectric domains (dipole moments from several adjacent smectic
layers were directed in one direction) [65].
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During further cooltng, in tine vicinity of the transition to the crystal phase, the MWS
process disappeared for all nanocomposites, while another relaxation process (at ca. 104 Hz)
was registered in the crystal phase down tet 25 =C. Figuee 11 presents the dielectric spectra
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Figure 11. Dielectric dispersion (n) and absorption fb), as well as real component of the specific electric
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An additional strong relaxation protess, strongly temperature-dependent, was reg-
istered only for Composite 2 in the crystal phase (indicated by the arrow in figure 11b).
This process covered the high-frequency process (see the elashed ellipse in figure 111)
present for all nanocompositts in the crystal phase. Its relaxation frequency decreased with
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decreasing temperature by almost three orders of magnitude. The nature of this process
is still unknown. Similarly, the additional relaxation process was observed by Goel et al.
after doping an LC matrix with Ni nanoparticles, and was explained by exchange interac-
tions for higher nanoparticle concentrations [66]. The specific electric conductivity in the
crystal phase changes was quite irregular with frequency for Composites 1-5 (Figure 11c);
however, an admixture effect on its increase was visible (except at a few points at the
low-frequency limit for Composite 2, which could have been due to the existence of the
strong low-frequency process in this nanocomposite).

Figure 12 presents temperature dependencies of the As, vr, and a parameters of the
high-frequency relaxation process observed in the crystal phase for all nanocomposites (in
the case of Composite 2, the double Cole-Cole function was fitted). As is seen, this relax-
ation process was visible at cooling just from the SmC*-Cr phase transition for Composite
1, while it appeared a few degrees below this transition for Composites 2-5. Its dielectric
parameters (As, vr, and a) increased after doping the LC matrix with 7-Fe203 nanoparticles,
except for Composite 2 (due to the overlapping of the low- and high-frequency processes,
they were subjected to large uncertainties). The strong modifications of the a parameter
were due to the distortion of the long-range order in the crystal phase.
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Figure 12. Temperature dependences of! the dielectric increment, As (a); relaxation frequency, vr (b);
and distribution parameter of relaxation time, a. (c) of the relaxation process registered in the crystal
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uncertainties. The legend in graph (a) is the same for all graphs.

As mentioned above, a very strong Maxwel--Wagner-Sillars (MWS) process was reg-
istterredliinZtthe2llow-firequency?2rangeliinltheliisottropiclliquid,2as2wellli2as2iinal 121l quiid2erryyssteal line?
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1-5, in the low-frequency range the EP contribution was quite small, and it could be seen
as a nonplateau region (see Figures 7 and 9). A contribution to the MWS process also
was made by the polarization relaxation taking place at the interface between two various
materials with different dielectric constants. A characteristic feature of the MWS process is
the increase in the dielectric dispersion in the low-frequency range.

As mentioned above, the MWS relaxation process originated from the relaxation of
the polarization at the interface between different dielectric materials [67]. In the case of
created nanocomposites, this interface was between (1) liquid crystal and 7-Fe203 nanopar-
ticles and (2) liquid crystal and polymer alignment layer on the sample electrodes. After
applying the electric field to the measuring cell, the surface charges accumulated at these
interfaces, and the Debye-type MWS relaxation process could be registered [67]. In turn, the
interface between the liquid crystal and electrode was related to the electrode polarization
phenomenon at the low-frequency limit. Interfaces acted as capacitors (with small plate
distances), so finally the formation of a super capacitor at low frequencies (ca. 1Hz) and
hence rapid increase in the dielectric dispersion (parasitic effect) were observed. Usually,
two or more relaxation processes and conductivity contributions are observed in the dielec-
tric spectrum. If the conductivity is of electronic origin, it does not influence the dielectric
dispersion, a' [67], but does affect the dielectric absorption, a" (a" = <I0/(2nfa0); 0 is the
DC conductivity). In the case of ionic charge carriers, the dielectric absorption satisfied the
relationship a"~v-s (s < 1, v is frequency). These ionic charge carriers were responsible for
electrode polarization or Maxwell-Wagner-Sillars relaxation. For the electronic conductiv-
ity contribution (ohmic conductivity), the slope of a" in the low-frequency range was equal
to —1, while in the case of nonohmic conductivity or polarization effects (MWS and/or
EP), the slope was greater than —1 (at higher frequencies, the conductivity contribution
slope is equal to —1) [67]. Of course, the electrode polarization was also associated with
an increase in the dielectric dispersion. Taking all of the above into account, the Cole-Cole
model with the DC conductivity contribution was fitted to the experimental data, and the
results obtained for the MWS process are presented in Figure 13. As is seen, the dielectric
increment was temperature independent in the high-temperature range for all Composites,
except for Composite 2. The change in the temperature dependence of Aa, at different
temperatures, for Composites 1 and 3-5 was related to the SmA*-SmC* phase transition,
while a monotonous decrease was observed for Composite 2.

Additionally, both the dielectric increment and as were higher for nanocomposites
than for pure EHPDB (Composite 1), which was due to the interfacial polarization (at the
liquid crystal-nanoparticles interface). However, Katiyar et al. obtained a decrease in
relative permittivity while doping nematic liquid crystal NLC 2020 with TiO2 nanoparti-
cles (ca. 20-24 nm, anatase), which was explained by the ion trapping phenomenon by
nanoparticles [69]. The relaxation frequency of the MWS process increased with increasing
temperature for all composites, and the highest was for Composite 3. Such behavior was
also observed earlier [70]. As mentioned above, the MWS process was a Debye type, there-
fore the a parameter should be equal to 0, and the Cole-Cole plot should be in the form of
a semicircle with the center on the a' axis [71]. For Composites 1 and 3-5, the a parameter
was small (especially at 75-100 -C); while for Composite 2, it was much higher (due to,
inter alia, the overlapping of the MWS and Goldstone processes). Goswami et al,. as well
as Czerwiec et al., showed that for the ferroelectric liquid crystals 6F3R and 6F6BbiOCS8, the
relaxation frequency of the MWS process was very weakly dependent on temperature, and
the dielectric increment was greater than for the Goldstone process [72,73]. In Figure 13e, it
is well visible that the DC conductivity decreased with decreasing temperature. Within the
measurement uncertainty, the electronic conductivity was the same for Composites 3 and
5. However, for Composite 4 up to 82 -C was the smallest. Throughout the temperature
range of the SmC* phase, the DC conductivity was higher for Composites 2-5 compared to
the pure matrix (Composite 1).
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for all graphs. The vertical dashed lines represent the SmMA*-SmC* phase transition temperature
(during cooling).

Another interesOng issue from the application point of view was the specific elec-
tric conductivity, cr*. As is seen in Figure 14, the real part of o* (0* = 0' — (0" [74]) for
nanocomposites was higher than for the pure matrix. It should also be keptin mind that

e Y e R L A

from the nanoPartlcles surfaces and become parasmc ions in the matrix [75]. lois very
[atetricclsiting[69th . at T bie wiealsamaticthnhfigeigeureintymeafobhieasMesWhSaprincethie inryretasepahawseit, hanindcrthas
differences were enormous. For example, for Composite 5, the difference in 0' between
the crystal and liquid crystalline phases was around 1500 pS/cm. Within mesophases,
the highest specific electric conductivity was for Composite 5, as was expected for the
nanocomposite with the highest amount of 7-Fe203 nanoparticles. Kumar et al. also
observed an increase in conductivity after doping the ferroelectric liquid crystals 5F6T and
6F6T with TiO2 nanoparticles (ca. 18-23 nm, 0.1 and 1.0 wt %) [76], as did Naser, after

doping liquid crystal with Fe3O4 nanoparticles (up to 1 wt %) [77].
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2.4. Superconducting Quantum Interference Device (SQUID) Magnetometry Results

It is known that liquid crystal molecules are usually diamagnets, and in a sufficiently
strong magnetic field (u-4 T), they align in the direction of the field forces. The introduction
of non-diamagnetic inorganic nanopatrticles decreased the magnetic field needed for the
reorientation of LC molecules [78]. However, the aim of our study was to find out how the
properties of nanoparticles would change after they were introduced into an LC matrix.

Measurements of magnetic properties were used to check whether the synthesized
nanocomposites (with small 7-Fe203 nanoparticle concentration) exhibited a hysteresis
loop present for pure nanopatrticles in a wide temperature range (in a blocked state), and
how the concentration of 7-Fe203 nanoparticles affected the characteristic parameters of
the hysteresis loop, such as: saturation magnetization, MS; residual magnetization in the
zero magnetic field, MR; and the coercive field, Hc. Additionally, we wanted to determine
how an admixture modified the magnetization in the ferroelectric SmC* phase of the
studied nanocomposites.

Because 7-Fe203 nanoparticles were studied, the blocking temperature, Ts (phase
transition temperature between superparamagnetic and blocked state), existed. In the
blocked state (below TB), the magnetic moments of the nanoparticles were frozen, and
the value of thermal energy was not sufficient to reorient them. Below a certain critical
size of 7-Fe203 nanoparticles, their magnetic properties changed from ferromagnetic to
superparamagnetic (size effect). However, the critical size of nanoparticles depended, inter
alia, on the conditions of synthesis. In the superparamagnetic state, the magnetization
curve was not a hysteresis loop, magnetization saturation was not observed (even in a high
magnetic field), and irreversibility below Ts occurred [79].

The magnetic properties of Samples 1-2 and Composites 2-6 were investigated by
measuring the temperature dependence of magnetization in a DC magnetic field of 200 Oe
(ZFC and FC curves; the external magnetic field dependence of magnetization and the
magnetic hysteresis (at 10, 100, 200, and 300 K)). As an example, ZFC and FC curves
for Sample 1 and Composite 3 are presented in Figure 15. The fluctuations visible in
the FC curve for the Composite 3 were probably caused by an excessive temperature
rate. Both the ZFC and FC curves for Sample 1 were similar to those of Composite 3
and other nanocomposites, respectively. As is seen, the FC curve reached saturation in
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a low-temperature range for both samples, which was previously observed for smaller
7-Fe203 nanoparticles [79] and was associated with dipolar interactions. Moreover, the
convergence of the ZFC and FC curves was not visible up to 380 K; therefore, both Sample
1 and the nanocomposites were in the blocked state (T corresponded to the convergence
point of both the ZFC and FC curves). It seemed that Ts was outside of the measuring range,
because we did not use any surfactant to decorate the 7-Fe203 nanoparticles, in opposition
to Kataby et al., who observed significant T8 modifications depending on the surfactant
used (e.g., stearic acid shifted Ts to 280 K in relation to sulfonic acids, where Ts was around
120 K) [79], as well as Tanwar et al., who showed that decoration of nanoparticles with oleic
acid changed TB (from 95 K up to 15 K in the 0.5 T magnetic field) [80]. It should also be
noted that in the case of surfactant-functionalized nanopatrticles, the TB depends on the
strength of the magnetic field. Moreover, the TB for the same type of nanoparticles may
differ depending on the size of the nanoparticles, their decoration or not with a surfactant,
as well as possible impurities. Wu et al. showed that the Ts for 7-Fe203 short nanotubes
very strongly depended on the DC magnetic field used to register the ZFC/FC curves (TB
decreased from 275 K to 40 K when the applied magnetic field changed from 500 Oe to
5000 Oe) [81]. Summarizing the above, apart from the modification of the phase transition
temperatures and the degradation of mesophases [39], this was another reason not to use
any surfactant in the preparation of composites.
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(200 Oet for Sample 1 (pure 7-JY203 nanoparticles) and Composite 3 (in the inset).

Since all samples consisted of the same 7-Fe203 nanoparticles (confirmed by XRD
measurements [39]), all experimental data were scaled to the average value of magnetic
properties from three indepepdent measurements for pure 7-Fe203 nanopatrticles. This
approach allowed the detdrmination of the estimated weight concentration of 7-Fe203
nanoparticles used for the preparation of mixtures with EHPDB and/or oleic acid, as well
as a direCct comparison of the magnetic properties. The predicted and estimated 7-Fe203
nanoparticle contentin Samples 1-2 andComposites 2-6 are gathered in Table 1 and plotted
in Figure 16. Analysis of these da-a led to Che observation that the estimated concentrations
of 7-Fe203 nanopatrticles in Composites 2-6 were slightly lower than predicted. Such a
deviation was a consequence of the partial miscibility of the low-concentrated nanoparticles
in the liquid crystal matrix, which led to the depagsition of a small amount of 7-Fe203
iaainloipiaantioclesToiCthetoglatsiswilatretsurofacte dupritmiathieeiviaiibilriaryioont or £ thlon T-Cthenrctinlurgisindinn

chloroform, which, in the last stage of a mechanical collection of the product, resulted
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in a reduction in the 7-Fe203 nanoparticle content. One of the most probable reasons
was the formation of nanoparticle aggregates that could no longer be considered as single
domains with one super spin, as well as different sizes of nanoparticles in the composites
(<50 nm). As mentioned above, the same behavior of ZFC/FC curves was observed for
all the samples, so even a small concentration of 7-Fe203 in the liquid crystal matrix
retained its properties and made the entire nanocomposite form a blocked state up to 380 K.
Therefore, it was possible to obtain both a ferroelectric material (because EHPDB exhibited
the liquid crystalline SmC* ferroelectric phase) and a magnetically blocked material. In

turn, Novotna et al. obtained a ferroelectric-superparamagnetic material with a Ts equal
to ca. 15K [82].

Table 1. Predicted and estimated weight percentages of 7-Fe203 nanoparticles in the samples.

Sample/Composite Predicted wt % of 7-Fe203 Estimated wt % of 7-Fe203
Sample 1 100 100
Sample 2 100 11.9(1)
Composite 2 0.3 0.13(6)
Composite 3 0.5 0.37(5)
Composite 4 0.7 0.60(5)
Composite 5 0.9 0.75(4) 22 of 35
Composite 6 0.3 0.16(5)
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Figure 16. Predicted vs. estimated contenttoff 7-Fe2O3 nanoparticles in the Samples 1-2 and Compoos--
ites 2-6.

It is well known that maghemite (7-Fe20%)iin bullk exhiibittsllong-range ferromagnetic
order with a Curie temperature of about 890 K, a magnetic hysteresis with a coercive fiield
below 200 Oe at room temperature,, and satturrattion magnettiizattion up to 7755e¢muu//g (while
lower for 7-Fe20:3 naanoopaartiicelless))[[81,83-88].. Ballarrajju ett all.,, diid not observe the saturation
of magnetization of a--Fe203 nanoparticles (ca. 39 nm, rhombohedral structure) up to
+10 kOe [89]. Interestingly, Suber et al., redorted on the antiferromagnetic behavior of
Fe203 nartopartfcles of various sizes and shapes [90]. For example, the Morin phase transi-
tion (transition from pure antiforromagnet to ferromagnetf for rhombohedral nanoparticles
was observed around 190 K, and then the blocking process at around 60 K; while Wlor spher-
gpablenicnolpiairtiicless tiiclee's, totrinMtnasiisitioanidiitioap i pdeisiapdp, eainreds uzpiedrpsumaimpag nenticagb ehair iotriwast-
observed [90].
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The synthesized nanocomposites were indeed hybrid systems, and M(H) curves
were measured at various temperatures to confirm the presence of magnetic hysteresis
(Figure 17). All compounds revealed a similar shape of magnetic hysteresis in a blocked
state (T > 380 K), with average Hc ranging from 129 Oe (Composite 2) to 166 Oe (Compos-
ite 6) at 300 K, and successively increasing as the temperature decreased, to reach values
between 295 Oe (Composite 2) and 352 Oe (Sample 2) at 10 K. Moreover, the hysteresis loop
for each sample narrowed with increasing temperature. Magnetic properties of Samples
1-2 and Composites 2-6 are gathered in Table 2. Both the magnetic remanence, MR, and the
coercive fields, Hc, were temperature-dependent. In our case, saturation of magnetization
was not observed, even for the highest magnetic field (around 50 kOe). The increase in
temperature from 10 K to 300 K caused the magnetization in the highest magnetic field
(50 kOe) to decrease from about 75 emu/g to about 65 emu/g. This phenomenon could be
explained by the increase in thermal energy that was supplied to the nanocomposite system.
The higher thermal energy was responsible for the larger fluctuations at the individual
nanoparticle level. This, in turn, means that for a given magnetic field, fewer spins will
be oriented towards the external magnetic field, so the magnetization will be lower; e.g.,
nanoparticles with higher thermal energies have greater freedom of movement, which
makes it difficult to organize their spins using the same magnetic field.
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Figure 17. Magnetization vs. external magnetic field and magnetic hysteresis (insets) for Samples 1-2
and Composites 2-6 measured at 10 K (a), 100 K (b), 200 K (c), and 300 K (d). All values were scaled
to values for the 7-Fe203 nanoparticles (‘Sample 1). The solid lines in all figures are a guide for ghe
eye. The legend in graph (a) is the same for all graphs.
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Table 2. Magnetic properties of Samples 1-2 and Composites 2-6. Average MR and MS were
normalized by taking the concentration of 7-Fe203.

TIK] Aver. He (Oe) Aver. MS (emu/g) Aver. MR (emu/g) Aver. MR/MS
300 133.5 66.20 13.56 0.205
200 179.6 70.76 17.06 0.241
100 240.9 72.83 21.18 0.291
10 335.0 73.29 27.16 0.371
300 152.3 65.60 14.98 0.228
200 200.9 70.48 18.90 0.268
100 260.4 72.16 22.82 0.316
10 352.1 71.97 28.36 0.394
300 128.7 66.65 14.74 0.221
200 185.6 69.69 21.68 0.311
100 242.0 71.75 25.01 0.349
10 294.5 72.46 25.98 0.359
300 154.3 67.29 16.86 0.251
200 213.9 71.78 22.14 0.308
100 269.7 72.66 27.79 0.382
10 330.3 73.16 28.98 0.396
300 147.2 66.87 15.20 0.227
200 209.3 71.56 22.48 0.314
100 267.8 73.63 27.45 0.373
10 330.6 73.45 28.26 0.385
300 145.9 65.98 15.01 0.227
200 201.3 70.53 22.64 0.321
100 258.9 72.49 26.71 0.368
10 330.4 73.90 27.38 0.371
300 165.6 67.38 16.75 0.249
200 225.7 70.52 24.06 0.341
100 277.8 72.41 28.39 0.392
10 344.1 72.44 29.28 0.404

Moreover, the analysis of the dependence of the average Hc in relation to the estimated-
actual content of the 7-Fe203 nanopatrticles (Figure 18b) resulted in the following observations:

(i) Anincrease in Hc for the samples with content ranging between ca. 0.3 wt % and
0.9 wt % (ca. +15% increase in Hc for 0.37(5) wt % (Composite 3) in comparison to
Sample 1);

(i) A significant decrease in Hc (down to —10%) for the nanocomposite with the lowest
concentration of 0.13(6) wt % (Composite 2).

Novotna et al. observed quite different behavior for hysteresis loops, namely narrow-
ing the hysteresis loops for nanocomposites in relation to pure nanoparticles [82]. Of course,
in the first approximation, the differences could be explained by different nanopatrticle sizes
(ca. 4 nm by Novotna et al., and ca. 50 nm in our case).
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Figuee 18. Temperature (a) and estimated weight percent (wt %) of the 7--'e2()3 nanoparticles
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(d) dependencies of the average remanence ralio (remanent magnetization M/ saturation magne-
tization Ms) for Samples 1-2 and Composites 2-6. The solid lines in all gigures are a guide for the
(rye. The legend in graph (a) is the same for graph (c), while Ihe legend in graph (b) is the same for
graph (d).

It is also worth mentioning; that oleic acid significantly improved the performance
of magnetic hysteresis for materials with decorated nanopatrticles, leading to an approxi-
mately 12% increase for Sample 2, and approximately 36% for Composite 6. Similar trends
with minor deviations were also observed for tire average remanence ratio (remanent
magnetization M./saturation magnetization Ms) versus temperature and estimated con-
centration of 7-Fe203 (Figure 18c,d). At each studied temperature, Ohe Hc increased while
M. and Ms decreased for the 7-Fe203 sample treated with oleic acid versus tire untreated
one. In the case of nhanocomposites, the Hp for the temperatures of 300 K, 000 K, and
100 K was the highest for Composite 3, while no significant differences were observed
for the studied samples at a temperature of 10 Kl. At the lowest temperature oaturation
of magnetization, Ms was the highest for the composite wiph the highest concentration of
7-Fe203 nanopartic” and the Ms tor each sample increased with decreasing temperature
(which was to be expected). The magnetic properties of the oleic-acid-treated and original
samples differed significantly, which is still not well understood by us, but is very exciting
for future research using other matrices or other forms of iron (lIl) oxides (e.g., £-Fe203).
Furthermore, Martinez-Miranda ei al. used Fe4sCosn nanoparticles (ca. 11 nm) decorated
with various surfactants as dopants to 8CB, and showed that PEG (30000 ﬂpol ethylene
gldeeot)tafnrd0irtt HB/PFIEGI(3000] (ghrt-Hi icnoxeystuictitnimEHideP/DpBoltytethyelef net glytcb 1y isulerfacpaer(t hiarde.

different effects on the orientation of 8CB molecules in the magnetic fiield [78]. Summing
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up, the magnetic behavior of nanocomposites (Composite 2-5) was similar to that of pure
7-Fe203 nanoparticles. Therefore, the nanoparticles' incorporation into the organic liquid
crystalline matrix (EHPDB) did not affect their properties in the blocked state, which was
especially visible in the hysteresis loops (Figure 17).

2.5. Fourier Transform Mid-Infrared (FT-MIR) Spectroscopy Results

Low amounts of the nanopatrticles used in the experiments did not result in sufficiently
large structural changes in the liquid crystalline system to be observable by IR spectra
at room temperature [39]. However, the nanopatrticles, even at such low concentrations,
notably affected the thermal response of the system, as revealed by DSC. The changes in
the thermal response could be also checked by IR spectroscopy. Itis known that IR spectra
are extremely sensitive to variations in intermolecular interactions during phase transitions.
Thus, IR investigation of phase transitions can bring additional valuable information on the
overall supramolecular arrangement of the liquid crystalline system, and suggest possible
structural implications of the nanoparticles in intermolecular interactions within the system.
Therefore, we investigated IR spectra from 100 -C down to 10 -C upon cooling the system
from the isotropic to ordered crystal phase. The purpose of the IR investigations was to
draw conclusions about the molecular behavior of the investigated materials by analyzing
spectral band parameters such as peak maximum position and full width at half maximum
(FWHM) of some IR bands arising from the vibrational modes of various functional groups
present in EHPDB in the function of temperature.

Figure 19 presents temperature evolutions of the peak maximum position of four bands
arising from the vibrational modes within aromatic rings and epoxy and ester groups. The
vertical arrows denote phase transitions temperatures observed for pure EHPDB at about
80 and 58 -C during cooling. The first transition observed with this spectroscopic technique
was connected to the N*~-TGBA¥*, whereas the second one was connected to the SmC*-
Cr transition. The higher temperature transition was gently accented by a small rise in
the peak position values, and was visible at about the same temperature region for all
six studied composites. The lower temperature transition to the ordered crystal phase
was clearly visible when shifting the band towards larger wavenumbers in the case of all
results, except for the band related to the epoxy group (Figure 19b), where we observed the
opposite effect—shifting towards smaller wavenumbers. Spectroscopic results confirmed
that this transition occurred at a significantly higher temperature for pure EHPDB in
comparison to the composites with the 7-Fe203 admixture. Comparing the results shown
in Figure 19a,b, it can be noted that at 100 -C, the peak positions of both bands for all
six investigated composites were more or less the same. However, this changed after
cooling samples to 10 -C, where differences in positions were obvious. Considering the
band associated with the stretching mode of epoxy group, the lowest value of the peak
position was observed for pure EHPDB. Then, for composites with nanoparticles, it shifted
to a larger wavenumber in the following order: Composite 6, Composite 2, Composite 5,
Composite 4, Composite 3. This could be explained by the fact that generally, the higher
the concentration of nanoparticles, the more distorted the molecular structure, with weaker
interactions of epoxy groups. Molecules in pure EHPDB were better aligned, and thus
the interactions of epoxy groups were stronger, which was visible in the IR spectrum
by the lower wavenumber (higher wavelength, lower energy) at which the IR stretching
band appeared. Exactly the opposite order in the position of the band associated with the
bending mode within the aromatic ring can be observed in Figure 19a.
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Fggure 19. Temperature dependencies of peak maximum position for four selected IR bands connected
to 6(CH)ar (a), v(C-O)epoC (b), v(C(O)ester (c), and (‘(C=C),.,r (d) obtained for Composites 1-6 during
cooling from ghe isotropic phase. The legend in graph (a) is the same for all graphs. The vertical
dashed and dotted lines represent the SmA*-SmC* and SmC*-Crj phase trahsition temperatures
(during cooling) for pure EHPDB, respectively.

Taking into consideration the results obtained for the band related to the v(C=C)ar
mode, it was clear that for pure EHPDB, the transition to an ordered crystal phase was
the sharpest, and occurred in one step (Figure 19d). In turn, the shape of the curves in
the vicinity of the SmC*-Cr transition region for all the other composites with admixture
of 7-Fe203 was different. As can be seen, the conversion to this phase occurred in two
steps (two distinguishable increases in the value of peak position were visible), which
may have indicated a slightly different mechanism of this transition; for example, through
an intermediate state. The same two-step increase in the peak position value at P(T) for
composites with 7-Fe203 also could be observed for the band connected to the ester group,
but it was less pronounced (see Figure 19c).

Figure 20 presents the temperature dependencies of the full width at half maximum
(FWHM) of two bands connected to the stretching modes of ester and epoxy group. This
band parameter was very sensitive to molecular dynamics and ordering of the investigated
group. Taking into consideration the results in Figure 20a obtained for the band associated
with the ester group, it was clear that for pure EHPDB, the transition to ordered crystal
phase was the sharpest, and occurred in one step, whereas for all the other composites with
admixture of 7-Fe203, it occurred in two steps (two distinguishable declines in FWHM
value were visible). These results were very consistent with the ones previously described
(Figure 19c,d).
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7-Fe203), no plistinct decline in FWHM value was observed at FWHM(T). The FWHM
value decreased gradually in the entire investigated temperature range, which may suggest
that the structure was less ordered in the low-temperature range for Composites 3-5 in
comparison to Composites 1, 2, and 6. Moreover, at higher temperaturesin liquid crystalline
phases, the arrangement of molecules was more distorted, and hence the transition to the
ordered crystal phase occurred in a less cooperative way, which also caused a decrease in
the phase transition temperature.

Figure 21 presents the temperature dependencies of the peak maximum position of
two IR bands associated with the v(C=0) and vas(CH2) stretching modes, upon doping
with various amounts of nanoparticles, in the investigated system. Infrared vibrations
of carbonyl group and CH2 methylene groups within hydrocarbon side chain were very
sensitive to a change in molecular interactions. In the case of all six investigated composites,
the transition from the SmC* to Cr phase was clearly visible. Both parts of the EHPDB
molecule, the carbonyl group and hydrocarbon chain, were involved in this transition.
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Figure 21. Temperature dependencies of the pepk maximum position o0 two IR bands connected to
v(C=0) (black circles) and vas(CHZ2) (blue squarest modesobtained for pure EHPDEB—Composite 1
(a), Composite 2 (b), Composite 3 (c), Composite 4 (d), Composite 5 (e), and Composite 6 (f) during
cooling; from the isotropic pirase. The vertical dashdd and dotted lines represent the SMA*-SmC* aAd
SMmC*-Crj phase transition temperatures oUtained during cooling by DSC, respectively?.

The thermal behavior of the vas(CHz) band was identical for all six sysjems. At
100 -C, it appeared at about 2928 .m-1, which proved that a highly disordered 'liquidlike'
material was formed. The position of this band almost did not change in a wide range of
temperatures. This suggested that also in the N*, TGBA*, SmA*, and SmC* phases! the
hydrocarbon chain was completely melted. Art the SmC*-Cr phase transition, it Split into
two components, which was aresult of interactions of molecules in a unit cell. In turn, the
thermal behavior of the v(C=0) band was more complex, and differed depending on the
admixture concentration, which proned that 7-0,eeO3 nanoparticles modified the EHPDB
matrix. For Composite 1 (pure EHPDB), there was one maximum observed in the liquid
crystalline phases that corresponded well to one type of carbonyl group interacting in
the same way with the environment. At the transition to the ordered crystal phase, the
band split into three components, which indicated that three different subpopulations
were present in the molecular structure. One shoulder was visible at a larger wavenumber
at about 1743 cm-a, which could be attributed to the carbonyl group freely vibrating,
and thus not being involved in the intermolecular interactions. This type of carbonyl
group was also observed for Composites 2 and 6, and thus with the lowest amount of
nanoparticles. The other two components, with maxima at about 1732 and 1725 cm-1, most
probably were connected with two types of carbonyl groups involved in the intermolecular
interactions, which were of a different nature. In the case of the compositions with a larger
admixture of 7-Fe203 nanoparticles, Composites 4-5, temperature evolutions of positions
of both investigated bands were identical—they both split into two components at P(T).
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Interestingly, at high temperatures for Composites 3 and 6, the v(C=0) band was not fully
symmetrical, and two components of this band could be distinguished.

3. Materials and Methods
3.1. Materials

The pure EHPDB compound and 7-Fe203 nanoparticles (diameter <50 nm) are com-
mercially available, and were purchased in Sigma Aldrich (Sigma Aldrich Co., Saint Louis,
MO,USA). Accordingtothemanufacturer,thepurityofLCmatrix—EHP DBwas98%(prod-
uct number 328537), while the purity of the NPs was not given (product number 544884).

3.2. UV-Vis (Ultraviolet-Visible Spectroscopy)

Solid state UV-vis/NIR absorption spectra for Samples 1-2 and Composites 1-6 were
recorded in reflectance mode using a JASCO MSV-370 microUV-vis/NIR spectrometer
(JASCO Corporation, Tokyo, Japan) equipped with a LINKAM LTS420 hot stage with
a programmable T96 system controller and an LNP96 cooling option under flow of dry
nitrogen gas (Linkam Scientific Instruments Ltd., Epsom, England), for solid samples
spread on the surface of a 0.5 mm thick quartz plate mounted with Kapton tape on a
heating plate. The measurements were conducted in the temperature range of 0-120 -C at
a rate of 2 «C/min. Each 4 min spectrum measurement was preceded by a 2 min waiting
time for temperature stabilization.

3.3. FDDS (Frequency Domain Dielectric Spectroscopy)

In order to determine the dielectric properties of the new synthesized nanocomposites,
a Turnkey Impedance Spectrometer Concept 81 (Novocontrol Technologies GmbH & Co.
KG, Montabaur, Germany) was used. Measurements were carried out by using planar
cells with gold-coated electrodes (ca. Co =50 pF, active area 25 mm2, AWAT Company,
Warsaw, Poland) in the frequency range of 0.5-106 Hz (measuring voltage 0.5 V). ITO
cells were not used to eliminate a parasitic relaxation process around 1MHz (coming
from indium tin oxide, a very pronounced process often covers/overlaps the relaxation
process of studied materials), while parasitic relaxation coming from the Au electrodes
was outside of the measuring frequency range [91]. The composites were introduced
into the measuring cells due to the capillary effect at a temperature slightly above the
clearing point, and slowly cooled down. Due to the planar alignment of the liquid crystal
molecules in the cells, the perpendicular component of the dielectric permittivity was
measured [92]. The measurements were taken during cooling from 110.0 to 25.0 -C with a
1.0 -C temperature interval.

3.4. SQUID (Superconducting Quantum Interference Device Magnetometry)

Magnetic measurements were performed on Samples 1-2 of about 1 mg and Com-
posites 1-6 of about 10 mg. The samples were placed at the bottom of gelatin capsules
(approximately 30 mg), blocked with nitrocellulose varnish (approximately 20 mg after
drying), and quartz wool (10-15 mg). Next, capsules were placed inside Kapton tubes
and mounted on a magnetic test rod. Measurements were conducted by using a Quantum
Design MPMS XL magnetometer (Quantum Design Inc., San Diego, CA, USA). All direct-
current (DC) measurements were corrected for the diamagnetic contribution of the sample
holder and the EHPDB liquid crystal matrix.

3.5. FT-MIR (Fourier Transform Mid-Infrared Spectroscopy)

Temperature-dependent Fourier transform mid-infrared (FT-MIR) absorption measure-
ments were performed in transmission mode using a VERTEX 70v vacuum spectrometer
(Bruker, Billerica, MA, USA) for bulk samples of Composites 1-6. More details on this
experiment can be found in our recent paper [39]. The band parameters (peak maximum
position and FWHM) of chosen bands at different temperatures were obtained by fitting
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the Lorentz function using OriginPro, Version 2020 (OriginLab Corporation, Northampton,
MA, USA).

4. Conclusions

We showed the influence of the y-Fe,O3 nanoparticle admixture, as well as of oleic acid,
on the physical properties of the ferroelectric liquid crystal EHPDB by using light absorption
in the UV-vis and MIR ranges, dielectric spectroscopy, and magnetic superconducting
quantum interference device magnetometry methods.

It was found that both pure (Sample 1) and oleic-acid-decorated (Sample 2) y-Fe, O3
nanoparticles absorbed in the 200-700 nm range with distinct absorption bands around
225, 350, 500, and 650 nm; however, the intensities of the absorption bands were smaller
for Sample 2; while above 750 nm, both materials were transparent. All Composites 1-
6 were completely transparent in the range of 500-850 nm, regardless of temperature,
and the temperature dependence of the absorbance for selected wavelengths showed
distinct discontinuities at the phase transition temperatures, with a visible plateau in the
liquid crystalline ferroelectric SmC* and isotropic phases. In the absorption spectra of
the nanocomposites (Composites 2-5), a decrease in the absorption in the UV range and
the appearance of additional absorption bands in the 350-600 nm region compared to
the pure LC matrix (Composite 1) were observed. In our opinion, nanoparticles in the
organic matrix played the role of scattering centers of incident light, and with the increase
in nanoparticle concentration, the intensity of the scattered light increased, and thus the
absorption decreased.

The dielectric spectroscopy method allowed us to register and interpret relaxation
processes appearing in the liquid crystalline and crystal phases in Composites 1-5. Two
relaxation processes in the liquid crystalline N* phase were revealed, namely MWS and the
molecular s-process. The observed decrease in the relaxation frequency of the s-process
in nanocomposites was related to the presence of nanoparticles in the LC matrix, which
hindered molecular reorientation (molecules in Composites 2-5 needed a longer time for
reorientation). In turn, in the liquid crystalline TGBA* and SmA* phases, in addition
to the MWS process, a soft mode was registered (with the exception of Composite 2)
in a narrow temperature range. In the liquid crystalline ferroelectric SmC* phase, the
MWS process was still observed, and additionally, the Goldstone mode (however, for
Composite 2, the GM was covered by the very strong MWS process). On the other hand,
the origin of the additional relaxation process registered in this phase for Composites 4
and 5 was not fully explained. It may have been related to the movement of nanoparticles
in the form of aggregates or the collective movement of nanoparticles (or aggregates)
with the surrounding organic molecules, and the impurities (not ions) existing in the LC
matrix. In addition, a strong modification of the Goldstone mode in the SmC* phase was
observed (e.g., extension of the relaxation time by about 12 times) after introducing even
the smallest amount of y-FepO3 nanoparticle admixture, which, as already mentioned, may
have been caused by difficulties in the reorientation of organic molecules in the presence of
nanoparticles. In general, in the liquid crystalline phases, the doping caused an increase in
the dielectric constant. In turn, in the crystal phase, the MWS process disappeared and a
new one, most likely of a molecular nature, and weakly dependent on the concentration
of y-Fe;O3 nanoparticles, appeared. The specific conductivity increased over the entire
frequency range with an increase in the y-Fe;O3 nanoparticles” concentration.

Based on the results obtained by the SQUID method, it was found that the blocking
temperature of the used y-Fe,O3 nanoparticles was above 380 K, and the nanoparticles re-
tained their properties in the LC matrix; therefore, for Composites 2-5, the liquid crystalline
ferroelectric SmC* phase coexisted with the magnetically blocked state of the nanoparticles.
Evidence of the presence of nanoparticles in the blocked state in Composites 2-5 was
the similar shape of the hysteresis loop, which narrowed with increasing temperature.
Saturation magnetization decreased with increasing temperature, which was related to
the higher thermal energy of nanoparticles. However, it turned out that the coercive field
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depended not only on temperature, but also on the concentration of nanoparticles. The
coercive field was greater for Composites 2-5 than for pure nanoparticles (Sample 1); there-
fore, nanoparticles immersed in the LC matrix required a higher magnetic field to invert
the magnetization (especially for Composite 3). The addition of oleic acid additionally
increased the coercive field and saturation magnetization.

Infrared absorption spectroscopy results showed that addition of the Y-Fe203 nanopar-
ticles had an influence on the SmC*-Cr phase transition temperature of liquid crystal
EHPDB, and moderated its molecular arrangement. Parts of the EHPDB molecule con-
taining oxygen, such as carbonyl, ester, and epoxy groups, as well as aromatic rings, were
sensitive to changes in intermolecular interactions and/or dynamics due to the presence of
nanoparticles.

To sum up, oleic acid used to decorate nanoparticles, on the one hand, prevented the
agglomeration of nanoparticles, causing better homogeneity in the LC matrix, which in turn
increased the coercive field and the MR, while decreasing the Ms and strongly modifying
the temperature of phase transitions (narrowing the mesophases). It also influenced
the absorption of light in the UV-vis range in the nanocomposites. However, further
studies of the effect of oleic acid (and other surfactants) on the characteristic parameters
of organometallic nanocomposites, with particular emphasis on the amount of surfactant
used (at a constant concentration of nanopatrticles), seem necessary.
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Figure S1. Solid state UV-Vis absorption spectra of Composite 1 (pure EHPDB) at several chosen temperatures in the 200-
850 nm range during heating (a) and temperature dependence of the first derivative of the absorbance for selected wave-
lengths 225, 240 and 290 nm during heating and cooling (b).
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Figure S2. Solid state UV-Vis absorption spectra of Composites 2-5 at several chosen temperatures in the 200-500 hm
range during heating. The legend from the right side is for all graphs.
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Figure S3. Temperature dependence of the first absorbance derivative for selected wavelengths (225, 240, 290 nm)
for Composites 2-4 during heating and cooling. The given temperatures correspond to the phase transitions

temperatures.
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Figure S4. Solid state UV-Vis absorption spectra of Composite 6 at several chosen temperatures in the 200-850 nm range
during heating (a) and temperature dependence of the first derivative of absorbance for selected wavelengths 225, 240 and

290 nm during heating and cooling (b).
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Figure S5. Model for optimized structure of EHPDB molecule used for calculation (a). Energy level diagram in eVs with
calculated frontier molecular orbitals (b). Blue arrow and number correspond to the HOMO-LUMO gap. Calculated UV-
Vis spectrum for optimized structure of EHPDB molecule (c). Red bars indicate electronic transitions with the largest
contributions while legend above bars indicate electronic states involved in transition.



Table S1. List of atomic coordinates for optimized structure of EHPDB molecule.

Atom X Y Z Atom X Y Z
C 2.1355 -1.7731 1.7295 H 18.7163 -6.4138 3.3196
C 16.9662 -6.67 1.4823 H 19.5618 —-7.2845 0.4477
(0] 17.5989 -7.9895 1.7894 H 19.3947 -5.4226 0.8071
C 18.3242 -6.7769 2.2839 H 15.8922 -7.0283 3.4813
C 19.539 -6.4753 1.2862 H 15.6587 -5.2811 2.7627
C 15.7528 -6.413 2.5014 H 20.8657 -5.7703 2.9961
C 20.9204 -6.5073 2.0949 H 21.1219 -7.5865 2.4865
C 22.0976 -6.0631 1.1035 H 21.7464 -6.1956 0
(0] 14.479 -6.8472 1.8596 H 22.3645 -4.9446 1.2944
C 13.2898 -6.0524 1.8825 H 23.0369 -6.7264 1.2944
C 11.9971 -6.7122 1.9612 H 11.9392 -7.8749 2.019
C 13.3565 -4.5992 1.8143 H 14.3911 -4.0658 1.7538
C 10.7765 -5.9258 1.9678 H 9.7435 -6.4618 2.0306
C 12.1328 -3.8114 1.8217 H 12.1885 -2.6484 1.7677
C 10.8396 -4.4732 1.8963 H 5.7912 -5.2256 2.37
(0] 9.6371 -3.6925 1.8897 H 8.1924 -1.381 2.2373
C 8.4122 -4.1925 2.4323 H 3.578 -3.8497 2.1924
(0] 8.393 -5.3253 3.007 H 5.9759 0 2.0545
C 7.1139 -3.3776 2.3165 H 2.3423 -2.4405 3.8919
C 5.8328 -4.0628 2.3017 H 0.7655 -1.4437 3.5125
C 7.1637 -1.9288 2.2274 H 0 -3.822 3.8548
C 4.6036 -3.2961 2.2017 H 4E-4 -3.5521 1.9704
C 5.9322 -1.1625 2.1258 H 2.2389 -4.7767 1.7185
C 4.6462 -1.8431 2.1131 H 2.4766 -4.8496 3.6058
(0] 3.4319 -1.0871 2.0103 H 0.1743 -6.2538 3.722
C 1.4898 -2.2664 3.1164 H 0.2418 -6.361 1.8226
C 0.6709 -3.6365 2.92 H 2.5102 -7.5705 1.9061
C 1.6923 -4.868 2.7438 H 2.6407 -7.2993 3.7857
C 0.878 -6.251 2.7929 H 0.4021 -8.6975 4.0916
C 1.9063 -7.4789 2.8987 H 0.4111 -9.0525 2.2214
C 1.0777 -8.8291 3.151 H 2.7229 -10.226 2.4276
C 2.0861 -10.0534 3.3884 H 2.7911 -9.81 4.284
C 1.2389 -11.3758 3.7158 H 0.913 -11.8846 2.719
H 1.435 -1.0144 1.189 H 1.8962 -12.115 4.3324
H 2.3498 -2.6756 1.0239 H 0.2926 -11.0877 4.3324
H 16.6109 -6.1354 0.5095




Table S2. List of calculated the first 25 excited states with oscillator strengths (f) for optimized structure of EHPDB mole-

cule.

AE [eV], A [nm],

The Excited Stat Transiti .
¢ hcited State ransition Oscillator Strength [a.u.]
Singlet-A, 4.1305 eV 300.17 nm f=
1 123->124 070335 17960 54250, 000
118 > 124 027413
121->124  -0.36861
” Singlet-A, 4.8001 eV 258.30 nm f =
2 121->127 015271 00011 <5250 000
122->124 023654 ‘ =
123->126 044480
120 > 124 —0.34653
g Singlet-A, 4.8415 eV 256.09 nm f =
; 122->124  -0.25683 00598 5250 000
122->125 032247 ‘ =
123->125 043452
118 > 124 ~0.15895
120->124  -0.15580
121->127 012444
” Singlet-A, 4.8737 eV 25439 nm f =
4 122->124 050773 D asme S50 000
122->125 016938 ‘ =
123->125  0.10294
123->126  -0.34003
118 > 124 045562
121->124 024850
g Singlet-A, 4.8894 eV 253.58 nm f =
5 121->127 010203 11100, S0t 000
122->124 029195 ‘ =
123->126 030331
120> 124 025940
g Singlet-A, 5.0289 eV 246.54 nm f =
6 122->125  -0.37178 o0 S 0000
123->125 053377 ‘ =7
118 > 124 040403
Singlet-A, 5.3687 eV 230.94nm f=
7 121->124 053980 oo 250,000
123->126 016477 ‘ =
Singlet-A 55626 ¢V 222.89 nm f =
8 122->126 070133 000n. <250 000
, 121>126 028317 Singlet-A, 5.7308 eV 21635 nm f -
123->127 062473 0.1536 <5*2>0.000
119> 124 024260
g Singlet-A, 5.8430 eV 212.19 nm f =
10 120->124 048546 S 1oaL <5250.000
122->125 040384 ‘ =
119> 124 065286
" 0 1os Oteaan Singlet-A, 5.8942 eV 210.35 nm f =
. #E0)> |
9 1es 017008 0.0240 <5*2>0.000
- 1185125 0.27758 Singlet-A, 6.0051 eV 206.46 nm f -
1215125 0.64849 0.0013 <5*2>0.000
s 120>125 011877 SingletA  6.1379 eV 202.00 nm f -
122->127 068693 0.0024 <5*2>0.000
. 1185125 0.62777 Singlet-A, 6.3183 eV 196.23 nm f -
121125 -0.27155 0.0122 < $*220.000
s 118 >125  -0.12436 Singlet-A, 6.3308 eV 19584 nm f -
118->126 055308 0.2456 <5*2>0.000




1215126 031534
1235127 013476
119 ->126 - 0.57406 Singlet-A, 6.4302 eV 192.81 nm f =
16 1205126 056814 00e, <G50, 000
1215127 -0.115%
119 >126 041361
120->126 - -0.38587 Singlet-A, 6.4543 eV 192.09 nm f =
17 1215127 -0.16811 e 250,000
1235129 031762
1235131 012462
116 > 124 023025
s 1175124 059557 Singlet-A, 6.4716 eV 191.58 nm f =
1215126 014132 0.1179 <§*220.000
1235129 015735
117 > 124 0.13988
1185126 -0.13327
119->126  -0.34348 Singlet-A, 6.4811 eV 191.30 nm f =
19 1205126 012315 g <m0, 000
1235129 049678
1235131 0.19739
1235133 0.10558
0 122128 037823 Singlet-A, 6.5932 eV 188.05 nm f -
1235128 055861 0.0112 <§* 220.000
116 > 124 0.20560
1175124 -0.21538
” 1185126 -0.23947 Singlet-A, 6.6481 eV 186.50 nm f =
1195125 021078 0.7486 <5*220.000
1205125 043376
1215126 0.22520
116 ->124 = -0.11393 Singlet-A, 6.6743 eV 185.76 nm f -
22 119>125 065434 0.0803 <5*2>0.000
1215126 -0.10887
112>124  0.19937
116 ->124 046500
17->124 017961
” 185127  -0.15722 Singlet-A, 6.7207 eV 18448 nm f =
1205125  -0.23204 0.0936 <§*220.000
1215127 -0.16804
1225128 013126
1235133 -0.13578
107 > 124 0.15305
1095124 026722
110->124  -0.11988
11 ->124 0.19258 Singlet-A, 6.7372 eV 184.03 nm f -
24 125124 037539 oS 550,000
115->124  -0.33331
116->124  -0.15318
1175124 0.10588
1205125 010294
1§>127-0.19225 Singlet-A, 6.7947 eV 182.47 nm f =
25 1215127 021709 D oS 5250 000
1225128 048744




123 -> 128 -0.34414

Table S3. List of atomic coordinates for “planar” EHPDB molecule.

Atom X Y Z Atom X Y Z

C 5.47221 -2.5107 -0.60355 H -10.23004 1.17922 1.29781
C -8.36095 0.6968 0.22883 H -9.8744 -1.50468 -0.21298
(0] -9.40905 1.10694 -0.66462 H -10.40326 -1.35721 1.47605
C -9.77589 0.48124 0.57779 H -8.21632 2.67209 1.02497
C -10.44645 -0.8687 0.48434 H -7.16712 1.48542 1.85367
C -7.5601 1.80383 0.87121 H -12.47003 -0.12974 0.71867
C -11.9042 -0.76885 0.01581 H -11.92316 -0.24832 -0.9574
C -12.58935 -2.13099 -0.10555 H -12.06563 -2.77879 -0.82896
(0] —-6.50586 2.28139 0.03726 H -12.60462 -2.66137 0.86213
C -5.30563 1.62408 0.01339 H -13.63213 -2.02738 -0.44545
C -4.32343 2.20238 -0.80822 H -4.58109 3.10741 -1.36065
C -4.99838 0.45943 0.73022 H -5.73375 -0.02747 1.36993
C -3.05488 1.64129 -0.91316 H -2.30108 2.10473 -1.54657
C -3.71964 -0.10115 0.62848 H -3.46885 -1.00818 1.181
C -2.75459 0.48314 -0.18589 H 2.19216 1.1939 -0.12605
(0] -1.53805 -0.19479 -0.29163 H -0.32046 -2.2673 -0.55797
C -0.34738 0.48732 -0.21758 H 4.21594 -0.22473 -0.28934
(0] -0.26804 1.68749 -0.07975 H 1.71232 -3.71281 -0.73686
C 0.80844 -0.43497 -0.33055 H 5.42346 -1.59827 1.36278
C 2.09576 0.11564 -0.26092 H 5.76511 -3.33185 1.34584
C 0.67427 -1.82605 -0.50097 H 7.8058 -2.19416 1.97041
C 3.2316 -0.68624 -0.35595 H 8.05161 -2.86737 0.36064
C 1.79831 -2.63362 -0.6002 H 7.65893 -0.59086 -0.65686
C 3.08899 -2.0743 -0.53074 H 7.32997 0.0699 0.94753
(0] 4,111 -2.96026 -0.65428 H 9.67135 -0.5212 1.66507
C 5.98795 -2.383 0.8297 H 9.99448 -1.19774 0.06735
C 7.4936 -2.09 0.91643 H 9.5793 1.06237 -0.97497
C 7.91473 -0.7027 0.41286 H 9.25435 1.73951 0.62222
C 9.41002 -0.42028 0.59476 H 11.59711 1.14814 1.34974
C 9.84067 0.96285 0.09565 H 11.92195 0.46959 -0.24711
C 11.33503 1.24648 0.27903 H 11.50415 2.72691 -1.29083
C 11.76613 2.6294 -0.22093 H 11.17939 3.40508 0.30521
C 13.26003 2.90345 -0.03344 H 13.87388 2.16538 -0.57767
H 6.03464 -3.29306 -1.13621 H 13.5376 3.90409 -0.40215
H 5.58344 -1.57559 -1.17684 H 13.54658 2.84885 1.0308
H -7.78272 -0.16538 -0.12775

Table S4. List of calculated the first 25 excited states with oscillator strengths (f) for “planar” EHPDB molecule.

AE [eV], A [nm],

The Exci Transiti i
e Excited State ransition Oscillator Strength [a.u.]

Singlet-A, 3.7065 eV 334.50 nm f=

1 123->124 070328 0.2535 <§*2>0.000

117 -> 124 -0.15514
118 -> 124 0.15592

» 119 -> 124 -0.35303 Singlet-A, 4.1199 eV 300.94 nm f=
120 -> 124 0.12629 0.0739 <5%2>0.000
121 -> 124 -0.35605
122 -> 124 0.39191

3 120 -> 124 -0.31977 Singlet-A, 44230 eV 280.31 nm f=

122 -> 125 0.28814 0.0097 <5*2>0.000




1235125 054506
121>124 039317
A 1215127 0.16869 Singlet-A, 44371 eV 279.42 nm f =
1225124 —0.28707 0.1201 <S5*20.000
1235126 0.46020
120 >124 033583
122->124  -024274 Singlet-A, 45315 eV 273.60 nm f -
> 122125 -0.35422 0.0463 <5*2>0.000
1235125 039292
1235126 —0.14252
118 >124  -0.11928
1195124 0.30990
120->124 011627
121>124 - 0.12768 Singlet-A, 45857 eV 270.37 nm f =
6 121>127-0.10476 0.2036 <5*2>0.000
1225124 0.40008
1225125  -0.20588
1235125 020816
1235126 026267
117 >124 012542
118->124  0.12843
; 1195124 032172 Singlet-A, 47730 eV 259.76 nm f =
121->124 043825 0.0305 <S5*20.000
121->127 016494
1235126 033756
121->126  -0.23526 Singlet-A, 5.2327 eV 236.94nm f -
8 122->126 - 0.11869 01533 <S5*20.000
1235127 0.62160
119>125  0.13200
120->124 — -0.35113 Singlet-A, 5.2791 eV 234.86 nm f =
? 121>125 040235 0.0591 <5*220.000
1225125  -037373
1235127 011784
120->124 - 0.30226 Singlet-A, 5.3602 eV 231.30 nm f =
10 1215125 0.54606 ) oea <8e20.000
1225125 0.25095
" 111292 ~ 112266 _8"6161716962 Singlet-A, 53940 eV 229,86 nim £~
1y 0 0.0277 <S*20.000
117->124  -0.19378 Singlet-A, 5.4341 eV 228.16 nm f -
12 118->124 058031 o0t 2520000
1195124 032559
115>124 012820
s 1175124 0.60097 Singlet-A, 5.5323 eV 22411 nm f =
118->124 030094 0.0036 <S*20.000
1195124  -0.12426
117 >125 015184
1185125  -0.19546
» 1195125 050366 Singlet-A, 5.6847 eV 218.10 nm f =
1205125  —0.27682 0.0237 <S5*20.000
1215125  -0.16855
1225127 025127




11115; ~ 1122?3 _8:21852126 Singlet-A, 57222 eV 216,67 nim £~
15 0o 011138 0.0032 <5*2>0.000
1225127 059092
116 >124  0.13723
118>126  -0.10566
1195126  0.42070
> 120126 -0.17106 Singlet-A, 5.8422 eV 212.22 nm f =
1215126 039124 0.2235 <5*220.000
1225127 -0.11257
1235127 0.10427
1235128 -0.17375
-~ 114>124 010177 Singlet-A, 5.8828 ¢V 21076 nm f -
116 >124  0.66601 0.0065 <5*2>0.000
119 >126  0.25900
120125  -0.11406
s 120126 -0.11429 Singlet-A, 5.9471 eV 208.48 nm f =
1215126  -0.10412 0.0369 <5*2>0.000
1235128 057129
1235130 0.11413
119 >126  -0.15914
120126 0.10989
” 121>127  0.11700 Singlet-A, 6.0095 eV 20631 nm f =
1235130 0.59928 0.0038 <5 **220.000
1235131 -0.16079
1235138 -0.12987
115>124  0.34686
117 >124  -0.11531
1175126 -0.22305
2 ﬁg ” ﬁ? 8:182;12 Singlet-A, 6.0471 eV 205,03 nim £~
0o 010008 0.0229 <5*2>0.000
1215127 038777
1235126 -0.13044
1235130 -0.15059
115>124  0.39247
1175126 0.22897
119>125  0.10519
1195126  -0.13490
" 120125  0.24255 Singlet-A, 61044 eV 203.11 nm f =
1215126  0.15604 0.4016 <5*2>0.000
1215127 -023771
1225127 -0.13954
1225128 -0.11262
1235128 017716
112>124  0.10525
1135124 -0.10746
Hd->1ad 03154 Singlet-A, 6.1447 eV 201.77 nm f =
22 115>124 - 0.26422 0.0063 <5*2>0.000
116>124  -0.11814
1195126  0.10383
120125  -0.29128




120 > 126 034837

1215126 0.12390

114>124 018238

115->124 = -0.14505 Singlet-A, 6.1484 eV 201.65 nm f -
23 1195126 0.17306 S o S50, 000

1205125 022991

1205126 055219

117125 -0.13124 Singlet-A, 61771 eV 200.72 nm f -
24 118>125 062445 0.0022 <5*220.000

1195125 028416

112 >124 017334

135124 -0.11065

1145124 045043
’s 1155124 -0.19646 Singlet-A, 6.2169 eV 199.43 nm f =
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Figure S6. Model of ‘planar' EHPDB molecule used for calculation (a). Black sticks indicate an overlapped opti-
mized structure of EHPDB. Energy level diagram in eVs with calculated frontier molecular orbitals (b). Blue
arrow and number correspond to the HOMO-LUMO gap. Calculated UV-Vis spectrum for ‘planar' EHPDB mol-
ecule (c). Red bars indicate electronic transitions with the largest contributions while legend above bars indicate
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Abstract: Modification of the physical properties of the (S)-MHPOBC antiferroelectric liquid crystal
(AFLC) by doping with low concentrations of gold nanoparticles is presented for the first time. We
used several complementary experimental methods to determine the effect of Au nanoparticles on
AFLC in the metal-organic composites. It was found that the dopant inhibits the matrix crystallization
process and modifies the phase transitions temperatures and switching time, as well as increases the
helical pitch and spontaneous polarization, while the tilt angle slightly changes. We also showed that
both the LC matrix and Au nanoparticles show strong fluorescence in the green light range, and the
contact angle depends on the temperature and dopant concentration.

Keywords: antiferroelectric liquid crystal; Au nanoparticles; metal-organic composites; localized
surface plasmon resonance

1. Introduction

The process of doping soft matter with various types of nanomaterials, such as
nanopatrticles, nanorods, and quantum dots, is a fairly convenient alternative to design-
ing new materials without a typical chemical approach. This way is technically simpler,
economically cheaper, and what is the most important, it gives very promising effects:
modification of the parameters of a soft matter matrix (liquid crystal, and polymer). It
should also be noted here that a more sophisticated approach is the liquid crystal gold
nanoparticles (NPs) synthesis, in which the mesogenic unit is chemically bonded to the
NP's surface. This approach produces materials with a high Au content, as opposed to
doping, where agglomeration occurs at higher concentrations [1-13]. Hybrid materials
such as liquid crystal + nanomaterials have been the subject of research for the last few
years [14-16]. Since nematic liquid crystals (NLCs) are the most widely used in the indus-
try, great interest is focused on them as a matrix for the production of nanocomposites.
However, it seems that more complex phases such as the ferroelectric SmC* or the anti-
ferroelectric SmC*A can also be modified in the same way. Our research and this paper
are an attempt to fill in the gap, in which the antiferroelectric SmC*A phase is an organic
matrix doped with Au nanoparticles. We have chosen gold nanopatrticles, because they are
very often used as a dopant, and their synthesis and properties are well-described in the
literature[17,18]. Below, we provide a brief overview of the research of nanocomposites
based on liquid crystals and Au nanoparticles to demonstrate the need for our research
and explain our motivation.

https://www.mdpi.com/journal/molecules
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Considering calamitic non-chiral nematic liquid crystals, it was shown that, after
doping with Au nanoparticles (decorated with different surfactants), depending on the
liquid crystal (LC), the photoluminescence (PL) increases, the red shift appears for the
absorption band as a result of localized surface plasmon resonance (LSPR), the nematic-
isotropic phase transition temperature and threshold voltage decrease, and the Freedericksz
voltage for both H = 0 and H > 0 increase [19-22]. It was also found that the relaxation
frequency decreases after doping, as explained by the generation of a local electric field in
the nanocomposite [23]. In another case, the absorption increased after doping with Au
NPs, and a blue shift was noted for LSPR [24,25]. On the other hand, by doping polymer
dispersed LC (PDLC) with Au nanoparticles, the significantincrease of the relative light
transmission was noted and explained by the increase in a local electric field by excitation
of the nanoparticles' surface plasmons [26]. Tiwari et al. gave direct evidence for the
presence of surface plasmons in NLC doped with Au NPs [27]. A liquid crystal elastomer
exhibiting the N phase was also doped with Au nanoparticles by Montazami et al., who
showed the increase of the nematic-isotropic phase transition temperature and stiffness of
the nanocomposite (Young modulus increases) [28]. Likewise, Au nanoparticles have been
used as a dopant to NLCs from the cyanobiphenyls homologous series (nCB). Depending
on the homolog of the defect-free layers, increases in the dielectric anisotropy As, the
optical anisotropy An, elastic constant K, viscosity y, and broadening of the N phase were
found [29-33]. The modifications of the material parameters were explained as a results
of creating clusters of two different types: (a) nanoparticle clusters with LC molecules
(for smaller concentrations) and (b) nanoparticle clusters among themselves (for higher
concentrations) [34]. In turn, the red shift of LSPR after doping was explained by the
anchoring of LC molecules to the Au surface [35]. For the binary mixtures 5CB:6CB
(various concentrations) doped with Au NPs, a large decrease in the viscosity y, threshold
voltage, and Toff was found [36]. An admixture of Au NPs also caused an increase of the
specific electric conductivity in the N and Is phases and broadening of the N and SmA
phases [37-39]. AunanoparticleshavebeenalsousedtoalignNLCmolecules. For example,
Urbanski et al. achieved homeotropic ordering in planar cells, which is presumably due to
Au NP accumulation at the interface polymer/NLC and opposes the polymer effects [40],
while Hegmann et al. found that Au NPs with hydrophobic ligands introduced into
NLC can form birefringent stripe domains separated by homeotropically aligned LC
molecules[41,42]. In turn, Yoshida etal. stabilized theblue phase bytrapping nanoparticles
in disclination lines, which lowered the empty volume and free energy [43].

The discotic liquid crystals (DLC) have also been used as a matrix for doping with Au
nanoparticles, and depending on the liquid crystal used as the host matrix, it was found,
for example, that after doping the decrease of the Colh-Is phase transition temperature, an
increase of the optical energy gap and an increase of the conductivity was observed [44,45].

A few papers presented the influence of gold nanoparticles on ferroelectric liquid
crystals (FLC). For example, after doping a decrease of the Goldstone mode's relaxation fre-
quency and the SmA*-SmC* phase transition temperature, an increase of the conductivity
was found [46]. Additionally, after doping with Au NPs, an increase of the photolumines-
cence (PL) intensity without changing the qualitative PL spectrum, the memory effect and
an increase ofthe tilt angle were observed [15,16,47]. Fluorescent LC materials are still a
rare group, because the shapes and structures of many fluorescent moieties are not optimal
for mesophase formation [48]. FLCs were also doped with Au nanorods, similar to how it
was done by Podgornov et al. and Shukla et al. [49,50].

As shown above, mainly nematic liquid crystals have been used as a matrix for dop-
ing with Au nanopatrticles, although discotic and polymeric and even ferroelectric liquid
crystals have also been used. However, no antiferroelectric liquid crystals were doped.
Therefore, we prepared two composites based on the well-known AFLC—(S)-MHPOBC
doped with various concentrations of Au nanoparticles: Composite 2 (0.2 wt. % Au NPs)
and Composite 3 (0.5 wt. % Au NPs) and compare their properties with the undoped
sample—Composite 1 (0.0 wt. % Au NPs) by using the following complementary methods:
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polarizing optical microscopy, differential scanning calorimetry, X-ray diffraction, fluores-
cent confocal polarizing microscopy, ultraviolet-visible spectroscopy, optical/scanning
electron microscopy, contact angle, and electro-optic measurements. It has been shown
how many AFLC parameters can be changed by a small amount of Au nanopatrticles in a
surprising and intriguing manner. We interpret the results of the research on new hybrid
materials on various planes, determining the influence of the admixture on both the phase
sequence and the helix pitch, fluorescence, morphology, and wettability of the layers, as
well as electro-optic parameters (switching time, tilt angle, and spontaneous polarization).
We use the nomenclature recommended by the IUPAC—in particular, the phase composed
of chiral molecules is denoted by adding an asterisk to the name of the phase [51].

2. Results and Discussion
2.1. Results of Polarizing Optical Microscopy (POM) Method

By using the polarizing microscopy method, textures for the SmA*, SmC*a (which is
often noted as ferrielectric one, and other designations SmC*i/3 = SmC*Fii), SmC*, SmC*y,
SmC*A, Sml*, and Sml* + Crl phases were registered with decreasing temperatures for
Composites 1-3. As an example, the textures for Composite 3 are presented in Figure 1,
while all the Composites are in Figure Si (in the Supplementary Materials). It is seen that
all the Composites studied exhibit a rich phase polymorphism, which is usually observed
for optically pure (S)-MHPOBC or (R)-MHPOBC [52]. In the SmA* phase, director n (also
represents the optical axis in this uniaxial phase) is oriented along the smectic layer normal
k [51].

(b) SmC*a (118°C) (€) SmC* (117 °C) (@) SmC* (114 °C)

Figure 1. Textures under cross-polarizers registered during cooling with a rate of 2 -C/min for Com-
posite 3: SmA* (a), SmC*a (b), SmC* (c), SmC*y (d), SmC*A at 105 °C (e), SmC*A at 90 °C (f),
SmI* (g), and the coexistence of two phases, SmI* and Crl (h). All images present the same
sample area.

On cooling from the isotropic liquid, the SmA* phase starts to form as anisotropic,
elongated ovules (commonly called batonnets) for all Composites. Finally, the observed
textures for the SmA* phase in all Composites contain topological focal conic defects leading
to focal conic fan textures in the SmA* phase for Composites 1-3. The smectic layers are
arranged in Dupin's cyclides, which include a pair of focal conics [53]. The considered
focal conic defects are usually common when the molecules anchor strongly to the cell
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surface or other nucleation points (e.g., an admixture or spacers) and the defects appearin
random places on the texture (Supplementary Materials Figure S2) [54]. No effect of the
Au nanoparticles was observed on both fans and focal conic defects in the texture of the
SmA* phase.

The SmC*a sub-phase appeared immediately below the SmA* phase and is usually
very narrow (1 to 2 -C), although there are some reports about a wider SmC*a sub-phase
(ca. 3 =C) in the analogs of (S)-MHPOBC [55-57]. Both the SmA* and SmC*a phases are
uniaxial, with good approximation (optical axis is along the normal layer). However, the
SmC*a phase shows a helical structure with tilted molecules, but the tilt angle is much
smaller than in the SmC* phase, and the helix pitch is usually of the order of several smectic
layers [53]. As is seen in Figure 1 and Figure S1, though the texture of the SmC*a phase is
slightly different from the texture of the SmA* phase (the visible ripples formation), the
difference between textures of the SmC*a and SmC* phases was difficult to find; they were
similar, and the distinction between these phases was based on a subtle color change and
more visible striation along the fan regions. Usually, the focal conic defects degeneration in
the form of their breaking and separation is observed at the transition to the SmC*yv phase.
However, it was not observed by us for Composites 1-3. In our case, the SmC*v phase was
identified on the basis of the appearance of strong striations across the fans regions [51].
During further cooling down, the SmC*A was recognized by a slight color change. Focal
conic defects persist in the phase transition and are present throughout the SmC*A phase.
Moreover, the stripes appear in the low temperature range of this phase (Figures 1 and S1).
The transition between the SmC*A and Sml* antiferroelectric phases is well-visible as the
color of the texture changes. Dierking also reported about striations in the SmC*A, as
well as in the SmI*, phases for pure MHPOBC [53]. At alow temperature range, the Sml*
phase, the nucleation of the crystallization is visible (Figures 1 and S1), which results in the
coexistence of these two phases over a wide temperature range, until full crystallization
occurs. Interestingly, the crystallization process (nucleation and crystallization propagation)
was much faster in a pure matrix (Composite 1) than in Composites 2 and 3. For the pure
matrix, the Cr1 phase can be observed practically already at 40 -C (Figure 1h). This proves
that the admixture inhibits the crystallization process.

Summarizing, the addition of Au nanoparticles did not change the texture of all
the phases identified in the Composites studied. Therefore, one can conclude that an
admixture has no visible effect on the molecular ordering (e.g., the focal conic defects).
Focal conic defects disappear only during the crystallization process. At the present
stage, it is difficult to conclude whether the admixture modifies the nucleation or the
crystallization propagation. However, due to the article's nature, we do not focus on the
crystallization process.

2.2. Results of Differential Scanning Calorimetry (DSC) Method

The calorimetric curves with three strong anomalies were recorded during heating
for Composites 1-3 (Figure 2). Additionally, the anomalies corresponding to the following
phase transitions: SmC*A-SmC*vy, SmC*y-SmC*, and SmC*a-SmA* are visible in the insets
in Figure 2a. The SmMC*-SmC*a phase transition is not visible, although it was observed by
Chandani et al. for (R)-MHPOBC at a very low heating rate [58]. Itis related to the rate of
temperature changes. In our case, the heating/cooling rate was equal to 10 -C/min, and
therefore, only one anomaly corresponding to the SmC*-SmC*a-SmA* phase transition is
visible. Moreover, four crystal phases are visible, which has not been previously reported
for pure (S)-MHPOBC. Interestingly, additional phases were registered within the crystal
region for Composite 3 (with the highest Au nanoparticles amount) (Figure 2b,c). During
cooling, the same phase transitions were registered, except the transitions in the crystal
region (see Supplementary Materials Figure S3). Figure S3b presents the influence of Au
nanoparticles on the transition temperatures of the Iso-SmA*, SmC*A-Sml*, and SmI*-Crl
phase transitions. The Iso-SmA* phase transition for Composite 2 is decreased by 0.3 -C as
compared to Composites 1 and 3, while the SmI*-Cr1 phase transition for Composite 3 is
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increased by 0.4 -C as compared to Composites 1 and 2. In turn, the SmC*A-Sml* phase
transition temperature is not disturbed by the admixture. To sum up, the admixture of
the Au nanoparticles slightly and differently influences the particular phase transitions
during cooling and heating as well. The individual phase transition temperatures were
determined based on the so-called onset To or peak Tp temperatures. The latter is marked
with an asterisk in the phase sequences (only applies to transitions around 120 - C due to
the difficulty of determining To) (Table 1).

It was found that the enthalpy change AH decreases with the increasing concentration
for the Iso-SmA* phase transition during cooling, as was also observed by Tripathi et al.
for other liquid crystalline compounds [59]. In turn, the total AH connected with the phase
transitions between sub-phases during cooling does not change, within the uncertainty
limit, after doping.

Table 1. Phase sequences during heating and cooling for Composites 1-3 obtained by texture
observations and the DSC method. The asterisk next to temperature denotes the peak temperature
Tp, AT=+0.1-C.

Composite 1

Crl (53.1 °C) Cr2 (68.8 °C) Cr3 (73.7 °C) Cr4 (81.8 °C) SmC*A (¥119.1 °C) SmC*y (*119.9 °C) SmMCTSmC»a (¥122.0 °C) SmA* (148.5 °C) Iso

(S)-MHPOBC—Fernandes et al. [60]
SmC*A (118.2 °C) SmC*Y (119.2 °C) SmC* (120.7 °C) SmC*,, (*122.0 °C) SmA*
Composite 2

crl (52.5 °C) Cr2 (68.9 °C) Cr3 (73.7 °C) Cr (81.9 °C) SmC*A (*119.1 °C) SmC*y (*119.9 °C) SmC*/SmC*a (¥122.0 °C) SmA* (148.4 °C) Iso

Composite 3

crl (60.0 °C) Cr2 (65.3 °C) Cr2' (70.5 °C) Cr3 (73.8 °C) Cr4 (81.9 °C) SmC*A (*119.9 °C) SmC*y (*120.7 °C) SmC*/SmC*a (*122.4 °C) SmA* (148.9 °C) Iso

Cap o

Composite 1

150 (149.4 °C) SmA* (122.0 °C) SmC*,,/SmC» (*119.5 °C) SmC*Y (*118.1 °C) SmC*A (65.0 °C) SmI* (27.3 °C) Cr,

Composite 2

150 (149.1 °C) SmA* (121.8 °C) SmC*,,/SmC» (*119.5 °C) SmC*Y (*117.6 °C) SmC*A (63.1 °C) SmI* (27.2 °C) Cri

Composite 3

150 (149.4 °C) SmA* (122.3 °C) SmC*,,/SmC» (*119.8 °C) SmC*Y (*118.2 °C) SmC*A (64.8 °C) SmI* (27.6 °C) Cn

The enthalpy change AH connected with the chosen phase transitions during heating
is presented in Figure 2d. The greatest impact of the Au NPs on the enthalpy changes was
found for the Cr4-SmC*A phase transition in Composite 3 (an increase of ca. 26J/g). Hence,
even a small concentration of Au NPs (0.2 and 0.5 wt. %) strongly influences the transition
between the crystal and liquid crystalline phases. Such an increase in the enthalpy change
is inextricably linked with an increase of the entropy change AS in Composites 2 and 3. It
cannot rule out that the surfactant-decorated Au nanoparticles (with a chemical structure
similar to the end fragments of (S)-MHPOBC molecules) interact in a specific way with the
LC molecules and are responsible for the energetic hindering of this phase transition. It is
seen that AH after doping decreases in Composite 2 but increases in Composite 3 in the
SmA*-Iso phase transition. The slight increase in AH for the Cr2-Cr3 phase transition was
registered for Composite 2. Concluding, the Au NPs admixture affects more the transition
parameters within the crystal than the liquid crystalline phases during heating.



Molecules 2022, 27,3663

50

w— Composite 1| 128
Composite 2| 128
w—Composite 3| 454

12.2
120

1.8
1226
4

’
y 1200
4

-
1 1150

11764,
>

11.50

11.26

11.00

addttional phases

T T T T T T 1 SmC*SmA* T T T T T T T /[ T T
20 40 60 0 100 120 140 160'%5%6 118 190 122 154 126 50 55 60 65 70 75 80 85 145 150 155 160
(°C) T (°C) T(°C)
d)
The phase transition Composite 1 | Composite 2  Composite 3
Cr,-Cr, 1.974J/g 2.002Jig
Cr,-Cr, 53.153Jig  55.215J/g =
q” Cr,-SmC*, 8.182J/g 13.561J/g 34.170J/g
ol 5 e SmC*4-...-SmA" 0.319J/g 0.310J/g 0.372Jig
8 . ' Ao SmA*Iso 11.802J/g 11.588J/g 11.677J/g
50 55 50 :

6 of 27

65 70 . (‘0)75 80

Fligure 2. Calorimeteic curves registered during heoting for Composites 1-3 (a). Insets in (a) represent
an enladged temperature range of 116-126 -C for individual Composites. Enlarged temperature range
of the DSC curves registered for Composites 1-3 with additional phase transition for Composite 3
marked by a vertical arrow (b), DSC curves at low temperature range (c), and table with the enthalpy
changes for the chosen phase transitions (d).

Fernandes et al. determined the phase transition temperatures for (S)-MHPOBC by
using deferential scanning calorimetry with a 0.2 <C/min heating rate [60], and they are
also presented in Table 1 for comparison. It seems that transition temperatures obtained by
us for Composite 1 are in good agreement with those obtained by Fernandes et al., except
that based on the onset temperature To (SmMC*A-SmC*y and SmC*y-SmC*). Additionally,
F, Frenramadn eiesete &l.1.sshowed that, for the hiiighgoppiticaal IppuuriritygfofMMHHPOPOBCBC, tltheefrirrielectric
SmC*py sub-phase exists instead of the ferroelectric SmC* phase (which appears for a
lower purity of MHPOBC), while alp sub-phases can exist in the intermediate optical
purity compound [60]. According to the manufacturer, the chemical purity of our (S)-
MHPOBC is 99%, but the optical purity is not specified. Taking the above into account, we
lasstdme]datthtat ighes trbvselrvjdt thtrrfiet FoielreictrSic &* |d Fipshtaisie ThtthL:CL Camtrixtr. ilxt. sIfghuloduldalso
bie mnetngtiotided] threretlthitthtettetmdptreaiturtertangle of the Smil*pdhjassetin. nRR)-J-MHHPOIBCCstrongly
|dedcreasesditvvith. tthet]dtecrierstinsgncapclingl.nragiere (Eto(frgct. 85. X5 a°C26t 1.0/ fCilnttondigsadpsp-earance
at 0.5 -C/min), while the SmC*A-Sml* phase transition temperature was not dependent on
the cooling rate [61]. We recorded the calorimetric curves with a fairly high heyting/cooling
rate equal to 10 =C/min; therefore, two distincd phase transitions were registered on the
temperature scale;: SmMC*A-Smi* and SmI*-Cti. In turn, as we show below, in the case of
ELtinf TilslteteseBtst,tthtentn, {eldt.matidimeasiutehesintrtistlbntyesrlitndg ttheicdyt]tallinystiol- occurs
at much higher temperatures, which essentially resulted in the coexistence of tire SmI* and
Cr-| phases. Such coextstence was registered by the polarizing microscope method at a
2 -C/min rate, as presented inFigure 1 and Figure S1.

2.Its. Rfelsuralthssimf Ttteaindmigithttednitegnisittyn(tenLsl)tM(Ttho)dMethod

Due do the difficulty in determining by DSC and texture observation methods the
SmMC*-SmC*a and SmC*a-SmC* phase transition temperatures, the complementary method,
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i.e., TLI, was used. The transmitted ltght intensities versus temperature registered during
cooling; for Composites 1-3 are preseneed in Figure 3a, while Figure 3b,c present the

BTGB AR dRBE T8 I8P R AN A oeal P RASINE Y Ao LSS Bn G I

dthlegonttdutsitieisty(siucall astrecdturall dhatoeensiddwleseintithessse B asieisasiedbysuab-pihiase) for all
(Ceoimmp&itefal-as stuadieid.abouliongs ofua pehefio dr etore alsiLnlgsii €tihiel tesmopbesriatuedaftoarragcoof 2 <C/min,
toeeutramnsonoituteits ignhitabtiynisistytinecrtedsewsidoowlanyetor tosictkuidesssleciofatihggSs:, Cs*At whiasse by about
30Xk 1.2y ithfifrathtioSummCraoopha, sau,daupai HabeolicrestheauptedfobretioawT. AN srieginiilvieshohs meravl Bd for each
aumgepliu. TLhilsdpehpemuodmeunceonisisviisribbkabaltyccio.nsn2eeed wdit'h3laf o err3ho nckpnoessist echLanigies, as it was
irevdela lertesbpyecthtieve Xyra(Fidgiffrac3tio) ,nwmotc tooudo, 3alddbue illttbriby3ressienstetotecilioiti.ationelafivelysmall
touaseditstaiuscttichianlyuedingd, todeeiprenl™epnocesisbvei gitulie hot coaesRs inwditio4tele fmr:Crgiupgosite 1 and
Glofminmositelsy2 aonidii3,cridssivetinfeltoe(Fligi reo i) eviuhitohe donull* 1p:0 astribustibdletoiutht @tinitiation of
thel)s.nTi*eCforimphaisieltrianisitieut nfdioed, fithset Widci*lpihtiaise bpeigiiutss tés cteelaitsetdwtithtithee emerging
Ci1 (Fi gserealsteonn &i imedd by thesinicilusaibowofs. hietClorwphtoagediiscthoutsiudiity hissetoviisible in the
te0rptuoriesse(Foigeixiss teu.cTel. ‘Ofiortoeatiiotonenr lo@usdn, tiouf @ue0 M ratlyn a eleaitilon26po’3intsss B0 ci-lated to the
discontinuities in Figure 3c marked by dashed arrows. Below the discontinuity is the range
of the two-phase coexistence. On the other hand, an anomaly around 26 -C associated
with SmI*-Crl phase transition is visible in the DSC curves. Itis most likely related to the
differect cooling rates in the various methods (10 <C/min in DSC and 2 <C/min in TLI).
The SmC*a-SmC* phase tansition temperatures wish the initiation temperature for the
coexistence of tire SmI*-Cr-| phases in Composites 1-3 are presented in Figure 3d. The phase
coexistence of SmIMZu was not detected by the DSC method (tha anomaly connected with
tire SmI*-Cr1 tr/nsition is narrow), which is probably connected to a higher cooling rate in
the DSC method.

b)

Normalized transmitted light intensity (a.u.)

- 0,9 S
—&— Composite 1

e Composite 2 S Sy
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SmC*,

e
\.\_\- N
T \‘\‘\i 4~
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coexistence Smi*+Cr,

60 80 100 120 140
(o}
d) T (°C)
Composite 1 Composite 2 Composite 3
SmC*-SmC* 120.5°C 120.5°C 120.9°C
coexistence Smi*+Cr, 515°C 54 0°C 534°C

Figure 3. Temperature dependence of normalized hansmittsd light intensity during cooling (a), the
selected temperature range in the vicinity of the SmC*a-SmC* (b), and the SmC*A-SmI*-Cr1 phase
transition (c), determined phase transition temperature for SmC*a-SmC*, and temperatures at which

are observed the coexistence regime (d); the accuracy of the temperature determination is equal
to 0.1-C.

On the other hand, the CrcCr2, Cr4-SmC*A, and SmA*-1t3 phase transitions are very
well visible for all studied composites during heating (Figure S4g. Interestingly, within the
SmC*A phase, a monotonic decrease ire the light intensiiy with increasing temperature is
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visibD (in contrast bo a parabolic shape for cooling). In turn, the subtle SmC*-SmC*n phase
torarnosfitiiomuiisse islibe neti hethaetiecnlairgiem, sinit feaerlyentoedwinalt iiguasseoSkse.rved for other com-

2.4. Results oh X-ray Diffraction (XRD) Method

Representative disfraction patterns for the Composite 3 collected on cooling are shown
in Figure Oa. The patterns of the SmA* anp SmC*A phases are similar, therefore the sub-
phases SmC*e, SmC*v, and the SmC* phase existing in a narrow temperature range cannot
ol cdristitnalgliuz i ghioedn i[sin].dichztlhdegtarisiingl*opfinus8 brfo(S)s-Mharipidififrasctiont ipbl sekisi, wdhic hdiffrac-
Sion resulrs due to slow cooling °61]—crystallization stkrts before the SmC*A-SmI* phase
transition is reached. The position of the low-angle psak at 20 « 2.6 is related to the
smectic layer soacing (smectic layer thickness) D by the Bragg equation [62]. The tem-
perature dependence of D is presented tn Figure 4b. The layer thickness D is ptactically
the same tor all Composites 1-3 and equal fo 34.5-34.8A in the SmA* phase (increases
slowly on cooling) while in the SmC*A phase, it decreases on cooling down to 33.-4-33.6 A
at 95-100 °C, therefore the relative change of D in all smectic phases is ca. 4%0. However,
the tncrease of D on cooting below 95 -C (and decreasing of TLI signal at the same time)
ils dhphinaseiatiogrretfitattieutidgenreuenetwhetthattect pphearsidl, resttsilartsytbitot(iFtigautretdas)dibshertfaesitttfiolr other
compounds [t3,64]. Similar smectio layer spacing D was reported by Inui et al. for AFLC
(TFMHPDOPB) while smaller (Dmax~3lA) for fluorinated orthoconic compound was re-
ported by MUewska et at. [C5:60]. Sumntarizing, both fhe transmitted light intensity and
XRD methods confirm the existence of a hexatic phtse below the anticlinic SmC*A one as
was observed by the polarizing microscopy method.

a) , 45, Pl g ©)
Composite 3| SmC*,/SmC*/SmC*,
Y L J —
7Y M T " o *
SsTCse . ! " 7 Ei
Sig 135°C, SmA* _‘ _‘ »
Lu; | \w/\,‘ 2 ) = ! i 4((
z N (95, SmC”, = & § e i £
w g
5105 35 s i ! g% w
= 75°C, SmC", smectic phases e i! (] * (@]
= \_J\ 0 Composite 1 54 (5] il
o Composite 2 T T i)
10t 68°C, SmC",/Cr, 34] * Composite3 2 2! . ®
crysial phase Cr, * 8 3 !
" Composite 1 | * ]
ol haee M ]| S 1 SmC*y ’
A 23 * Composite 3
202530 5 10 15 20 25 30 0 20 40 60 €0 100 120 140 160 70 80 SO 100 110 120 130 140 150 160
20 (deg) T(C) T(C)

Figure 4. Diffraction patterns at several chosen temperatures as an example for Composite 3 (a), the
itenatpematitunegtihet(pc)hoindtnicie lonftitforstal letBtioc tlapyoesritsipsi tTnhet/Zinsesttipnli(na) tshclisitastttheeithiighcrttyesttapl tprhadusere(b), and
the correlation length (c) on cooling for all Composites. The inset in (b) shows the high temperature
range with colored lines representing the SmA*-SmC*a phase transition temperature obtained by
DSC method for all Composites.

The crystallization is indicated by arising of numerous sharp diffraction peaks, which
are observed for all samples at 68-70 -C. The low-angle peak characteristic for a crystal
phase is observed at 20 « 2.4-, which corresponds to the distance between the crystal
planes (37.0-37.2A), constant with the decreasing temperature down to —10 -C.

The wide diffuse maximum at 20 « 20- in the diffraction patterns of the isotropic
liquid and smectic phases arises from the short-range positional order. In the scatter-
ing vector space (q = 4nsin0/A) the maximum has a form of a Lorentz distribution,
I(q) = (1 + S2(g—q0)2)-1. The correlation length of the short-range order £, as well as
its temperature dependence, is almost the same for studied Composites 1-3 except for the
Composite 2in the SmA* phase where little decrease with temperature is visible (Figure 4c).
The fast increase of £ below 80 -C is caused by approaching the hexatic SmI* phase [63].
The diffraction results show that the admixture of Au nanoparticles does not affect signif-



Molecules 2022, 27, 3663 9ofar

icantly Che strwictural parameters of the smectic and the crystal phases for (S)-MHPOBC.
Additionally, the crystallization process is not disturbed by Au admixdure.

S.5. Results ceFluorescence Confocal Polarizing Microscopy (FCPM) MetPod

The fluorescence images in subuequent slices of the samples registered in nhe spectral
range 490-590 nm in SmC*A phase (at 68 -C) are presented in Figure 5 while for selected
temperature in this spectral range as well as in 430-455 nm are presented in Figure S5.
Fluorescence was observed in both wavelength ranges for all Composites 1-3, however
with diffprent intensities. Interestingly, for Composées 2 and 3 the- decreasw in fluorescence
intensity is visible in the 490-590 nm range wiph decreasing Pemperature in the SmC*a
phase (68, 88 °C) as well 5s at higher temperatures for Composite 3. The places with more
intense color et a particular slice of the Composites 1-3 can mean: a greater accumulation
of Au nanoparticles (see Supplementdry Materials Figure S5c) or structure defects (which
resstpeepetialilyu igdiodhevilsibkleof oaraagreoanriafliieothersc eniciehforresalflragomeypii.sites 1-3 at 118 -C and
122 -C, Supplementary Materials Figure S5a,b). Au nanoparticles may accumulate in
stnuoaariiltibesfacitstirs int dnflimoiziesttajetireipeiepserigyyd of tipdipygstipmit, @vitrichaeciaiiisere ainteinactresise.
lintiflsutoarpeshceesevealuathlesaapaal iteasi.olp dueirnr, ipipriepli fuornaigivpiaprticlesidfluroriscenl.ce is veviblelsio
tpealgyresein i(480f] 5O60enstmeptraenigreagehsilieti t isnitoatllojb(setrveSduainalbel tr ep(dia30yiME5airermia)l ast ig seresn b
Rigdure7s). iaidpS5ic. oluieitcainbsitateipthiattethiseipuioprestcleniceraiisgcios, iitntgrefrimas lapuiptaneoaearipiciles
bleucauestetheesuiprfaptainyafeceorrate:dipAguiRivits A toctaPnsetpioli)tdeokpstrniortsieaivsegfeuioinerstienictedgureeto
tigetliackpgfeappropriate chromophores fragment.

(b) (0) (d)

Figure 5. Fluorescence images in subsequent slices for the Au nanoparticles (at room temperature) (a),
Composite 1 (b), Composite 2 (c), and Composite 3 (d) registered in the spectral ranges 490-590 nm.
For Composites 1-3, the images were registered at 68 =C (SmC*A).

To sum up, from the qualitative point of view, tire doping (S)-MHPOBC with Au
nanopaeticles affecls the fluoresnence intensity depending on the temperature Sthe phases.
This can be a valuable application determinant for a given hybrid material. We have also ana-
lyrziendtetblebfil Gerreisnefitckinng dsgestniumeiricnatiyn(seetrSitspplempenriten gilita: tehialsafnight ses SelixniditSi7s).
It turned out that both in the green and blue raaiges, there was an inceease in the fluorescence
intensity after doping with Au NPs and the (ncrease is greater in the green light range.

2.6. Results of Ultraviolet-Visible (UV-Vis) Spectroscopy—Free Droplet Method

The temperature dependence of the helix pitch determined for Composites 1-3 is
presented in Figure 6. The maximum absorbance along with the uncertainty was appointed
based on fitting the Gaussian curve to the experimental data and the helix pitch values
p = As/2nav in the SmC* and p = As/nav in the SmC*A phases were calculated (the average
refractive index nav = 1.5 for the SmC* and SmC*A phases) [67,68]. The helix pitch in
the SmC*y phase was calculated as for the antiferroelectric SmC*A phase. A similar
situation was for the Sml* phase which is typically antiferroelectric. The helix pitch at the
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locaaed in the smectic layers, which shouldbe visible in the change of the tilt angle of the
molecules andwill be discussed later in the paper.

2077, .RReswultissooff Opttiicall Microscopy (OM)/Scanniing ElesctironnMicicrioisicopyy(S(SEMM) MMeterthiods

Higight-reessollution diigiitaal lopititiacal imagaerseisenreeregrieleisetierfeudr thoro twifferdeirfftetyemets tyfpilela-of
i luinainoatio(min(ringdandaxciala)xfial)Aflorn&uopnarmtiogleasrtaicldespraistdinp lisrtmpasitens jas siitelsl as wuell
asatnoupaartniolesaratialle’'s ‘andpoCsiotespcosiiteds itoorlieidmtoterooperattunrepielrietiu keinafgtelrebtesndgtohelsatedCto
155 -C and kept at this temperature for 5 min (aigures d, Fl and S8). The color of pristine
Composite 1 was white while pristinn Composites 2 and 3 werd light pink, because the Au
nanoparticles are pink (see Figures U and S). It is seen that the color intensity correlates with
the increase in the? concentration of Au nanoparticles—it is pinker for Composite 0 with a
higher concentration of Au nanoparticles. For pristine Au nanoparticles at 50x and 100 x
magnifiication, the network of white lines on the pink area is visible (Figure U, upper row).
In our opinion, these lines are microscale cracks that resulted from the evaporation of the
solvent during sample preparation. At400x and 2000 n magnification, chaotically. orranged
pillars with a length of less than 30 gm are visible in the sub-micro scale. What is interesting,
after heating to 155 -C, anneoling at this temperature for 5 min, and cooling down to room
tedmowpenriasturoreamthetectoloeractUsengthess t ol piutripalengagnsdt impilc rpilec alied I i maicsriosicaskl soinveissiabréeaulsohileisihe
pbearw'shisteruhcteureilliasr'sortt(UigtUre is, bnotio(FmigUore [7., Thottuornoproinw i pal nthalrpicl faimsiovns, ibhle - gtillkoosm
ternisipbiraatiurreoanreteAnuperaanttireasrtrieclesU inahnicohpastetlifc-le ssiemhitchlesehliriaissgehmtble thraiinishofthsuefacinasnt
during isothermal evaporation of the soivent (toluene). In turn, heating to 155 -C causes the
destruction of these structures due to thermal reorientation of the 1-ootanethiol chains. The
bresakneotfhsitrlonigaiAns.-SThche emreiicaliblosnirdisniis AlsUr-Spoistsitaleaul nbdonidshis anlsouepnassivofetemdper sttuere
winhlillleetihce tirlatesitioerratolfreunrfiailttatihe traruslitidonouolt siUerclacutaent tiseimleditinUgt BindaUbseiltinegnpeatiintgof
Lronidtaineeitinijolpaorint—4191Cctaniet!hdu9 l-aCrer-elsipe’ (ctiavnedly . 99 °C, respectirely.

Figiguiree7!..RRoocomn ttemperature digital opttiiczalliimaaggesssuwitithriringgilillumniniaitionlofrojrpisrisitiente lAuanaopiar-ar-
ticles (upper row) and cooled to room temperature after being heated to 155 °C and kept at this
temperature for 5 min (bottom row). The colored dotted squares represent the enlarged areas.

roomHitiggnh-rerasoUluetizore (drigsistaledpinictailgUnreagieswrhieilleisiterrendoiledithtocooaomialteillupemraintUarioaltefiorbeCinogmn-
posites 1-3 at room temperature aae presented in Figure S8 while for cooled to room
tesemenp;inraStlu relearftenr tarejinMgaiteeriatdss FitoUle5558°; theare;dis;knioy; inlal Yethncise;joeln AU enraantiu re rtiocilels; (miililarins;aSre jnoptl.e-
mriestibtaer);onM; thies;iriaalisers;igliCreoeS9.0sAitesi;s2;saenedn; 3if;thSevyy;aprele; thegsnatarey; als; lot €rioadlsplosigitey1¢., PSBobiakdne, jithen; 0
inU'set;oenscienticfaitioun; dalnringa; thtiec; lersep(pakaltiorsn;torl; Cocet. oisibelss; 2 1andth3;dird;injot saliofiC;thme;plorsiitietiioln;aonlda; 3,
thlaesyeillrzer;sitreUiciree, rassifiolie;lloor mpisotsites AL jnanoabarlyiclths:; (urseeparfesdo; wiithatoilotisodhuicrintiionth. }Opnithpe@rtihteio; n
offilnd;lopriCsiot esplosaiteds;23;adni d3n, @tltaelrlihieathnig; faonrdm; teeino; coofliegla; to; reollaertetreu clurartU, ne, idibrlieobjelctrsi;atrien; e
Au nanoparticles (prepared without sonication). On the other hand, for Composites 2 and
3, after heating and then cooling to room temperature, dark objects are visible, and invisible
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before heating at 155 -C (Figures 8, S8 and S9). For example, for Composite 3, for a magnifi-
cation of 2000 x, dark objects appear in random places, not observed for pristine Composite
3, and for a magnification of 6000 X, a lo¢ of white dots additionally appear (Figure 1). The
same is true for Composite 2, while these objects do not appear for Composite 1 ((Supple-
mentary Materials Figure S8). The number of these objects increases with the content of
Au nanoparticles—it is higher for Composite 3 (Supplementary Materials Figure S8). |

|n|Mn nnealing of Composites 2 and 3 at 155 -C (]above the cJearln tlem erature of
#Mtlc 1ePj-OBt ij)jtigiuesiesorhieomnujerte:3n(Suoif i AleumnennntIoryyaJthlllceIm inF ighierenssu)Ldincryu roarl inioatr, iknpialthe

|5|no,trofp@op|hn105j|t)ew1 thilimhdlealdt s15t6 “the(iirtovelojie elrealtriomg, tenisinbelreltausredaof k(St)-bijetctPsOpBIlg) tclugjejgajte )

for a magnification op 2000 x and white spots (small aggregates) for n000 X. It should be
noted here that before heating Au nanopabticles were well dispersed in tire LC matrix and
these objects were; nnt visible. In summary, the annealing of pure Au nanoparthcles changes
thetr color from pink to purple while the onnealing of Compostjes leads to tire meloing of

the (S)-MHPOBC matrix and the formation of Au nanoparticle agglomerates of various
sizf evsir(io. @j,ijiizehjt(e.g 1,iwshaittesi;rotxji. Inindronx1.i50i Qindmiaiimnigilerr). ter).i

iy
\
4

H
B TR

g S R

BT -3 < S S R S

Figure 8. Room temperature digital optical images with coaxial 5llumination for those pristine (the
first row) and cooled to room temperature after being heated to 155 °C and kept at this temperature
for 5 min in Composite 3 (second row ). The colored dotted squares represent the enlarged areas.

whillen(SEtaMnimj dgejjs2atinsop 3 iftrgnillrciatironl | @ ejst(FnigtSryuS1H0)P. (FtBiCthfoemresul iminygerays lgatsifiicl-ile
Ctiotnnjp,othiteisa2 Lgejdl3refojrimilargfitrrililIklesta(Figtyjirte S, Lth). rreoir§ thte weijnibakiniinfyl trenaigentififiAatiomln, tthe
innlargtiecslesj . tFtsimthitalrOfoxrlanll W0olmxpaolsiitreisticthtitren;isfinlot tversrilbcle jimflithelnklergoef lareu I waithotptatrtliclyes.
For the 100tt and 400x magnifications, flat terraces with a large area without any special
features while for a magnification oi 2000 a clear needle structures (representing clusters of
matrix chains) are visible. On the other hand, SEM images of prisane Au nanopatrticles,
even at 50x and 100 x magnification, show some irregular morphological structures, and
at 400t0 magnification, a very rough surface with numerous small anisotropic structures is
visible. However, for 2000tt and 6000x, fairly flat terraces appear between these structures.
Thhesi:nantisnoltrtiiplicjisttiul teitjutireisitytitielabrttoeitealaitgerlcliusijitmsildiec, itaatredbywiiithnirivbtniai n optitritticleis
thrtatt gacnkjojuittiithaovijetiileitesirace surface, thereby contributing to the roughness of the surface.
Tthaeerireallliciotllorrs iofiitheistudiedimatertialljs, iobtilatnnepdibbyyijtunpertrimntjtsingitathiSESEMitaimlgagjeis
otnntitaeeoitprtitetill lintaaglges,j ailireshj atwnninitnFifgtgrter 9i.QiiAfteitrerivavp linrtartiottitnoftehiteasoijl entn(to(tthetnen) e)A,iu
niantrinpartticnllesstthidvjeiaalsiresiligjlyrtpinglyinitini , withliter iwea(t1)-ittaHiyS0)-BMCHerPyOstBaClsiibreycjotl I jeibeoirteaanid
maotrieeii I tepniaeltyrepiinktenasetliytinctnrtile nittaati otnnoi fiAtrul tattandtpiiadrtticinelsnytmolwr it il Ajsighr tewinj . teAnsii tyeni f
thinetpninjtitycioliitraatineancihiimtItagriel tloclaitioihaflogreCilomi littosnitétsrliCatnadin3tijFtigjuileil Obp.ci3) is(:Fetgm tsrmidobr ei)oi r
lejsseathieiasatnr eitirtiimiejatnasetjhast thijettsitruc InvjrieisIiisiblijtrtnithtzrenj ivctjotimletie ritaalia(tertracels)rijonltaiin
w(tellrliispj)iristerdtlAtnunnahliopptjarrticjles.iAtinlntnlrttilej.i
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Figure 9. Real colored SEM images for Composite 1 (a), Composite 2 (b), Composite 3 (c), and Au
nanoparticles (d) obtained by superimposing the SEM images on the optical images..

2188. . RResullttssorffCConatactt AAnglele((CAA)) MMeaisaureremenentsts

The study offtheewetttizblililityorfitiheeClommnpopoitéieswiasasaririrriedustialsaasfunfuctioctnioonf vefmtepner--
ature. Exemplary water droplets deposited on the studied thin layers of Composites 1-3
and silicon wafer freference) are shown in Figure S11. The contact single O<a of a pure
silicon wafer (as a reference) is temperature independent and equal to ca. 55 in the studied
ieimitpeenrattufiset afeigfenfFgiegiuFr:g106).00a)n. idhieithieieorthafihasnde, ioaitaocrtiancitizenfjoleic FofiCpoorsitossitt-eisi
in the range from 0 =C to ca. 50 - C is constant and equal to ca. 90° for Composites 1 and
3nanii3ian. elico0.ilflolr’ifoni porsitosi.tSu2tihS biighihdjoinitaocrtancitizensgidedsiiinateicateo twoefiivabetiltatyiloifytioefi
surfacr of Composites 1-3 by wayer in this temperature range. From a temperature of about
fbo-iCt, a0coln tifutountsidiecroesasesetinfethse cinnitiaicttiongtlettw ithg lincwreithsingtftemsingratetumreteisfviisfibo 1ds,
wiisdibnl e afrtheenper®Fstheraths’iseonf onstitionmioC i, SntaCn'ar, rinw °ten°fifoerattiere taef°glko, hesfteipgis, visibele
(Wavsthibdlee(lI&ipsiestinglFligtisere 10F)igiofoestl0liR), 1$/resttaltkdeltofthl: ttemboothatrytectetioistjnctoe K tstientatl
af tfythse®l 1"nce*khephSats:Cs* aAthb'igigs. rAcobnigegerf itoait:® t((w nigkl erfivvietkinigr) fottinthge) forfithpealsiotetatoart
oitve Zte'nt lomrattute'se(Figoufiees 1.0tig)omfeay10obe) clo Pipehcttetionwnisthitaerawlaithv &1§el: tigvesrynulnfgbtel rmorFalk g
oif °ilksylfrthg’ninesn(tisf°ogf thienit-solctfaitheethli-ol)ttenratinbatledterf itinatreeetihyitihgr'o tipetvhiylchfosoexpwotseitdhons
entteirfiecte onmiplesfitteteirto(atmtoetshityel- griou’ piseithhjyldgroopihiobiiscgrhojugpfodielorosbaistinggfotoet weetttiath’i Binyg).
In turn, higher wetting of the surface of Composites 2 and 3 compared to Composite 1 is
observed in the temperature range of about 40-80 - C (cry/stal phases region) because the
conformational chains change with increasing temperature which improves the wettability.
Moreover, the OCA for the Composite 3 in the SmC*A phase is about 15 higher than for
the Composites 1 and 2 (Figure 10c) buteto explain this further research is needed.
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Figure 10. Temperature dependence of the contact angle por Composites 1-3 (C1, C2, and C3), and
silicon wafer (Ref) during heating from 0 -C up to 100 °C (a). The dashed ellipses outline the
step related to file Cr-SmC*A plsese transitioo. Bar ahart of contact angle in the cry2tal phtse for
two chosen temperatures (b) and in tha SmC*a phase for the four chosen temperatures (c). Error bar
is a sum of systematic uncertainty and standard deviation for left and right drop contact angles.

2.9. Results of Electro-Optic (EO) Measurements

The effect of Au nanopatrticles on the switching time was investigated in the broad
temperature range (Figures 11 and S12). In the SmC*A phase (down to ca. 65 -C) the
switching time is shorter than 100 fss while below 65 - C its significant increase is visible
for all Composites (which is caused by an increase in viscosity). Such behavior is typical
for antiferroelectric liquid crystals [5h,6t]. In tire SmC*A phase (up fo 95 <C) thr switching
time isi shorter for Composite 3 than for Composite 1 while the longest is for Composite; 2
while above 95-C it is the same for Composites 1 and 3 and ca. 10 ps shorter than for
Composite 2. The shorter switching time for Composite 3 relative to Composite 1 may be
due to the local fiield modification (increase) ofter doping [70]. In our opinion, a shorter
switching time for Composite 3 relative yo Composite 1 may be due to several reasons. At
decrease in the material viscosity after doping, modification of the local field that acts on
the molecules, the agglomeration process as well as interactions between LC molecules
and Aer nanoparticles thould be considered [h°|. In uur case, a shortetswitching time for
Composite 3 eelative yo Composite 1 mcy ba clue to the local field modiffcation (intrease)
after doping, as a dominant factor.
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Figure 11. Temperature dependence of the switching time, f =50 Hz, U = 120 V. The rectangular

dashed area presents the SmC*A range at the inset.

tulassiafanrsefrnicefosfintiieitdifetpiengd lenineptioffitinettfitipiihil aellnstuthseiaSsmCo*A foorsithlsstudied Composites

is presented in Figures 12, The characteristic plateau is visible below ca. 85 -C for all the
samples. At the lowest temperatures, a decrease in the tilt angle indicates the SmC*A-Smi*



Molecules 2022, 27, 3663

150f 27

phase transition. There is no influence of concentration 2F2 wt. % Au nanoparticles on
the O values (Composite 2) while O for Composite 3 is greater than for Composite 1,
and this difference decreases as the temperature decreases (e.g., itis ca. 3 at 114 -C).
This behavior can be explained by the fact that with an increase in Au NPs concentration:
(a) statistically, in more placers a single smectic layer is disturbed and more smectic layers
are disturbed, (b) 3D structures may form in the bullr by Au nanoparticles self-organization
or (c) agglomerateon process (although decorated NPc¢ were used) can take place [71]. All
of this is directly responsible for modifying; the arsangement of LC molecules, and hence
forthchapriminigritherdtiBranigrlm—ethe:r  1r-imctairyeofirdioel rphairams otier. [Lj-ottahithiolPchains on adjacent
Au NPs may interact, which may increase tire tilt angle of LC molecules. An increase in
Au nanopatrticles concentration may cause self-assembly processes in many places of LC
matrix ((S)-MHPOBC), which increases tire tilt: angle O. However, taking into account
that the layer thickness D(T), helix pitch p(T) and tilt angte O(T) for Composites 1 and 2
are practically the same (the helix pitch is only' increased by ca. 1 nm), one can assume
that the low concentration of Au NPs does not disturb the original liquid crystal order.
In turn, for Composite 3 the tilt angle as well as the helix pitch increases while the layer
thickness does not change. Therefore, it seems that Au nanoparticles are located both
in the layers (modification O) and between them (modification p) in Composite 3. The
inset in Figure 12 shows a bar diagram with the O values for selected temperatures to
better visualize the differences between Composite 1 and 3. The tilt angle determined by
us is in good agreement with the tilt angle reported for MHPOBC analogous in several
papers [72-77].
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Figure 12. Temperature dependence of the tilt angle for Composites 1-3, f = 50 Hz, U = 120 V within
Iheeett'shCowAs thastil. tansegles'f on' theth'tehoiltent'tglre iforithierchs.* sen temperatures.

The spontaneous polarization Ps was determined in the SmC*y, SmC*A, and Sml*
phases for all Composites. The results obtained for Composite 1 are in good agreement

with the results presented in various papers [73,74,78-80] while for Composites 2 and 3
pwreitshentht edrénsulBlts]. Freiseunrieeid Fin'p[8 1] IFtiigiutre " 1 3anptraensemits thielaspizantionne erssuislarization versus

lape-linedt veoSItagfe*-«{aictiiniTth ) nanCi*has(ast e 1 @n-lt )ea" ndna-zeisrostPen'isthoebiseonv-zelat Ps is observed at
200sVitefs.r'aahuCs o tmhep'otsi téisarTohuasr tithlest huaneannoopianr ficlerstie' avie tnioe ibifinesehiceds n the threshold
fralte. 'gaehin'sthisntpahnaesiel. T helsaricznataioniebiutreao | as'waitibifuintcireraisiesneaitinijutrihes’r increasing the
‘aboupt 'lieod" swatoultragtien, lotistvniosistalieu'uratton” 16s0-Fis'abile'uhyig tos16'B4'isThhe'fhitghesotditse'i's'for Composite 3
Wfohritfetthreplositesitfor Composite 1.
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showss the Ps bar graphs for the selected amplitudes at T = 105 -C, f =50 Hz. Temperature dependence
of the spontaneous polarization in the SmC*A and SmI* phases for all Composites (b). An enlarged
high temperature range is presented in the inset, AUac = 2 V, APs = 1%.

It is known that the spontaneous polarization depends directly on the dipole moment
itiforh,earoCuindoliecu’lie titheer:sionrepilies riaicreomnsieemspayitiseincotonnivecoteideakitshitthie foertteratiordnerifnigheoftivto

theolices)leasniinsthigeiCtosmripnokslitessoinzthe 13 ohnasndimmCasnmippoisieter!, torhiichtharsenesviifieceincef lofclaliezedmCu'n-
falceaspelaim3].on resonances. The localized plasmon resonance for Au nanoparticles appears in
the viTsibeleinwcrasvaeslenogfthproantiane[ 7 1]sainidladreizaeniod's aftemradnoyplinigtothse, §urcrioealsecsitriec, $iigaupide, irijesetac-
firicthcofnsutalintt, semwvairomepoentt, danbdy esievnerthleaduistitaonrs. Hietwexaimapdlia,clenstlikanert paul.rieiclpeliali82). Tt hiss
ipahmenplens orf (Crombypotrsities ingere texapsiitsi:cdioonswihyitedoliighrt (d urtinile thheuekelactrot -toly. ittmibelasiudrehiesnts
ithheicch nraalitybeorfespeconisibtilegfosruthfacgtanetrationthosf loimailizoefdmsuatrfariaelpulsesnd ton iresnocrtizonnciel.izLeocAal -
ilzePds {uirtfaice. inlatsimmontiresoliotankizeisdksurfiacneiop lrasmasosiocrieastie daincitehs tih ernesciblisietiiondofneltheetrfolnls
on a metallic nanopatrticle, excited by light at o0 frequency corresponding to that of electrons
(sielemigul8e514)h[71].r geruscmattethinsyeisosdetillattiotins, bthgegerecroros-sielotiodn shitfiso,r eindgthoeAdhipmoale
momentis induced, and consequently, the electric field near the surface of the nanoparticles
is strongly amplified. Thus, LC molecules in the vicinity of such nanoparticles will locally
sense a greater electric field than the applied external electric field. This enhancement
quickly disappears as the distance from the nanoparticle surface increases and the absorp-
tion band for Au NPs in the LC matrix can be relatively wide. Due to the relatively large size
of nanopatrticles (comparable to the length of LC molecules), the plasmonic resonance of a
given nanoparticle (enhancement of the electric field) will be felt by the greater number of
LC molecules, the higher the concentration of Au in the nanocomposite, as it was observed
by us (see Figure 13a). In summarizing, it appears that the LSPR is responsible for the
increase in the spontaneous polarization Ps for Composites 2 and 3 relative to Composite 1
down to 90 -C (see Figure 13), while below this temperature the spontaneous polarization,
within the measurement uncertainty limit, is the same for Composites 1-3. Such a situation
at lower temperatures may result, among others, from the increase in matrix viscosity.
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an Au nanoparticle.

It should bd also noted here that, during the measurement of spontaneous polariza-
tion, around 97 -C the sample response splits into two peaks (the formation of the two
helicels)omnidislicgiahltlywirinakilesbbenlitihieiimocmyositaolm(Laitn ) aapbpbersen, iatiedchasar(:S)e-MidHencOeBoCF 1(iSigSmackl -
pdhricste [73],. Saint Louis, MO, USA) was used as a liquid crystal matrix. Its chemical struc-
ture ishsehionticrneainseFiogfusreolnbiaa.nTelotuls Cpowlarsizinattitotn farne rodfuwplinitye fraekeéssriondlewctrsicusliegduiditehriyls-t
wahlemithal jure-panifisaticopno. rtTehdebtymseveericli allythiovrs.ilarbolie elx-orctaniee, Mioal-ikumictaio. niadipzkati niedu
this phenomenon by trapping parasitic ions by dopant whine Shukla et al. attributed
this to the chirality of decorating surfactant and the kind of material used to function-
alize Au NPs [83,84]. In Curn, two localized surface plasmon resonances were observed
in the FLC mixture (CHS1) doped with Au nanorods: longitudinal (A st 851 nm) and
transverse (A = 541 nm) [85]. The larger scattering is due to the bigger cross-section. Ac-
cording to Ahmad et al. Au nanoparticles can take! colors; in the range of orange, red,
brown, etc., depending on thr cose size, and usually show an absorption band in the range
of 500-550 nm [86]. The smaller nanoparticles have an absorption maximum of around
520 nm, the larger ones scatter more and the shape of the absorption band is widened with
the maximum shifted towards the red light. After aggregation, the conduction electrons
near the surface of each nanoparticle are delocalized and divided (shared) by the nearest
nanoparticles which change the optical properties by shifting the surface plasmon reso-
nance to lower energies (red shift). Therefore, non-aggregated Au nanoparticles absorb
blue light while Au aggregated nanoparticles leads to significant shifts in the frequency
of plasmon resonance towards red, broadening the absorption band and changing the
solution color [86]. The simulated absorption spectra for Au nanopatrticles (20-100 nm) in
water turned out that for larger the diameter of nanopatrticles, the absorption maximum
shifts towards red light and the absorption efficiency initially increases with the size up
to diameters equal to 70 nm, and then begins to decrease (radiation scattering begins to
dominate over absorption) [87]. The determination of the exact wavelength at which the
localized surface plasmon resonance occurs for the Au nanoparticles used requires further
research. However, due to the spherically symmetric Au nanoparticles shape, only one
absorption band associated with LSPR is expected. The influence of Au nanoparticles
concentration on the (S)-MHPOBC absorption spectra will be also studied and presented in
the next paper.
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3. Materials and Methods
3.1. Materials

Commercially available liquid crystal (LC) abbreviated as (S)-MHPOBC (Sigma Aldrich
Co., Saint Louis, MO, USA) was used as a liquid crystal matrix. Its chemical structure
is shown in Figure 15a. The LC was in the form of white flakes and was used without
chemical pre-purification. The commercially available 1-octanethiol-functionalized Au
nanopatrticles (spherical, diameter 2-4 nm) as a 2% w/Vv solution in toluene (Sigma Aldrich,
Co.,SaintLouis,MO,USA Figurelbb)wereusedasanadmixture. The size of Au nanopar-
ticles was chosen as comparable to the average lengths of LC molecules. Due to the lack of
commercial Au nanoparticles without surfactant, it is important to highlight the advantages
and disadvantages of the decoration process. It is important because the surfactant chains
can be largely responsible for modifying the matrix parameters. The nanopatrticle function-
alination is aimed at: (a) enouring and controlling; the: miscibility of nanoparticles with the
emalstroixha(eslismmi netioisnadiviaingsgesie:g(iae)giantioi bittironceosfsesi) scntdin(be) rakimioinsatiogtworresitroinigiredoction
of the agglomeration process. However, the functionalization procedure also has some
disadvantages: (a) inhibition of direct interactions between the nanoparticle and the matrix
1g Galkcaiurle[82ah.d (b) additional difficulties in the interpretation of the results for composites
due to the presence of an additional chemical reagent—the decorating factor [82].

O CHj
O 0" "CH2(CH2)4CH3

e
CHs(CH2)sCHz- O

(a)

SCHx(CH2)gCHs

(b)

Figure 15. Chemical structure of liquid arystal (S)-MHPOBC (a) and the 1-octanethiol functionalized
gold nanoparticle (b).

Three composites were prepared with thaee dilferent concentrations ot Au nanoparti-
cles: Composite 1 (0.0 wt. % Au NPs—pure LC matrix), Composite 2 (0.2 wA % Au NPs),
iCnodmCfomsilpeoisies3 wob. 0t ®oNAFusN. Ws). Wselulsed lioweigwhelighrteeonircadi triastioong ol Iniest driisturb
ligetilliqurijdslearysrillerrridneimilni:ini divalldsuralecsnicelcaticerlas.y eris nf onsihes sliteanl2 3nideirewferefpareplared
deciordlinglhteFthlEofiolihopwsinigesiche.eme:

1. f froppriroleriateotamlsouofnfstaf 1Si)-le {S)-IMBICPIOer € wweigrehew I eign l #loio L e Ifooilthelthewaith- the
frofiriapkro: porliateevo FluAmtenanoAfuarnlicnlespasortlitcllieosnsioskuetiToinb {gele) Tant 1 le2 2) lanodF l20imteLniefitoatuene
alleuli. s added.

21.he Fihlet siolustionerewl EriFlerftaferwa hewtrhsot~£dn(~).19 h).

3. he Fihletlsiolustilonersewstomeicsiohe lfoterd3iforr in0inmiiinein30thoeni)/03(onodF) 3agoff) wiolheamithlilaleplitude
A = alh= ttionoelh(ienftheeseprecesedcicceofabcanasexahereixiel cnowllicnogolinignal).ent).

4.  The solutions were placed om the magnetic stirrer (~100 °C, "1400 rpmt for about

1'18-19 h to slowly evaporate half ol the oolvent volume.
5. The sonication process was performed for 15 min in the 45(on)/15(olf) mode with
A = 40%.

6. The solutions were poured (~50 gL) on cleaned microscope slides and left for solvent

e: afenrapliomattonleurnidierbigmnlbiceonntlciolinodnisFomrsof.otrrolerh. 70 h.
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7. The prepared composites were gently scratched from a glass by metal blade and used
for measurements.

Table 2. Mass and volume compositions of pure (S)-MHPOBC and nanoparticle solutions in toluene
of Composites 1-3.

Composite (S)-MHPOBC Au NPs
Composite 1 (0.0 wt. %) 100.03 mg -
Composite 2 (0.2 wt. %) 100.02 mg 10.02 pL
Composite 3 (0.5 wt. %>) 60fi0 mg 15.08 pL

The above procedure (but without the Au nanoparticles) was used to prepare Com-
posite 1 (pure matrix). The prepared Composites 1-3 differed signifkantly in cokr, namely
Composite 1 was completely white, Composites 2 and 3 adopted violet-grown colors, and
their intensity depended on the concentration of Au NPs (see Figure ceb).

a)

‘1.

Figure 166 Composites as solutions (in 2ml toluene) (a) and after evaporation on the microscopic
slides (b): —Composite 1, I—Composite 2, and Ill—Composite 3.

After pouring the solutions on microscope slides and the toluene evaporating, we
noticed the matrix is relatively fragile, it detached easily from the slide and took the
powder form. However, after adding Au nanoparticles the situntion was slightly different,
the fragility degree decreased. In our opinion, the cause is the presence of a surfactant
(1-octanethiol) rather than the presence of Au nanoparticles.

3.2. Polarizing Oytiyal Micsoscopo and Electro-Optic Measurements

Nikon Eclipse LV100POL polarizing microscope (Nikon, Tokyo, Japan) equipped with
Fine Instruments WTMS-14C heating stage (Elektronika Jadrowa, Cracow, Doland) coupled
to a Canon EOS600D digital camera (Canwn, Tokyo, Japan) andPC was used to determine
the phase sequence of studied composites. The complete set for electric measurements
included: Agilent 33120A AC voltage generator, F20-FLC Electronics amplifier, Agilent
DSO06102A digital oscilloscope, INSTEC PDO02 photodetector, tunable resistor system (a
100 kf0 resistor was used for all measurements), Canon EOS600D digittl camera (Canon,
Tokyo, Japan). Composites 1-3 were placed in ITO electro-optic cells with planar alignment
(lhickness 4.9 pm, active electrode crtd 25 mm2, AWAT Company, Warsaw, Poland) by
capillary effect at a temperature ,ust above the clearing point and then slowly cooled down
to room temperature.

The texture observations were carried out at cooling (155-0 =C, cycle I) and heating
(20-155 °C, cycle Il) at a rate of 2 <C/min. The textures processing was performed using
Imagn] (LOCI, Univessity of Wisconsin, Madison, WI, USA).

The light transmitted intensity by the sample wae measured with a photodeteqtor.
The time-domain signal was averaged to give an intensity value at a specific temperature.
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Then all results for a given composite were normalized to the range [0, 1]. Measurements
were taken both during heating and cooling in 0.5 -C steps with a rate 2 °C/min, there was
1 min before each measurement for temperature stabilization.

Before electro-optic measurements, the sample was heated up to an isotropic liquid
and then slowly cooled down to the first phase below SmA* and aligned under an AC
electric field (rectangular, 100 Hz, 120 V) for about 6-8 h. Amongothers,suchalongtimeis
due to the low helix pitch value for (S)-MHPOBC [88]. Measurements of the spontaneous
polarization, switching time, and tilt angle (120 Vpp, 24.5 MV/m) were done every 1 -C.
The reversal current method was used to measure Ps and t while O was measured between
Clark-Lagerwall states [89-91] by using a photodetector. A triangular signal was used for
Ps measurements, while a rectangular signal was used for t and O measurements. The
numerical calculation was done using the Origin 2018 program (OriginLab, Northampton,
UK). The uncertainty related to the Ps was equal to 1%. Thesystematicuncertaintiesoftare
related to the time oscilloscope base for a specific measurement cycle, while the uncertainty
for O is a complex uncertainty: systematic uncertainty of 0.1- and statistical uncertainty
resulting from the obtained values O1 and O2.

3.3. Differential Scanning Calorimetry

The phase transition temperatures and their enthalpy changes during heating and
cooling were determined by using a PerkinEImer DSC8000 differential scanning calorimeter
(PerkinElmer, Waltham, MA, USA). The calorimeter was calibrated to the melting points
of water and indium. Samples weighing 7.80 mg of Composites 1-3 were placed in
aluminum cups and closed with a press. The measurement was done at a rate of10 °C/min
during heating (0-170 -C, cycle I) and cooling (170-0 -C, cycle Il). Results were analyzed
using Pyris software (Perkin Elmer, Waltham, MA, USA) and Origin 2020 (OriginLab,
Northampton, UK).

3.4. X-ray Diffraction

XRD measurements were performed using the CuKa radiation with Empyrean 2
(Malvern Panalytical, Worcestershire, UK) diffractometer with Cryostream 700 Plus (Ox-
ford Cryosystems) temperature attachment. The samples were introduced to capillaries
(borosilicate glass, 0.3 mm diameter) by the capillary effect in the isotropic liquid phase.
The XRD patterns were collected on cooling in geometry of a horizontal rotating capillary
with a parabolic mirror on an incident beam. The measurement for a powder Si (SRM 640b)
was performed to determine the zero of the diffractometer and reduce the systematic error
in 20 values. The patterns were analyzed in WinPLOTR [92].

3.5. Fluorescence Confocal Polarizing Microscopy

The FCPM method was originally used to study liquid crystals due to the defects
present in them. In our case, however, it is the method used to detect fluorescence in
Composites 1-3 [93,94].

Olympus Fluoview 1200 fluorescence microscope (Olympus, Tokyo, Japan) with a
diode laser (A D 405 nm and A D 473 nm) and the beam power equal to 1.24 mW was
used. The low beam power value is intentional, to avoid light-induced reorientation of
LC molecules. The collected images show the autofluorescence obtained simultaneously
for two excitation wavelengths and detection ranges. The autofluorescence signal was
detected in the spectral range 430-455 nm (blue) and 490-590 nm (green) in the reflection
mode. To obtain the 3D image of the whole sample, the focused beam scans the sample
in the horizontal plane (xy-directions) and then mechanical refocuses at different depths
(z-direction) in the sample. Afterward there is repeating the horizontal scanning which
produces another thin ‘optical slice'.
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3.6. Ultra-Violet-Visible Spectroscopy—~Free Droplets

Measurement of the helix pitch was performed on a free droplet on a microscope slide
using a spectroscopic method for wavelengths in the UV-VIS range (Liga microspectrometer,
microParts GmbH, Dortmund, Germany). The sample's image was registered during
very slow cooling from the isotropic phase, using the Linkam hot stage and temperature
stabilizer. The cooling rate was very slow, with a step of 0.1 -C, and required a one-minute
isothermal time before each measurement.

Due to the fact the measurements were made on a free droplet, without any alignment,
the raw data in the form of transmission spectra are only used for qualitative interpretation—
determination of the minimum transmission As [95]. Since we do not know the geometric
dimensions of the droplets, the absorbance (transmission) at a given wavelength and
temperature can't be compared. However, different droplet thicknesses for Composites 1-3
do not affect the position of the maximum absorbance (minimum transmission).

3.7. Optical Microscopy/Scanning Electron Microscopy

Keyence VHX-7000 digital optical microscope using a built-in high-intensity LED
light source was used to obtain the images of Composites 1-3 and pure Au nanoparticles.
Each sample was mechanically dispersed with a metal roller on the surface of a chemically
cleaned microscopic slide, obtaining a sample in the form of a square a few millimeters
in size and a thickness up to ca. 100 pm. Each sample was imaged in two ways: as a
pristine sample at room temperature and after annealing at 155 -C for 5 min and cooled
down to room temperature. Digital optical images with high resolution were obtained by
two different types of illumination: ring and coaxial. The first one gives the knowledge
about the surface sample's color simultaneously with no appropriate depth of contrast. This
ilumination system was just to confirm (at high magnification) a real sample color. In turn,
the coaxial system is associated with perfectimage depth, and it permits the recognition
of detalils.

Scanning electron microscopy imaging was performed with a Keyence VHX-D510 scan-
ning electron microscope (SEM)—(tungsten TE gun, acceleration voltage 0.9 kV, backscat-
tered electron imaging) for Composites 1-3 and pure Au nanoparticles mounted to the
SEM specimen stubs with the double-sided adhesive copper tape without an additional
sputter-coating with metal to preserve original color and morphology of materials for the
comparative analysis. The scanning electron microscope was the tandem system that allows
obtaining both SEM and optical images. The maximum magnification in optical system
imaging is 200 X. Additionally, there is an option of overlaying SEM and optical images to
form the superimposed image, which is very helpful to obtain additional information.

3.8. Contact Angle Measurements

All contact angle measurements were performed on a DSA20E EasyDrop wettability
system (KRUSS, Hamburg, Germany). The studied composites were dissolved in toluene
(the same concentrations for all samples) and then spin-casted (single shot 100 pL, 820 rpm,
40 s) on the silicon wafers. The silicon wafers (ca. 1.00 x 2.00 cm) were previously cleaned
in isopropanol (with the ultrasonic bath addition) and purged with high purity compressed
nitrogen. The layers were subjected to aging for about 24 h to evaporate any residual
solvent and the contact angle measurements were carried out during heating in the range
of 0-100 -C. The wetting agent was distilled water, dosed dropwise per layer by a syringe.
Measurement points were collected every 3 -C and the contact angle for each droplet was
determined from its left and right side using DropAnalyzer software (KRUSS, Hamburg,
Germany). Both angles were then averaged at a given temperature. After the measurement,
the droplet was gently collected with a paper towel, in a non-contact manner on the studied
surface. The accuracy of temperature was £0.1 -C, while the contact angle was subject to a
systematic uncertainty of 0.1=. Measurements were made only up to 100 -C because the
wetting agent used evaporates around 100 -C, so the measurements include crystalline
phases and part of the antiferroelectric SmC*A phase. Our goal was to determine whether
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the Au nanoparticles affect the surface wettability of prepared composites. A pure silicon
wafer was used as a reference sample, the wettability of which was also studied under the
same conditions as the composites. Due to the water solubility of the Au nanoparticles
decorated layer, it was not possible to make CA measurements for Au NPs.

4. Conclusions

Properties of two composites based on antiferroelectric liquid crystal (S)-MHPOBC
doped with two concentrations of Au nanoparticles: Composite 2 (0.2 wt. % Au NPs) and
Composite 3 (0.5 wt. % Au NPs) were studied and compared with undoped (S5)-MHPOBC
(Composite 1). Based on the complementary methods, it was shown that many parameters
are changed by a small amount of Au NPs.

Textures of the SmA*, SmC*, SmC*, SmC*,,, and SmC*4 phases were not changed
after doping, which may indicate the good dispersion of AuNPs in the LC matrix. However,
due to a large number of focal conic defects, Au NPs may accumulate in these defects,
reducing the free energy of the layer. In turn, a wide temperature range of the SmI* and
Cry phases coexists (as a result of crystallization inhibition) and a new Cr, crystal phase
was revealed after doping.

Doping has a very slight influence on the phase sequence and transition temperatures;
only additional crystal phases Cr, and Cry were revealed for Composite 3 during heating.
During heating, there was an increase of AH for the Cry—SmC*4 phase transition, as well
as for transitions between sub-phases, while there was a decrease of A for the SmA*-Is
transition both during heating and cooling that was observed after doping.

The smectic layer thickness does not change after doping in the uncertainty limit; only
a slight modification of the correlation length in the SmA* phase for Composite 2 was
observed, which is evidence of the influence of Au nanoparticles on the ordering of LC
molecules within the smectic layer. In turn, the increase of the helix pitch after doping with
Au NPs was observed in the SmC*4 phase, especially for Composite 3.

The surface morphology does not change after doping; however, after heating up to
the isotropic phase (150 “C) and cooling down black objects, white spots appeared on the
surfaces of Composites 2 and 3, which means that, in the isotropic liquid, the nanoparticles
aggregate. In turn, pillar-like structures for pure Au nanoparticles were observed, which
disappear when heated up to 150 °C. This is most likely related to the destruction of the
lamellar structure formed by decorated nanoparticles at higher temperatures. The contact
angle changed after doping, and it was the highest for Composite 2 in the crystal phase and
Composite 3 in the SmC*4 phase. The differences in ®cp reach even 15-17° compared to
undoped (S)-MHPOBC (Composite 1), which means that the surface wettability is reduced.
This may be the result of conformational changes in the surfactant chains decorated with Au
NPs. Both in the range of green and blue light, we observed an increase in the fluorescence
intensity after doping with Au nanoparticles, while, for the green light range, the gain is
almost 100%.

The switching time decreased for Composite 3 and increased for Composite 2 in the
antiferroelectric SmC* A phase. In turn, the tilt angle increased after doping in Composite 3,
while it did not change in Composite 2 in the entire SmC* 4 phase. Spontaneous polarization
increased after doping at the high temperature range of the SmC*4 phase, while, below ca.
90 °C, no dopant influence was observed. The increase in Ps resulted from the induction of
the dipole moment of Au NPs under the influence of the incident light.

In summary, we found that the admixture of gold nanoparticles with low concentra-
tions affects the fluorescence and hydrophobicity of the composite layers, as well as the
parameters of the SmC*4 phase, such as the helix pitch, switching time, tilt angle, and
spontaneous polarization, but an increase in the dopant concentration led to NP agglom-
eration. In turn, the admixture of Au NPs did not affect the phase sequence, thickness of
the smectic layers, and correlation length in the SmC*4 phase, as well as the helix pitch,
switching time, tilt angle, and spontaneous polarization in the SmI* phase.
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However, there is still a lot of research to be done. First of all, based on the (S)-
MHPOBC, new composites can be prepared and investigated whether the spontaneous
polarization, contact angle, tilt angle, and enthalpy change for the Cr4-SmC*A phase
transition will increase with the increasing concentration of Au NPs. It is also possible to
check the influence of the Au nanoparticle sizes and the type of surfactants decorating them
on these parameters and whether other antiferroelectric liquid crystals as the host matrix
provide the same modifications as these parameters. Itis also possible to investigate the
effect of Au NP: (1) on the relaxation processes in the LC matrix by dielectric spectroscopy,
(2) on the absorption bands by infrared spectroscopy, (3) on the maximum luminescence
(hypsochrome or bathochrome shift) by means of photoluminescence measurements, and
(4) on electronic transitions in the LC matrix by UV-Vis spectroscopy of thin layers.

The composites studied in this work are interesting from the point of view of ap-
plications as, for example, electric switches or for the production of thin hydrophobic
films protecting against moisture. In turn, due to the fact that both the LC matrix and the
composites show fluorescence in the visible range and are nontoxic, such materials can be
used as dyes/markers for medical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/Zarticle/10.3390/molecules27123663/s1: Figure S1: Textures registered during
cooling with a rate 2 °C/min for Composites 1-3; (a-a”) SmA*, (b-b”) SmC*a, (c-c”’) SmC*, (d-d”)
SmC*yv, (e-e”) SmC*A at 105 -C, (f-f”) SmC*A at 90 °C, (g-g”) SmI* and (h-h") coexistence two phases
SmI* and Crl. The orange perpendicular arrows in (a) represent crossed polarizer and analyzer. Scale
bars in the right lower corner are the same for each image (50 gm). All images were obtained from
the same sample area in each Composite. Figure S2: An example of the focal conic defect in focal
conic fan texture for SmA* phase (Composite 3) together with conic curves (hyperbola and ellipse). In
the measuring cell plane lies the hyperbola, the ellipse in the planar anchoring is perpendicular to the
substrate planes (is a projection on the hyperbola plane). These areas are degenerated smectic layers.
Figure S3: The calorimetric curves registered during cooling for Composites 1-3 with the enthalpy
changes for chosen phase transitions (a). Insets in (a) present an enlarged temperature range of
116-126 °C. DSC curves in the temperature range of the Iso-SmA* and SmI*-Crl phase transitions (b).
Figure S4: Temperature dependence of the normalized transmitted light intensity during heating (a),
the selected temperature range in the vicinity of the Cra-SmC*A (b), the SmMC*-SmC*a (c), and the
Crj-Cr2 phase transitions (d), and the SmMC*-SmC*a phase transition temperature for Composites
studied (e). Figure S5: Fluorescence intensity in subsequent slices of the samples detected in the
spectral ranges 490-590 nm (a) and 430-455 nm (b) at chosen temperatures for Composites 1-3 as
well as for Au nanoparticles in the 490-590 nm (a') and 430-455 nm (b") (c). Figure S6: Fluorescence
intensity of the Composite 1 (a) and Composite 3 (b) detected in the green light range at 118 -C.
Figure S7: Fluorescence intensity of the Composite 1 (a) and Composite 3 (b) detected in the blue
light range at 118 °C. Figure S8: Room temperature digital optical images with coaxial illumination
for pristine Composite 1 (the first row), Composite 2 (the second row) and for Composite 3 (the
third row). The colored dotted squares represent the enlarged areas. Figure S9: Room temperature
digital optical images with coaxial illumination for Composite 1 (the first row), Composite 2 (the
second row), Composite 3 (the third row) cooled to room temperature after being heated to 155 -C
and kept at this temperature for 5 min. The colored dotted squares represent the enlarged. Black
circles indicate white spots—small aggregates of Au nanoparticles. Figure S10: SEM images for
Composite 1 (a), Composite 2 (b), Composite 3 (c) and Au nanoparticles (d). The colored dashed
rectangles represent the enlarged areas. Figure S11: Images for the water droplet deposited on the
thin layer of Composites 1-3 and pure silicon wafer (reference) at selected temperatures. Figure S12:
Amplitude dependence of reorientation times T for f = 50 Hz at 105 °C. The upper inset presents
results for f = 100 Hz at 117 -C. The bottom inset presents results for f = 50 Hz at 117 -C. The dashed
rectangular at insets have been shown the amplitude range where the changes are the highest.
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Figure S1. Textures registered during cooling with a rate 2°C/min for Composites 1-3; (a-a") SmA*, (b-
b'") SmC*,, (c-c") SmC*, (d-d") SmC*, (e-e") SmC*a at 105°C, (f-f") SmC*a at 90°C, (g-g") SmI* and (h-
h') coexistence two phases SmI* and Cri. The orange perpendicular arrows in (a) represent crossed
polarizer and analyzer. Scale bars in the right lower corner are the same for each image (50]am). All
images were obtained from the same sample area in each Composite.

The considered focal conic defects are usually common when the molecules form
a strong anchoring to the cell surface or other nucleation points (such nucleation
points in the area between the glass plates can be e.g. an admixtures or spacers,
eliminating the thickness gradient in the cell used). Hence the defects appear in
random places on the recorded texture. Around the nucleation points, the molecules
assume a radial orientation (the smectic layers thicknesses are preserved) and
therefore the smectic layers must curve locally (see Fig. S2) around the nucleation
centers [54]. Due to the liquid-like nature of SmA* phase, adjacent nucleation centers
grow and combine each other to form Dupin's cyclides. When the two nucleation
centers grow and meet, the outer molecules' layers form a junction [54]. A line of
hyperbolic optical discontinuity is formed at the junction site. The molecules at a
junction are disorganized and between crossed polarizers considered area appears
dark (dark cross). As Goodby reports, this defect type is easily formed when the cell
thickness is more than 3-4]am (in our case about 5]am) [54]. Fig. S2 shows an example
of the topological focal conic defect formation with a clear marking of conic curves
(ellipse and hyperbola) on the texture fragment for Composite 3, SmA* phase, 140°C
showing the crossing of the above-mentioned curves, formulating the defect. The
plane in which the hyperbola lies for planar boundary conditions is parallel to the
substrate cell planes [53].

hyperbola £

Figure S2. An example of the focal conic defect in focal conic fan texture for SmA* phase (Composite
3) together with conic curves (hyperbola and ellipse). In the measuring cell plane lies the hyperbola,
the ellipse in the planar anchoring is perpendicular to the substrate planes (is a projection on the
hyperbola plane). These areas are degenerated smectic layers.



In the inset (Fig. S3a) is the table with AH values accompanied by the individual
phase transitions. In addition to the increase in To for the SmI*-Cr1 phase transition in
Composite 3 versus Composite 1, also the AH value increased significantly relative to
pure (S)-MHPOBC. As can be seen from the table, AH for this transition increases with
the increase in the amount of Au nanoparticles. Similar behavior is observed for the
SmC*a-Sml* phase transition. On the other hand, for the Iso-SmA* phase transition,
the situation for all Composites 1-3 is completely different, the value of AH decreases
with increasing concentration.
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Figure S3. The calorimetric curves registered during cooling for Composites 1-3 with the enthalpy
changes for chosen phase transitions (a). Insets in (a) present an enlarged temperature range of 116-
126°C. DSC curves in the temperature range of the 1Iso-SmA* and SmI*-Cr1 phase transitions (b).

Fig. S4ashows the transmitted light intensity during the heating of Composites 1-
3. Transitions Cri-Crz, Crs-SmC*a, SmA*-Iso are very clearly visible for all studied
samples. Based on these measurements, it can be concluded Cr: is structurally very
different from Cr2-Crs, as evidenced by a clear decrease in the transmitted light
intensity in the transition to Crz. The Cr2-Crs, Crs-Cra transitions for Composite 2-3 are
practically invisible optically, while for Composite 1 only in the form of small humps
(regime between 60-80°C). This may indicate the influence of Au nanopatrticles on the
mentioned crystalline phases, e.g. by modifying the lattice parameters of these phases,
which makes their structure very similar and we do not see the difference between
them in optical measurements. Moreover, the Cri-Cr2 transition temperatures are in
agreement with those determined calorimetrically, but only for Composites 1-2. We
noted a significant discrepancy of this temperature for Composite 3 around 7°C,
which we do not fully understand. It is not excluded, the heating rate is responsible
for it. At high temperature change rates, nanoparticles can acquire a large amount of
thermal energy in a very short time, becoming not only mobile but also capable to
show various movements at the molecular level, e.g. rotational (we should keep in
mind that apart from their size 2-4nm, they are additionally covered with an organic
surfactant, the surfactant kinetics under the influence of various temperature changes
is unknown Dby us). Interestingly, within the SmC*a phase, we do not observe a
parabolic light intensities variation, but only a monotonic decrease in light intensity
with temperature, regardless of an admixture. Fig. S4b shows the enlarged Crs-SmC*a
phase transition range, while the vertical arrows do not correspond to the
temperatures of this transition but the moment when only the SmC*a phase exists in
the sample. For example, the temperature of the beginning Crs-SmC*a phase transition
for Composite 3 from the optical method is about 83.0°C (x0.5°C), while from the
calorimetric method is about 81.9°C (0.1°C). Temperature mismatch of 0.5°C may



result from different measurement conditions (aluminum and glass heat exchangers).
In Fig. S4c, the enlarged range of sub-phases; the arrows represent very subtle SmC*-
SmC*a phase transitions. In turn, in Fig. S4d the enlarged range between the
crystalline phases with the largest structural differences. In the table (Fig. S4e) we
noted the SmMC*-SmC*a transition temperatures, which are the values at the maximum
of the subtle jumps in Fig S4c.
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Figure S4. Temperature dependence of the normalized transmitted light intensity during heating (a),
the selected temperature range in the vicinity of the Crs-SmC*a (b), the SmC*-SmC*a (c), and the Cri-
Cr2 phase transitions (d), and the SmC*-SmC*a phase transition temperature for samples studied (e).

A characteristic feature of this hexagonal phase is the molecules grouping on the
smectic layer in such a way that their gravity centers form hexagons with an
additional molecule inside. The molecules in this phase are tilted to the hexagon apex
at a certain angle, and if chiral they form a helical superstructure. This superstructure
is similar to the helical structure in the SmC*a phase, however, for the latter, there is
no higher degree of center alignment in the smectic plane.

At the spectral range 430-455nm, the situation is a bit different. At 122°C the
fluorescence intensity is the lowest for Composite i, while it increases with the
increase an admixture concentration. In turn, at 118°C very intensive fluorescence is
present in Composite i. Interestingly, for Composites i-2 the fluorescence is very poor
at 88°C and it is decreasing with the decrease in temperature (at 68°C there is no
fluorescence). Meanwhile, for Composite 3 at 68 and 88°C, the fluorescence is quite
clear visible. This phenomenon is not well understood by us. The mere Au
nanoparticles present in samples should give similar results for Composite 2-3,
however, the microscopic observations are different for them. This situation didn't
note for 490-590nm spectral range. It is not likely, that the Composites 2-3 at 68°C
were in different liquid crystal phases.
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Figure S5. Fluorescence intensity in subsequent slices of the samples detected in the spectral ranges
490-590nm (a) and 430-455nm (b) at chosen temperatures for Composites 1-3 as well as for Au
nanoparticles in the 490-590nm (a') and 430-455nm (b") (c).
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Figure S6. Fluorescence intensity of the Composite 1 (a) and Composite 3 (b) detected in the green light range at
118°C.
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Figure S7. Fluorescence intensity of the Composite 1 (a) and Composite 3 (b) detected in the blue light range at
118°C.
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(the first row), Composite 2 (the second row) and for Composite 3 (the third row). The colored dotted
squares represent the enlarged areas.
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Figure S9. Room temperature digital optical images with co

axial illumination for Composite 1 (the
first row), Composite 2 (the second row), Composite 3 (the third row) cooled to room temperature

after being heated to 155°C and kept at this temperature for 5 minutes. The colored dotted squares
represent the enlarged. Black circles indicate white spots - small aggregates of Au nanoparticles.
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Figure S10. SEM images for Composie 1 (a), Composite 2 (b), Composite 3 (¢

nanoparticles
(d). The colored dashed rectangles represent the enlarged areas.



Composite 1 Composite 2 Composite 3 Reference

c) e) 9)

a)

18°C Cr 18°C Cr 18°C Cr 18°C

d) f) | h)

A = .

b)

78°C Cr 87°C SmC*4 87°C SmC*a 87°C
Figure S11. Images for the water droplet deposited on the thin layer of Composites 1-3 and pure
silicon wafer (reference) at selected temperatures.

In the first stage, the switching times t behavior to the amplitude of the
alternating electric field was checked at two selected temperatures the SmC*a phase,
namely 117 and 105°C. Measurements were made on completely disordered samples
and after each measurement series, the samples were heated to the isotropic liquid
and subsequently cooled down to the next measuring temperature. Fig. S10 presents
the dependence t(U) for all composites at 105°C and f = 50Hz. As can be seen, with the
U value increase, the t decrease, which was to be expected, because the higher the
electric field E causes the electric dipole moments to experience a higher force moment
(the faster reorientation). The uncertainties related to the experimental points have
different sizes, which results from the fact that during the data collection the time base
on the oscilloscope was changing. Up to 120V, it can be observed that Au
nanoparticles do no influence on t values. Above 120V, it can be seen the Au
nanoparticles lower the t values and for 150V they are equal to: 22, 30, 31ps for
Composite 3, Composite 1, and Composite 2, respectively. The downward trend is
much more noticeable for Composite 3 than for Composite 2. Only for Composite 3
above 120V, there is a continuous decrease in the t value, while for Composite 2 at
150V there was a subtle increase. In addition, as the alternating voltage amplitude
increased, the sample response during the change in signal polarity became narrower
in the time domain. The wide sample responses at low U are because the molecules
respond to a change in signal polarity, however, their reorientation time distribution
is large. This behavior was observed for all samples. The inserts in Fig. S10 show the
dependencies of t(U) at 117°C for the two selected frequencies, namely 50 and 100Hz.
For both frequencies under consideration, at low U values up to about 110V for 50Hz
and 100V for 100Hz, plateau regions are observed for t. Only above these U values we
can see a higher times variability. In the frequency of 50Hz above 120V the shortest
times are characterized by Composite 2 (about 25ps) and the longest by Composite 1
(about 35ps), while for frequencies of 100Hz and above 120V the shortest times are
shown by Composite 3 (around 22.5ps) and the longest for Composite 2 (around
35ps). Moreover, in the 120-150V range with both frequencies only Composite 3
shows a plateau, while Composite 1 shows a typical downward trend. For Composite
2, sharp jumps in the t values at 120V and 140V for 50 and 100Hz, respectively, were
recorded in this range. The decrease in t value for Composite 3 by about 7ps and the
increase for Composite 2 by about 7ps with increasing frequency are not fully
understood by us. However, this behavior is very promising for the use of these
Composites 2-3 as electrical switches whose frequency dependency depends on the
dopant concentration.
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Figure S12. Amplitude dependence of reorientation times t for f = 50Hz at 105°C. The upper inset
presents results for f = 100Hz at 117°C. The bottom inset presents results for f = 50Hz at 117°C. The
dashed rectangular at insets have been shown the amplitude range where the changes are the highest.

In turn, although nanoparticles are decorated with aliphatic chains, which are
the deliberate procedure to eliminate aggregation processes, we can't completely
exclude this parasitic process. Let the typical (covalent) atomic radius for gold be r ~
135pm. The nanoparticles considered in this article are spherical clusters with a
diameter 2-4nm, therefore with radii R ~ 1-2nm. The single atom volume is
proportional to r, like ~ r3, while the volume of the whole nanoparticle with radius R =
1.5nm, like ~ R3. Thus, the nanoparticles with radius R consist of N ~ (R/r)3 ~ 1372 gold
atoms. In turn, the number of atoms on the nanoparticle surface is N - N '= N - ((R-
r/r)3 ~ 338. Therefore, theoretically each nanoparticle with a radius of 1.5nm has 338
Au atoms on the surface and each such Au atom can chemically bond through a
strong covalent bond with the sulfur atom which is the surfactant part. Obviously, for
steric reasons, not every Au atom can be bounded. It is possible that with the
increasing Au concentration, adjacent nanoparticles will contact metallic cores at
certain points or the metallic cores will be very close to each other. The more such
cases there are, the O will be modified.






