ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL

ELECTRO OPTICAL PROPERTIES OF
LIQUID CRYSTAL NANOCOMPOSITES

Ph.D. THESIS

Mehmet Can CETINKAYA

Department of Physics Engineering

Physics Engineering Programme

DECEMBER 2022






ISTANBUL TECHNICAL UNIVERSITY % GRADUATE SCHOOL

ELECTRO OPTICAL PROPERTIES OF
LIQUID CRYSTAL NANOCOMPOSITES

Ph.D. THESIS

Mehmet Can CETINKAYA
(509132102)

Department of Physics Engineering

Physics Engineering Programme

Thesis Advisor: Prof. Dr. Sevtap YILDIZ OZBEK

DECEMBER 2022






ISTANBUL TEKNIK UNIVERSITESI % LISANSUSTU EGITIiM ENSTITUSU

SIVI KRISTAL NANOKOMPOZITLERIN
ELEKTRO-OPTIKSEL OZELLIKLERI

DOKTORA TEZI

Mehmet Can CETINKAYA
(509132102)

Fizik Miihendisligi Anabilim Dal

Fizik Miihendisligi Program

Tez Damismani: Prof. Dr. Sevtap YILDIZ OZBEK

DECEMBER 2022






Mehmet Can CETINKAYA, a Ph.D. student of ITU Graduate School student ID 509132102
successfully defended the thesis entitled “ELECTRO OPTICAL PROPERTIES OF
LIQUID CRYSTAL NANOCOMPOSITES”, which he/she prepared after fulfilling the
requirements specified in the associated legislations, before the jury whose signatures

are below.

Thesis Advisor :  Prof. Dr. Sevtap YILDIZ OZBEK ..o,
Istanbul Technical University

Jury Members : Prof. Dr.Goniil ERYUREK ...
Istanbul Technical University

Assc. Prof. Dr. Alkan KABAKCIOGLU  ......ccooovvivveuannn
Kog¢ University

Prof. Dr. Umit TUNCA
Istanbul Technical University

Assc. Prof. Dr. Bengiit OZUGUR UYSAL  .....c.cooovvnveianen.
Kadir Has University

Date of Submission : 29 November 2022
Date of Defense : 29 December 2022






Vil

To My Beloved Nur






FOREWORD

This thesis was supported by Istanbul Technical University Grant No. 37639, 38206,
40883 and 41101. The author of the thesis received TUBITAK Grant 2214-A in order
to study abroad during his PhD. I thank my supervisor Prof. Dr. Sevtap Yildiz Ozbek
and Prof. Dr. Haluk Ozbek for their support and guidance throughout my time in
Istanbul Technical University, my father and my mother for raising and supporting me
during my long education. Many thanks to my little daughter, Beyza, for making our
lives more joyous during the final two and a half years of this thesis. To the love of
my life, my wife, my life long companion Nur, I present my deepest gratitude for your
patience and support during my PhD. I have drawn my motivation from my love for
you, and without it, this thesis could not have been written. Dear Nur, thank you for
every day we spent together.

December 2022 Mehmet Can CETINKAYA
(Physics Engineer, M.Sc.)

X






TABLE OF CONTENTS
FOREWORD

TABLE OF CONTENTS

ABBREVIATIONS

SYMBOLS..

LIST OF TABLES
LIST OF FIGURES

SUMMARY

OZET

1. INTRODUCTION .....

1.1 Two Liquid Crystalline Phases: Nematic and Smectic A..........cccccue....
1.2 Electro - Optic Properties .........ccueerveeriiieeiiieeiieeriieeiieesieeesieee e e
1.3 Enhancing Liquid Crystals: Carbon Nanotube Doping.........c...cccccceuee.e.
1.4 Aim Of the TRESIS ..c.eeeiiiiiiiiiiiie e

2. MATERIALS AND EXPERIMENTAL METHODS

2.1 SAMPIES....eiiiiiiiiiiieiiieeeee e et
2.1.1 The host material: Octylcyanobiphenyl ...........cccccoevviiiniiiiniiennnen.
2.1.2 Anisotropic dopant: Carbon nanotubes............cccccveeevvveeeeniiieeennnne.
2.1.3 Sample preparation ........c.c.ceceeevueereerieeiieeneenieeeeeeieesee e senes

2.2 Experimental Methods...........ccociriiiiiiniiniiiiiicicceceeeeeee e
2.2.1 Optical MEASUTEMENLS ......cccuveerieeeriieerieeerieeenieeeeeeeieeeieeesaeeeaeees

2.2.1.1 Light transmission measurement with crossed polarizors........

2.2.1.2 Birefringence measurements ..........cccueeeerveeeeniureeeenueeeesninneeennns

2.2.2 Dielectric MEASUIEMENLS .......eevveerrireeriieniieenieeeiteesieeenieeeseeeeieees

3. 8CB DOPED WITH MULTI-WALLED CARBON NANOTUBES........

3.1 Birefringence Measurements............cccueeerueeerieeeneeenieeenieesieessneennee e

3.2 Dielectric MEaSUIEMENLS ......cccueeruieenieeriiieenieeeiteesree et esiee e

3.3 Electro-optical Measurements ..............ccoveeerieeriieenieennieeniee e e

3.4 Splay Constants And Rotational VISCOSILIES ........cccueevueereeruerueenieennennn

4. 8CB DOPED WITH -COOH TREATED CARBON NANOTUBES

4.1 Birefringence Measureéments..........ccceecveeriueeerieeniieeenieessieeenveessneeenveeens
4.2 Dielectric MEaSUIEIMENLS .......ccovueeerieeeiieeniieeiieeeieeeitee st e st e e
4.3 Electro-optical Measurements .........c.ceeecueerveereerieniieenieeneenieeenneeneenneenne

4.4 Splay Constants And Rotational ViSCOSItIES ..........ceevveeriueeinieeniiiernieene

X1

ix

. xii

.. Xiil



S. CONCLUSIONS..... ceesecssessnestssassstesasssassassane 47

5.1 Shifts In Transition Temperatures And Order Parameters ............ccccceeeenene 47
5.2 The Affect On Electro-Optical Parameters............ccoocveevviieenieeniiieenieenieeenne. 48
5.2.1 Dielectric anisotropies, threshold voltages...........cccceveveeerveercieennieennnenn. 48
5.2.2 Elasticity and rotational VISCOSILIES ........cceevreriueerrveenirieerieeeieeesveenevens 49

5.3 Conclusion And OUtlOOK .........c.eeoriiiiiiiiiiiiiieee e 50
REFERENCES......ooiiiintintinnnennnnnnicssinssansssesssessssssssesssssssassssssssssssasssssssassssasssses 53
CURRICULUM VITAE . ceeessaeesstsssnesnnesasessnsessasanaes 60

Xii



ABBREVIATIONS

5CB
8CB
ANL
CNT
-COOH
DSC
ITO

L

LC

N
MWCNT
LIA

NR

0SC

PC

PD

PID
POM
POL
QwpP
SIG GEN
SmA
SWCNT
T CONT
wt. %

: Pentylcyanobiphenyl

¢ Octylcyanobiphenyl

: Analyzer

: Carbon Nanotube

: Carboxyl group

: Differential scanning calorimetry
: Inidium tin oxide

: Laser

: Liquid crystal

: Nematic phase

: Multi-walled carbon nanotube
: Lock-in amplifier

: Nematic range

: Oscilloscope

: Computer

: Photodiode

: Propotional, integral, derivative
: Polarization microscopy

: Polarizer

: Quarter wave plate

: Signal generator

: Smectic A phase

: Single-walled carbon nanotube
: Temperature controller

: percentage by weight

Xiii






SYMBOLS

An

: Birefringence

: Dielectric anisotropy

: Dielectric permittivity of vacuum

: Splay elastic constant

: Rotational viscosity

: Threshold voltage

: Temperature

: Nematic to isotropic transition temperature
: Nematic to smectic A transition temperature
: Transmitted light intensity

: Incident light intensity

: Capacitance of liquid crystal filled sample cell
: Capacitance of empty sample cell

: Voltage-on response time

: Voltage-off response time

: Sample cell thickness

: Light intensity

: Intensity of light incident on sample

: Transmitted light intensity

: Laser wavelength

: Analyzer angular speed

: Time

XV






LIST OF TABLES

3.1

3.2

4.1

N-I and SmA-N transition temperatures of pure 8CB and
nanocomposites with nonfunctionalized MWCNTS..........c.ccceenenee. 18

N-I and SmA-N transition temperatures of pure 8CB and
nanocomposites with nonfunctionalized MWCNTS. ..........ccooeeennen. 19

N-I and SmA-N transition temperatures of pure 8CB and
nanocomposites with functionalized MWCNTS. ........ccccoecieiniiennenne 34

XVvil



Xviii



LIST OF FIGURES

1.1

2.1
2.2
23

24

2.5

2.6

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Nematic (left) and Smectic A phases. The arrow lines represent

AITECTOTS. ..uiiiiiiciie et 2
Molecular structure of 8CB. .......cc.coceriiiiiiiiiniiiiinicnceeeeeee 6
DSC results for 8CB and nanocoOmpoOSItes. .........cocueevveereerveenieenneennne. 9

Polarizing microscopy images of 8CB-MWCNT nanocomposites.
The images are virtually same for both pristine and functionalized

MWONT dOPANLS. ..eeiiiiieiiiieiiieeiieeeiee et siee e sieessiteesbeesseaeesseeens 10
The block diagram of the crossed polarizor setup. ...........ccceeeveernnennne 12
The block diagram of the birefringence measurement setup. ............. 14
LC alignment in hometropic cell (left) and planar cell (right)............ 15

Birefringence vs. temperature over the nematic and smectic A
phases of pure 8CB and nanocomposites with nonfunctionalized

Dielectric anisotropy vs. temperature over the nematic and smectic
A phases of pure 8CB. .......coociiiiiiiiiiiiiee e 20

Dielectric anisotropy vs. temperature over the nematic and smectic
A phases of 0.007 wt.% MWCNT nanocomposite...........cceeruveernnennn. 20

Dielectric anisotropy vs. temperature over the nematic and smectic
A phases of 0.07 wt.% MWCNT nanocomposite..........ccecveevveenneennne. 21

Transmitted light intensity vs. temperature curves of all samples
over the nematic and smectic A phases. .......ccccceeeveveeerieeniiieenieenieenns 22

Transmitted light intensity vs. voltage at shifted temperature 7 —

Ty = —2.6K for all sSamples........coceevieriiriieiiiniineeieeeneeeeens 23
Voltage-on response times vs.  shifted temperature at 10
V switching voltage for 8CB and nonfunctionlized MWCNT
NANOCOMPOSILES. c.vvveeerrreeerreeireerteeesereessseeesseessseeesseessseeessseessssesssseenns 25
Voltage-on response times vs. switching voltage at T — Ty = —2K
for 8CB and nonfunctionlized MWCNT nanocomposites.................. 26

Voltage-off response times vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocompoOSites. ........cceevvveerveeerureenveenns 27

X1X



3.10

3.11

3.12

3.13

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

Voltage-off response times vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocompoSites. .........cceeveerrueeerveerinnennns 28

Threshold voltages vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites. .........coceeeeveenueeneenneennen. 29

Splay elastic constant vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites. .........cceeveerveeenveerineenns 30

Rotational viscosity vs.  shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites. .........ccoeeeervveernieenineennns 31

Birefringence vs. temperature over the nematic and smectic
A phases of pure 8CB and nanocomposites with functionalized

Dielectric anisotropy vs. temperature over the nematic and smectic
A phases of pure 8CB and nanocomposites with functionalized
IMWIECNTS. ..ttt sttt et st s 35

Transmitted light intensity vs. temperature curves of all samples
over the nematic and smectic A phases. .......ccoceeveveervieeeiieeniieeeiieens 37

Transmitted light intensity vs. voltage at shifted temperature 7 —

Ty = —2.6K for all samples........cccceevviriiiiniiniiniiiiccncceceenee 38
Voltage-on response times vs.  shifted temperature at 10
V switching voltage for 8CB and functionlized MWCNT
NANOCOMPOSIEES. ...vveererreerurierrreerireeeiteeesteesisreesseeesseesssseesseeesseessseesns 39
Voltage-on response times vs. switching voltage at T — Ty = —2K
for 8CB and functionlized MWCNT nanocomposites.........c...cc..c...... 40

Voltage-off response times vs. shifted temperature for 8CB and
functionlized MWCNT nanocompoOSites. .......ccceevevveerveeriieeeneeenineennns 41

Voltage-off response times vs. shifted temperature for 8CB and
functionalized MWCNT nanoCOmMpPOSILES.......c.eeerveerniveeriieernieenieenns 42

Threshold voltage vs. shifted temperature for 8CB and
functionalized MWCNT nanocoOmMpOSItes. .......c.eevveeerveeriieeeneeerneennns 43

Dielectric anisotropy vs. temperature over the nematic and smectic
A phases of 0.07 wt.% MWCNT nanocomposite.........cc.cceeevveerueennne 44

Rotational viscosity vs.  shifted temperature for 8CB and
functionalized MWCNT nanocOmMpOSItes. .......c.eevveerrieeriieeeneeenieenns 45

XX



ELECTRO OPTICAL PROPERTIES OF
LIQUID CRYSTAL NANOCOMPOSITES

SUMMARY

The thesis presents the results of the study on electro-optical and elastic properties
of smectogen octylcyanobiphenyl (8CB) liquid crystal doped with well dispersed
multi-walled carbon nanotubes (MWCNTs). The study aims to uncover the effect
of MWCNT doping on electro-optical properties of smectic liquid crystal 8CB.
Nanoparticle doping has been investigated as a possible way to enhance the properties
of liquid crystals. Such studies focused on doping nematic liquid crystals have
shown that it is possible to increase dielectric anisotropy, lower threshold voltages
and increase electrical response times. One of the promising nanoparticles is carbon
nanotubes. Carbon nanotubes are exotic materials with very high shape anisotropy.
They are basically one atom thick carbon sheets rolled into tubes. If the nanotubes
are formed from many cocentric tubes they are called multi-walled carbon nanotubes.
Due to their shape anisotropy, they also exhibit anisotropic mechanical and electronic
qualities. What makes them especially intriguing to study as liquid crystal dopants is
their geometry. Carbon nanotubes are known to produce liquid crystalline dispersions,
and once they are dispersed in a liquid crystalline medium, they are expected to impart
their anisotropic qualities on this already anisotropic media and enhance them.

The study is carried out on four different samples: one set dispersed with pristine, used
as is, MWCNTs of concentrations 0.007 wt.% and 0.07 wt.% (percent by weight), and
another set dispersed with -COOH functionalized MWCNTs at same concentrations.
So the scope of this thesis is investigating the effects of functionalized and
nonfunctionalized MWCNT doping on 8CB liquid crystal host’s dielectric anisotropy,
threshold voltage, birefringence and response time in Freédericksz transition. Each of
said properties were measured against temperature and voltage.

The doping of MWCNTs is carried out by solvent dispersion method. The 8CB and
MWCNTs are mixed in high purity toluene. The mixture is heated to 43 °C, where
8CB is in isotropic liquid phase. The mixture is then sonicated and magnetically
stirred. Once toluene is evaporated, the remaining 8CB - MWCNT dispersion, or
so-called nanocomposite, is filled into sandwich type sample cells by capillary action.
Differential scanning calorimetry measurements and polarizing microscopy imaging
are also conducted to confirm the existence of nematic and smectic A phases and
transition temperatures.

Experimental datum for the temperature dependence of birefringence, dielectric
anisotropy, threshold voltage, voltage-on and voltage-off response are presented.
Birefringence data is obtained by the rotating analyzer method. Dielectric data
is collected by capacitance measurements. Threshold voltages and response times
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are obtained by light transmission measurements through crossed polarizers during
voltage application on their respective sample cells. The isotropic to nematic and
nematic to smectic A phase transition temperatures are obtained from birefringence
measurements. The splay elastic constants and rotational viscosities of functionalized
and non-functionalized MWCNT dispersed 8CB nanocomposites are calculated from
these dielectric anisotropies, threshold voltages and voltage-off response times. The
nematic range, temperature interval between isotropic to nematic and nematic to
smectic A transition is extended in all nanocomposite samples. Non-functionalized
MWCNT nanocomposites have wider nematic ranges than functionalized ones. It is
observed that dielectric anisotropies are lowered in all MWCNT dispersed samples,
higher concentrations having lower dielectric anisotropies. While birefringence
is lowered in pristine MWCNT nanocomposites and functionalized MWCNT 0.07
wt.% nanocomposite, compared to 8CB, functionalized 0.007 wt.% nanocomposite’s
birefringence is higher than pure 8CB’s. These findings suggest that while nematic
order is not enhanced with MWCNT dispersions at hand, but the exception,
functionalized 0.007 wt.%, points to a possibility of better incorporation of MWCNTs
in liquid crystalline media by dispersion of functionalized MWCNTSs at low
concentrations. The threshold voltages, with the exception of non-functionalized 0.07
wt.%, are increased. Calculation of splay elastic constants (K;;) shows that elasticity
of the nanocomposites also differ from pure 8CB. The non-functionalized MWCNT
nanocomposites have lower elastic constants in the nematic range, while funtionalized
MWCNT nanocomposites have higher. Also, a crossover of elastic constants is
observed, with respect to temperature, as f0.007 wt.% nanocomposite’s elastic constant
increases at an higher rate than f0.07 wt.%’s elastic constant. Voltage-on and
voltage-off response times are higher in all nanocomposites. Functionalized 0.007
wt.% nanocomposite has the highest voltage-on and voltage-off response times. On
the other hand, functionalized 0.07wt.% has the closest response times to 8CB.
The calculation of rotational viscosity from response times and elastic constants
reveal that rate of change of rotational viscosity with respect to temperature is
highest in funtionalized 0.007 wt.% nanocomposite and rotational viscosities of all
nanocomposite samples are higher than pure 8CB. With non-functionalized samples,
rate of change of rotational viscosity is higher with 0.007 wt.%. Temperature
dependencies of rotational viscosity of 0.07 wt.% and pure 8CB are similar. The same
is true for functionalized 0.07 wt.%.

The study reveals the temperature dependence of various electro-optical properties of
8CB dispersed with functionalized and non-functionalized MWCNTs. With drops in
birefringence and dielectric anisotropy, accompanied by increasing response times and
threshold voltages, no electro-optical enhancement is observed in studied samples.
However, with effect of functionalization and at optimal concentration, it would be
possible to enhance a selected electro-optical property, i.e. improving birefringence
while keeping response times at a reasonable level for electrical switching. The results
of the study also hint at a complex web of dependencies related to functionalization and
concentration, which justifies further numerical and experimental studies on smectic
liquid crystal - MWCNT nanocomposites.
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SIVI KRISTAL NANOKOMPOZITLERIN
ELEKTRO-OPTIKSEL OZELLIKLERI

OZET

Bu tez, cok duvarli karbon nanotiipler (MWCNT’ler) ile katkili smektojen
oktilsiyanobifenil (8CB) sivi kristalin elektro-optik ve elastik ozellikleri iizerine
yapilmig calismanin sonuclarim1 sunmaktadir.  Calisma, MWCNT katkilamanin
smektik sivi kristal 8CB’nin elektro-optik ozellikleri iizerindeki etkisini ortaya
cikarmayr amaglamaktadir. Nanoparcacik katkilama, sivi kristallerin 6zelliklerini
gelistirmenin olasi kolay yollarindan biri olarak arastirmalara konu olmustur. Nematik
siv1 kristallerin katkilanmasina odaklanilan bu caligmalarda, dielektrik anizotropiyi
arttirmanin, esik voltajlarin1 diisiirmenin ve elektriksel tepki siirelerini azaltmanin
miimkiin oldugunu gosterilmistir. Sivi kristalin 6zelliklerini iyilestirmek adina gelecek
vaat eden nanopargaciklardan biri karbon nanotiiplerdir. Karbon nanotiipler ¢ok
yiikksek geometrik anizotropiye sahip egzotik malzemelerdir. Temel olarak, silindir
seklinde sarilmig, bir atom kalinliginda karbon levhalar1 olarak diisiiniilebilirler.
Nanotiipler birgok es merkezli silindirden olusuyorsa, bu nanotiiplere ¢ok duvarl
karbon nanotiipler denir. Sekil anizotropilerinden dolay1, anizotropik mekanik ve
elektronik nitelikler de sergilerler. Karbon nanotiileri sivi kristalleri katkilamakta
kullanilmasinin ana nedeni ve c¢alismak icin Ozellikle ilgi cekici yapan sey,
geometrileri ile siv1 kristalik diizen arasindaki paralelliktir. Karbon nanotiiplerin sivi
kristalik dagmimlar iirettigi bilinmektedir. Ayni zamanda sivi kristalik bir ortama
katkilandiklarinda, anizotropik niteliklerinin hali hazirda anizotropik olan sivi kristal
ortama aktararak bu ortamin 6zelliklerinin anizotropisini arttirmalar1 beklenmektedir.
Bu tez calismasinda dort farkli karbon nanotiip - sivi kristal nanokompozit
numune konu edilmigstir: Oldugu gibi kullanilan, agirlhikca % 0.007 ve % 0.07
konsantrasyonlarinda MWCNT katkili 8CB ve yiizeyleri -COOH islevsellestirilmis,
ayni iki konstrasyonu olusturacak agirhikta MWCNT’ler ile katkilanmigs 8CB
nanokompozitler. Dolayisiyla bu tezin kapsami, yiiksek ve diisiik konsantrasyonda,
islevsellestirilmis ve islevsellestirilmemis MWCNT katkilamanin 8CB sivi kristal
konagin dielektrik anizotropisi, esik voltaji, ¢ift kirtlma ve Freédericksz gecisindeki
tepki siiresi tizerindeki etkilerini aragtirmaktir. Bahsedilen 6zelliklerin her biri sicaklik
ve ornek hiicreye uygulanan voltaja kars1 ol¢tilmiistiir.

MWCNT lerin katkilanmasi, ¢oziiciide daginim (solvent dispersion) yontemiyle
gerceklestirilir. 8CB ve MWCNT ler yiiksek saflikta toluen i¢inde karigtirilir. Karigim,
8CB’nin izotropik siv1 fazda oldugu 43 °C’ye 1sitilir. Isitilan karisim once sonik
banyoda titresim islemine tabi tutulur, sonra da manyetik karigtirici ile karigtirilir. Bu
islemlere toluen buharlastirilirken devam edillir. Toluen buharlastiktan sonra kalan
8CB - MWCNT daginimi, yani nanokompozit olarak adlandirilan kisim, kilcal etki ile
sandvig¢ tipi numune hiicrelerine doldurulur. Nematik ve smektik A fazlarinin ve gecis
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sicakliklarinin varligini dogrulamak icin diferansiyel taramali kalorimetri l¢timleri ve
polarize mikroskopi goriintiileme gerceklestirilir.

Tezde, yukarida hazirlama yontemi anlatilan numunelere ait ¢ift kirilmanin, dielektrik
anizotropinin, esik voltajinin, voltaj uygulandigindaki ve kaldirildigindaki tepki
siirelerinin sicaklifa baglh olarak degisimini gosteren deneysel veriler sunulmaktadir.
Cift kirllma verileri, doner analizor yontemiyle elde edilir.  Dielektrik verileri
kapasitans olgtimleri ile toplanir. Esik voltajlar1 ve yanit siireleri, ilgili numune
hiicrelerine voltaj uygulamasi sirasinda capraz polarizorler aracilifiyla 1s1k gegir-
genligi olciimleri ile elde edilir. Izotropikten nematige ve nematikten smektik A
faz gecis sicakliklart cift kirilma olctimlerinden elde edilir. Numunelerden elde
edilen dielektrik anizotropilerden, esik gerilimlerinden ve gerilim kaldirildigindaki
yanit siirelerinden iglevsellestirilmis ve islevsellestirilmemis MWCNT dagitilmis
8CB nanokompozitlerin yayilma elastik sabitleri (splay elastic constant) ve donel
viskoziteleri (rotational viscosity) hesaplanir. ~ Tiim numunelere ait sicakliga
karsilik cift kirilma verileri incelendiginde, izotropikten nematige ve nematikten
smektik A gecisi arasindaki sicaklik araligini kapsayan ve nematik aralik olarak
adlandirilan sicaklik araliginin tiim nanokompozit numunelerde biiyiidiigii goriiliir.
Islevsellestirilmemis MWCNT nanokompozitleri, islevsellestirilmis olanlardan daha
genis nematik araliklara sahiptir. Tim MWCNT katkilanmis numunelerde dielektrik
anizotropinin azaldigi, daha yiiksek konsantrasyondakilerin daha diisiik dielektrik
anizotropiye sahip oldugu gozlemlenmistir. Saf MWCNT nanokompozitlerde ve
agirlikca % 0.07 islevsellestirilmis MWCNT katkilanmis nanokompozitte cift kirilma
saf 8CB’ye kiyasla diisiikken, agirlikca % 0.007 islevsellestirilmis nanokompozitin
cift kirllmasi saf 8CB’ninkinden daha yiiksektir. Bu bulgular, eldeki MWCNT
katkili numulerde nematik diizenin artmadigim1 gostermektedir. Yalmz, agirlikca %
0.007 islevsellestirilmis MWCNT katkili nanokompozit istisnasi, islevsellestirilmis
MWCNT lerin diisiik konsantrasyonlarda sivi kristal ortama daha iyi uyum
gosterebilme ihtimalinin mevcut olduguna isaret etmektedir. Islevsellestirilmemis
agirlikca % 0.07 numune hari¢ olmak iizere esik voltajlar1 artmaktadir. Yayilma
elastik sabitlerinin (Kj1) hesaplanmasi sonucu, nanokompozitlerin esnekliginin de saf
8CB’den farkli oldugunu goriilmektedir. Islevsellestirilmemis MWCNT nanokom-
pozitleri, nematik aralikta daha diisiik elastik sabitlere sahipken, islevsellestirilmis
MWCNT nanokompozitlerin elastik sabitleri daha yiiksektir. Ayrica, islevsellestirilmis
% 0.007 nanokompozitin elastik sabiti, iglevsellistirilmis % 0.07’nin elastik sabitinden
daha yiiksek bir oranda artarken, elastik sabitlerin sicakliga bagh degisim egrilerinin
bir sicaklikta birbirlerini kesitigi gbézlemlenir. Tiim nanokompozitlerde voltaj agik
ve voltaj kapali yanit siireleri daha yiiksektir. Islevsellestirilmis agirlikca % 0.007
nanokompozit, en yiiksek voltaj agma ve voltaj kapatma yanit siirelerine sahiptir.
Ote yandan, islevsellestirilmis agirlikca 0.07%, 8CB’ye en yakin yamt siirelerine
sahiptir. Yanit siirelerinden ve elastik sabitlerden donel viskozitenin hesaplanmasi,
sicakliga gore donel viskozite sicakliga karsilik degisim hizinin, islevsellestirilmis
agirlikca % 0.007 katkili nanokompozitte en yiiksek oldugunu ve tiim nanokompozit
numunelerin donel viskozitelerinin saf 8CB’den daha yiiksek oldugunu ortaya
koymaktadir. Islevsellestirilmemis numunelerde, donel viskozitenin sicaklikla degisim
orani agirlikca % 0.007 olan numunede daha yiiksektir. 0.07 wt.% ve saf 8CB donme
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viskozitesinin sicaklik bagimliliklar1 benzerdir. Aynisi islevsellestirilmis agirlikca %
0.07 katkili nanokompozit i¢in de gecerlidir.

Calisma, islevsellestirilmis ve iglevsellestirilmemis MWCNT’lerle katkilanmis
8CB’nin cesitli elektro-optik Ozelliklerinin sicaklikla de8isimlerini ortaya koy-
maktadir.  Artan tepki siireleri ve esik voltajlarinin eslik ettidi ¢ift kirillma ve
dielektrik anizotropideki diisiisler ile incelenen numunelerde hicbir elektro-optik
iyilestirme gozlenmistir. Bununla birlikte, islevsellestirmenin etkisiyle ve optimal
konsantrasyonda, secilen bir elektro-optik oOzelligi gelistirmek, yani elektriksel
anahtarlama icin yanit siirelerini makul bir seviyede tutarken cift kirilmay1 iyilestirmek
miimkiin olabilecegi goriilmektedir. Calismanin sonuclari ayrica, smektik sivi kristal
- MWCNT nanokompozitleri tizerinde daha fazla sayisal ve deneysel ¢alismay1 hakli
cikaran iglevsellestirme ve konsantrasyonla ilgili karmagik bir bagimhiliklar agina da
isaret etmektedir.
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1. INTRODUCTION

Liquid crystals (LCs for short) owe their name to their thermodynamically stable
phases between an isotropic liquid and a crystalline solid. These phases often exhibit
orientational order without or limited long-range positional order. The orientational
order results in bulk anisotropy, a variety of physical properties, optical, electrical,
mechanical e.g., differ from one chosen axis to another. However, lack of positional
order means fluidity and hence the name "liquid crystal". Liquid crystal materials
can flow freely and are susceptible to the effects of local or otherwise external
fields and forces, which may perturb or entirely reform their present order. Their
susceptibility to external stimuli despite retaining some sort of order along with the
variety of thermodynamically stable phases makes them appealing for the study of
phase transitions as well as applications where direct, low power control of local or

bulk properties is desired.

Liquid crystals can either be thermotropic or lyotropic in nature. Thermotropic liquid
crystals’ phases are determined by temperature, while lyotropic liquid crystal phases
are determined by the solvent ratio: Depending on the amount of soluble material
added properties of the lyotropic liquid crystalline phase change. Lyotropic LCs have
multiple types of constituent molecules, unlike thermotropic LCs. The phase sequence
and character of thermotropic liquid crystals are wholly determined by the shape of

their molecules and the intermolecular interactions as affected by temperature. [1]

1.1 Two Liquid Crystalline Phases: Nematic and Smectic A

There exist numerous liquid crystal phases but the most common studied liquid
crystalline phase is the nematic (N) phase, owing to its simple composition which
is easy to study and model. The nematic phase has orientational order along a single
axis, either locally or in bulk, which results in anisotropy. The nematic phase is made

possible by elongated, rod-like molecules that constitute the liquid crystalline material.



A nematic liquid crystal can easily be aligned in a preferred axis, which is called
a "director" by its interaction with a surface. It is optically anisotropic, interacting
with the polarization of light passing through, and the director can be reoriented by
an electrical field. The nematic liquid crystal alignment can be twisted by arranging
aligning surfaces. Various nematic LCs can be mixed to adjust the nematic phase
temperature range. All these properties make nematic LCs easy to study, yet versatile

enough to be interesting.

Not all liquid crystals completely lack positional order like nematics. Quite the
contrary, positional order, however partial, is often encountered in the form of layered
formations. The simplest of these is the smectic A (SmA) phase. This phase is
characterized by a density modulation along a preferred direction. The layers created
by the density modulation contain molecules orientated along the axis of the density

modulation. Figure 1.1 shows how the molecules are arranged in N and SmA phases.
\4
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Figure 1.1 : Nematic (left) and Smectic A phases. The arrow lines represent directors.
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In each liquid crystalline phase, an order parameter can be defined. For thermotropic
LCs, the order parameter conveys the degree to which the liquid crystal is akin to a
crystal in the type of order it exhibits. Hence, it is defined so that the order parameter
is equal to unity when the average of the order parameter over the bulk is equal to order
in an arbitrarily small part of the bulk, and equal to zero at the transition point into the

isotropic state. For the nematic phase, it is the normalized coefficient of the second



term of spherical Legendre polynomial expansion, and for the smectic A phase, it is
the amplitude of the density wave that forms the layers normalized by average density.
Both order parameters decrease as the temperature is increased and equal to zero as the

phase vanishes.

1.2 Electro - Optic Properties

The order parameter of a liquid crystalline phase is often directly associated with
various anisotropic physical quantities. The dielectric constant is one such quantity.
Dielectric anisotropy of a liquid crystal causes optical anisotropy, the birefringence.
The light wave polarized parallel to the director and polarized perpendicular to the
director propagates through different refractive indexes. Linearly polarized light
is polarized at an intermediate angle director and the axis perpendicular to the
director experiences retardation in the axis of one component and becomes elliptically
polarized. This fact is exploited in order to study the order of the birefringent liquid

crystals, such as nematics, by using crossed polarizers.

The dielectric anisotropy of a liquid crystal affects its electromagnetic properties.
The electric and magnetic susceptibilities are different along with the director and
perpendicular to the director. Upon application of an electric or magnetic field, the
difference between the strength of dipole interaction parallel and perpendicular to the
director generate a torque on the liquid crystalline media, which rotates the molecules
and thus reorients the director. The sign of the anisotropy in the susceptibilities is
responsible for the director orienting parallel or perpendicular to an applied field. The
susceptibility anisotropy can be modified by the addition of permanent electric dipoles
in the liquid crystal matrix, extending the capabilities of liquid crystals for applications

where these susceptibilities are exploited, such as liquid crystal displays [2].

1.3 Enhancing Liquid Crystals: Carbon Nanotube Doping

Recently, liquid crystalline composites constructed by dispersion of various types of
nanostructures have been studied extensively. Among these nanostructures, carbon
nanotubes (CNTs) have received considerable attention due to their inherent, large

anisotropy [3]-[5]. Carbon nanotubes are a subset of the fullerene family. They



are basically cylinders with a very high aspect ratio, over 1000. The length of
the carbon nanotubes reaches the order of millimeters, but their diameters range in
few nanometers. The CNTs can be thought of as a layer of graphene sheet rolled
into the shape of a hollow cylinder. Carbon nanotubes were first discovered by
lijima in 1991 while producing fullerene (C60). The nanotubes that lijima first
produced were multi-walled carbon nanotubes (MWCNTs). Later, single-walled
carbon nanotubes (SWCNTs) were also produced by Iijima and Ichihashi. Ever since
these anisotropic nanostructures have been studied extensively due to their unique
electrical, thermal and mechanical properties [6]. The shape anisotropy and resultant
anisotropic properties of carbon nanotubes make them viable candidates for doping
liquid crystals, themselves highly anisotropic materials. Several studies on such
nanocomposites have been conducted, discussed in detail in the second chapter, and
have yielded favourable, but varied, results that show dielectric enhancement, which

directly affects the electro-optical properties of LC in general.

1.4 Aim of the Thesis

The thesis aims to present electro-optical studies conducted on carbon nanotube
dispersed smectic 8CB nanocomposites and further reveal their effect on the elasticity
and dielectric anisotropy of a smectic liquid crystal in its nematic phase. The
dispersed MWCNTs are expected to enhance electro-optical properties, with higher
susceptibility to the electric field and higher birefringence. The nanocomposites are
formed by pristine and -COOH functionalized MWCNTs, each type being dispersed
in two different concentrations by weight, 0.07 and 0.007 wt.%. The -COOH
functionalization is meant to enhance the integration of MWCNTs into the liquid
crystalline matrix. The study will present and discuss findings on these enhancements

and if the intended effects have been realized by dispersing MWCNTs in LCs.



2. MATERIALS AND EXPERIMENTAL METHODS

In this chapter, the subject samples are introduced in detail, and measurement methods

employed to examine their electro-optical properties are discussed.

2.1 Samples

The samples studied in the thesis are composed of one smectogen host, 8CB, and
multi-walled carbon nanotubes, either with pristine or -COOH functionalized surfaces.
The rationale for their selection, their relevant properties, and the method of composing
them together to obtain the sample nanocomposites are discussed in the following

subsections.

2.1.1 The host material: Octylcyanobiphenyl

8CB of 4-alkyl-4’-cyanobiphenyl (nCB) homologs was chosen as the nematic host for
nanocomposites. Electro-optical properties of carbon nanotube dispersed smectogen
nCB, with n = 8,9, have not been investigated as extensively as various nematic
hosts, despite their photochemical stability and low ion concentration. In addition
to this, they have low melting points and nematic - isotropic transition temperatures.
These qualities make nCB smectogen suitable for commercial applications that involve
in-plane switching and passive-matrix addressing display technologies [7]. However,
dielectric and electro-optical characterization required for paving the way for such
technologies have focused on nematic liquid crystal - carbon nanotube dispersions.
5CB (pentylcyanobiphenyl) [8,9], EBBA (4-ethoxybenzylidene-4’-n-butylaniline)
[10], and nematic LC mixtures like E7 [11,12], MLC6601 [13], and 3017 [14] have
been popular as host materials and shown to be enhanced by addition of carbon
nanotubes. The number of studies with materials exhibiting both nematic and smectic
A phases, such as 8CB, is scarcer. Examples of these studies include: a calorimetric

study on transition temperatures of 8CB - carbon nanotube composite, which are



found to be lowered by 1.10 K [15]; an electrical conductivity study which revealed
percolation behaviour in said composites [16]; a study on induced electroclinical effect
in achiral smectogen host [17] and phase study of a negative dielectric anisotropy
doped by CNT [18]. Despite the low number of studies, a variety of effects have
been documented, which shows that smectogens are promising candidates as hosts for

carbon nanotube composites.

The molecular structure of 8CB is given in Figure 2.1 [19]. While it is a rod-like
molecule of 2 nm in length, the flexible alkyl chain gives the molecule more degrees
of freedom than a pure nematic. The molecule is also polar, though the bulk is
apolar, as liquid crystalline bulk tends to be [20]. The local polarity and Wan der
Waals interactions with the flexible chains combine to create a more interactive host
environment for dopants which, possibly, leads to a richer variety of enhancements to

be observed in the resultant nanocomposite.

CHS(CHZ)GCHECN

Figure 2.1 : Molecular structure of 8CB.

LC compound octylcyanobiphenyl (8CB), with purity better than 99.8 % as reported
by the supplier, was purchased from AWAT Co. Ltd., Warsaw, Poland. No further
purification was performed on the 8CB. The phase transition temperatures were
reported to be TNI 0 = 40.5 C° for the nematic-isotropic (N-I) transition and TNA

= 33.5 C° for the nematic-smectic A (N-SmA) transition.

2.1.2 Anisotropic dopant: Carbon nanotubes

Carbon nanotubes are single-atom-thick sheets of carbon, rolled into tubes of varying
lengths. Depending on the process used to produce them, the nanotubes may either
be single-walled, as formed from a single layer of rolled-up carbon, or multi-walled,
formed by several concentric rolled up carbon sheets [6,21]. The anisotropic structure
of carbon nanotubes enables their seamless incorporation into the liquid crystal host
matrix and leads to the enhancement of viscoelastic [22], electrical [23,24], and

electro-optical properties [23,25] and change phase transition characteristics of the



liquid crystal host [26]. While the potential of carbon nanotubes as liquid crystal
dopants has been studied for some time now, these studies mostly involved nematic
liquid crystals as hosts. These studies revealed the electro-optical and dielectric
properties of nematic liquid crystals such as SCB, EBBA and also some nematic
LC mixtures after addition of carbon nanotubes. Studies on liquid crystal - carbon
nanotube composites with both nematic and smectic A phases have been few in
number, as mentioned above. However, these studies did not consider the effect of
the functionalization of carbon nanotubes. The functionalization of carbon nanotubes
may lead to better nanocomposites, as put forward in [24,27,28]. The carboxyl
group (-COOH) functionalized carbon nanotubes have been shown to greatly enhance
the dielectric permittivity of ferroelectric nematic liquid crystal while keeping the
transition temperatures unchanged. The octadecylamine (ODA) functionalization
of single-walled carbon nanotubes has also been shown to enhance electro-optic
response and elastic constants of 8CB medium. Other than the enhancement of
dielectric and electro-optical properties, with emphasis on liquid crystal applications,
a more fundamental question has been raised by Sigdel and Iannacchione in their
calorimetric investigation of the effect of CNTs on the nematic-isotropic (N-I) and
the nematic-smectic A (N-SmA) transitions in 8CB - CNT nanocomposites [15]. The
authors reported a downward shift in both transition temperatures, compared to pure
8CB, and thusly inferred that dispersion of CNTs in LC host causes the disorder. The
calorimetric data, however, is not sufficient to conclude the disturbance of orientational
order. More direct measurement of orientational order, such as birefringence, is
required. So, while discovering the electro-optical characteristics of 8CB - MWCNT
nanocomposites through optical measurements, it is possible to gain further insight

into CNTs effect on the orientational order of a smectogen host.

Multiwalled Carbon Nanotubes, with diameters between 5 and 8 nm and lengths from
1 to 5 um, were donated by Bayer, Germany. The -COOH functionalized MWCNTs

has been donated by Prof. Dr. Umit Tunca from ITU Chemistry Department.



2.1.3 Sample preparation

8CB liquid crystal - multi-walled carbon nanotube nanocomposites were prepared by
the solvent dispersion method [21,23,43]. The MWCNT and 8CB, at desired weight
fraction, are first added into high purity toluene (Carlo Erba). The weight fractions are

calculated as

_ _ MceNt 2.1
mcNT +mic

The mixture is then heated to 43 °C, a temperature at which 8CB is isotropic liquid, and
ultrasonicated for 5 hours at that temperature. The mixture is then subjected to constant
magnetic stirring, and sonification at regular intervals to promote homogeneity, for 14
hours. During this time, toluene is evaporated. When the toluene is entirely evaporated
from the mixture, the remaining mixture, still held at 43 C°, is introduced into ITO
coated (< 30 ©/sq) sandwich type planar LC cells (Instec Inc., USA) with a thickness
7.7 um by capillary action. Two kinds of dopants are used: pristine and functionalized
MWCNTs. Each type of dopant and 8CB was weighted on a sensitive scale (Sartorius
SE Ultra-Micro Balance, 0.1 ug precision) to yield 0.007 and 0.07 weight fractions
according to Eqn. 2.1. In total, four sample nanocomposites are obtained. A reference
sample was also prepared with pure 8CB. Cells were hermetically sealed with epoxy

once full.

The samples are required to retain the host’s liquid crystalline phases and homogeneity
in order to comply with the goals of this study, hence baseline checks are
performed before any electro-optical measurements. The phase transition temperatures
of nanocomposites were checked via differential scanning calorimetry (DSC)
measurements (Perkin Elmer Pyris Diamond) by locating the maxima of the DSC
peaks. The scanning rate of measurements was 5 K/min and the relevant datum were
collected on a second cooling cycle [29]. Two peaks were observed in all samples in
the relevant temperature range, belonging to nematic-isotropic and nematic-smectic
A phase transitions. The DSC measurements are given in Figure 2.2. The phase
structures of nanocomposites were also examined with a polarizing microscope. No

phase separation nor agglomeration, both common problems with CNT dispersions,



was observed. The textures were homogeneous, which indicates an uniform director
field, as seen in Figure 2.3. The cell spacing is known to filter out MWCNT aggregates

larger than itself, letting in only aggregates too small to affect the director field [26,30].
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Figure 2.2 : DSC results forT 8CB and nanocomposites.



Figure 2.3 : Polarizing microscopy images of 8CB-MWCNT nanocomposites. The
images are virtually same for both pristine and functionalized MWCNT dopants.

2.2 Experimental Methods

In this section, experiments used to study the electro-optical properties of
nanocomposites are described in detail. Birefringence measurements are undertaken in
order to study nematic and smectic A phases of nanocomposites through the nematic
order parameter. With crossed polarizer measurements, the dependence of polarized
light transmission through the samples with respect to temperature and the electric field
strength is revealed. These measurements are followed by dielectric measurements,
which yield a sensitivity of liquid crystalline medium to electric stimuli. The results

are combined to profile the electro-optical characteristics of the nanocomposites.

2.2.1 Optical measurements

The nanocomposites were examined in two different optical setups: one which
measures birefringence and one which only measures transmitted light intensity. Both

birefringence and transmitted light intensity depend on the retardance across the
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optical path through the sample. However, setups differ in the precision they offer.
Birefringence measurements, as conducted here with a lock-in amplifier, yield much
more precise figures and capture the changes in birefringence down to mK resolution
in temperature, but they are slower and can not keep up with dynamic changes
associated with electrical switching of liquid crystal. On the other hand, crossed
polarizer light transmittance measurements are fast enough to track intensity changes
during switching, they are less sensitive to temperature changes. Hence birefringence
measurements are used to study liquid crystalline phases of nanocomposites and
corroborate DSC and POM results, while electro-optical properties of the samples are

investigated with light intensity measurements.

2.2.1.1 Light transmission measurement with crossed polarizors

One common method to study electro-optical properties of liquid crystalline samples
is the crossed polarizer method. In a crossed polarizer setup, a coherent beam of light
passes through one polarizer, a birefringent sample, rotated so that its optical axis is at
45° with respect to the first polarizer, and another polarizer after the sample, rotated
90° with respect to the first polarizer. The dependance of light intensity detected after
the second polarizer, also called analyzer, on birefringence (An) of the sample is given

by the equation

A
An = ﬁ[sin_l (I/o)] (2.2)

where A is the wavelength of the coherent light source, d is the thickness of the sample,
I is the intensity of the light detected after the analyzer and I is the initial intensity
of the coherent beam. It should be noted here that, since birefringence is a sinusoidal
function of light intensity, it is not possible to determine the birefringence of a sample
at an arbitrary state with a single measurement. Measurements should start at a state
where the birefringence of the sample is zero and continued until the desired state is
reached by, for example, varying the sample temperature (starting at an isotropic state).

Between the initial and final state, each extremum of the light intensity corresponds to
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a 7/2 increase in sample retardance, which is used to find the birefringence. The block

diagram of the crossed polarizer setup is given in Figure 2.4.
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Figure 2.4 : The block diagram of the crossed polarizor setup.

In order to study the electro-optical properties, which, in the scope of this thesis,
are threshold voltages and response times of Freédericksz transition, sample cells
are connected to a signal generator. In addition to providing driving voltage for
Freédericksz transitions at different temperatures, the signal generator also supplies
a reference signal for the detection of light intensity signals via an oscilloscope. The
driving signal is a 1 Hz square wave, which excites the sample cell for half a second
and the sample shows relaxation behaviour in the other half. The driving signal is
actually a 5 kHz square wave, modulated with a 1 Hz square wave envelope. A
5 kHz signal is applied in order to prevent surface polarization that occurs when a
DC voltage is applied [31]. The reference signal is a 0.5 Hz square wave, which
acts as the oscilloscope trigger, and makes it possible to capture the signal in the
desired time frame. The switch between the capture of excitation or relaxation of
the liquid crystalline sample is made by changing the phase of the driving signal with
respect to the reference. The temperature of the sample is controlled down to £0.1 K,

while measurements are performed. Also, in order to erase any residual effects from
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switching, the samples are heated to the isotropic phase before being cooled down to

the next temperature [8].

The signal generator used to drive the Freédericksz transitions in the sample cell is
Rigol, Model DG1022. The waveforms generated by light intensity changes at the
photodiode are captured by a Tektronix TDS210 digital oscilloscope. The temperature
is controlled via Lakeshore 331, in a closed loop PID control scheme, with a PT-1000
sensor sourced from Omega Eng. Corp. The heater is a custom-made 50 € resistive
element attached to a vertical sample holder. The polarizers and photodiode are
sourced from Thorlabs Inc., while the 635 nm laser module is an OEM product.
The data acquisition is coordinated by a LabVIEW program, with respect to sample
temperature and driving voltage. The setup is covered with insulation to cut out light

and air drafts in the laboratory, which is kept at 16 C° +1 C° by climate control.

2.2.1.2 Birefringence measurements

Birefringence measurements of the samples were carried out with a rotating analyzer
setup. The rotating analyzer method is a variation on crossed polarizers method, where
the light intensity detected after the analyzer is dependent on the retardance of the
birefringent sample. However, light intensity detection is noisy and prone to fluctuating
signals. The rotating analyzer method gets around this issue by using modulated light
intensity signal. The birefringent sample elliptically polarizes the incident modulated
light. The ellipticity of the polarization here is directly proportional to the retardation
of the sample, thus birefringence. A quarter-wave plate and a polarizer are placed
successively after the sample and are both oriented at an angle of 45° to the optical
axis of the sample. For a nematic liquid crystal sample under study, the selected optical
axis would be the axis of planar orientation, where the long axii of the molecules lie.
There is also a reference beam generated by another laser module which is modulated
with the same angular frequency, incident on another photodiode. The elliptically
polarized light leaving the sample is rendered plane-polarized, with a rotation of half
the ellipticity angle. In this case, the modulated intensity signal is given by a term of

an expansion as,

13



Anmd
A

1(t) = Iysin (20t +2———) + ... (2.3)

where A is the wavelength of the coherent light source, d is the thickness of the sample,
I(¢) is the intensity of the light detected after the analyzer, Iy is the initial intensity of
the coherent beam and  is the modulating frequency. Since the AC signal generated
by this modulated light can be captured very precisely by a lock-in amplifier, using the
other modulated beam as the reference, the phase can be determined very accurately
relative to the reference. The measured phase of the AC signal is directly proportional
to the birefringence of the sample. The block diagram of the setup is given in Figure

2.5.
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Figure 2.5 : The block diagram of the birefringence measurement setup.

The probing light is from a He-Ne laser, JDS Uniphase, at a wavelength of 633 nm. The
polarizer, quarter-wave plate, rotating polaroid and photodiode are all sourced from
Thorlabs Inc. . The phase measurements are made with a Stanford Research SR830
lock-in amplifier. The temperature of the sample is maintained by a custom-made
50 Q resistive heater element placed directly on the opposite side of the sample cell
holder and a PT-1000 temperature sensor, from Omega Eng. Corp., which is in direct
contact with the sample cell, connected to a Lakeshore 335 temperature controller, in
a closed-loop PID control. The sample holder is thermally cut off from the room by
a 2 cm thick metal cover with a large thermal mass. The whole setup is also covered
and insulated from air drafts in the laboratory, which is also kept at 16 °C £1 °C by

climate control. The data is collected by a LabVIEW program.
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2.2.2 Dielectric measurements

The electro-optical properties of liquid crystals depend largely on their dielectric
anisotropy, as it is the dielectric anisotropy that determines the susceptibility of the
medium to an applied electrical field. The dielectric anisotropy is the difference
between dielectric constants parallel and perpendicular to the long axis of the
molecules, which constitutes the nematic director in bulk. In this study, these dielectric
constants are determined in two different alignment modes: planar and homeotropic.
In order to determine the dielectric constant in a particular alignment, the capacitance
of the sample cell is measured in that alignment mode, so that electric field is either
parallel or perpendicular to the long axii of the aligned molecules. The alignment of
liquid crystalline material inside the sample cell is decided by the surface interaction
between the liquid crystal and the inner cell wall. The schematic of alignments inside

the planar and homeotropic sample cells are given in Figure 2.6.
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Figure 2.6 : LC ahgnment in hometropic cell (left) and planar cell (right).

The dielectric constant is extracted from the measured capacitance by

Crc(T)

pel)= Cempry(T)

(2.4)

where Crc(T) is the capacitance of the filled sample cell and Cgppiy(T) is the
capacitance of the empty sample cell at a certain temperature. By measuring
the capacitance of the empty cell for all relevant temperatures, one can eliminate
the temperature-dependent effects on measured capacitance such as expansion and
contraction of the sample cell dividers, and isolate the temperature-dependent

behaviour of dielectric constants.

The capacitance of the samples is measured with a 10 kHz 0.3 V,,,; probing signal,

using a GW-Instek Model 8110-G precision LCR meter with a capacitance range
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of 0.01 pF to 1 FE The 10 kHz probing frequency is chosen to be out of the
dielectric relaxation region of the host liquid crystal [32]. At 10 kHz, MWCNTs
do not show exhibit dipole orientation or space charge dynamics, thus asymmetric
distribution of MWCNTs through the host is also avoided [26]. The homeotropic
alignment is achieved by commercially available, 9 um thick, ITO-coated (10 Q/sq)
homeotropic cells, sourced from AWAT Co. Ltd., Warsaw, Poland. The dielectric
constants parallel to the nematic director are measured in the same sample cells used
in electro-optical measurements, sourced from Instec Inc., USA. The capacitance
vs. temperature datum is collected during cooling cycles, during which stability
of liquid-crystalline alignment is expected to be better than those in heating cycles.
The same heater, temperature sensor, control scheme, and insulation are used as in

electro-optic measurements.
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3. 8CB DOPED WITH MULTI-WALLED CARBON NANOTUBES

In this chapter, the results of the experiments conducted on 8CB - MWCNT
nanocomposites are given. The chapter is divided into four sections. The first section
contains the precise birefringence measurements to in order ascertain nematic ranges
and order. The second section presents dielectric measurements to study the variations
in dielectric anisotropy - temperature dependence with respect to dopant concentration.
The third section discusses electro-optical measurements, which include response
times and threshold voltages. In the fourth and final section, the viscoelastic properties
of the bulks are obtained from dielectric and electro-optical measurements. The results
shared within this chapter are meant to convey the changes to bulk optical anisotropy,

elastic energy, and susceptibility to electrical field

3.1 Birefringence Measurements

The birefringence An of 8CB doped with carbon nanotubes is measured in the
temperature region between 24° C to 45° C. The birefringence vs. temperature
data are presented with a temperature shift with respect to nematic to the isotropic
transition temperature. Birefringence is measured to be zero in the isotropic phase
of all SCB-MWCNT nanocomposites, no sign of a pre-transitional effect in isotropic
phases has been measured. Therefore, nematic to isotropic transition temperature Ty
is chosen to be the lowest temperature at which birefringence is zero. The nematic
to smectic A transition temperatures are decided from the discontinuity in the second
derivative of the birefringence data with respect to the temperature around the N - Sm
A transition. The difference between two transition temperatures gives the width of
the stable nematic temperature region. In Table 3.1, the transition temperatures and

nematic region widths (NR) are given.

The birefringence vs. temperature data with shifted temperatures are given in Figure

3.1. Compared to pure 8CB, only 0.07 wt.% nanocomposite shows enhanced An; An
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Table 3.1 : N-I and SmA-N transition temperatures of pure 8CB and nanocomposites
with nonfunctionalized MWCNTs.

Sample TNI (O C) TNA (O C) NR (K)
3CB 40.5 335 7
0.007 %owt. 37.10 26.96 10.14

0.07 %owt. 36.50 26.90 9.6

is both higher in the nematic phase, as well as in the smectic A phase. The 0.007 wt.%
nanocomposite is less birefringent in the whole nematic range, while its birefringence
values in the smectic A phase are similar to that of pure 8CB. Right below the Tyy,
after the transition into the nematic state, An shows weakly first-order characteristics,
increasing sharply with decreasing temperature. As the nematic molecular order
increases in lower temperatures, An gradually increases. The rate at which An of the
nanocomposites increases as the temperature drops is similar to each other and to the

pure 8CB in the nematic region, although pure 8CB exhibits a slightly faster rate.

The smectic order arising in the nematic phase is known to be detectable by observing
the enhancement of An, which signals the increase in the order of the long molecular
axis [1,33]. The increased nematic order is associated with the onset of smectic
layering [34]. This increase is reflected in the change in the first derivative of An
with respect to temperature as the temperature nears N-SmA transition [33]. It is with
this change in derivative that one can infer the transition temperature Ty,. It is also
worth noting that the enhancement of birefringence by N-SmA transition is depressed

in both nanocomposites in comparison to pristine 8CB.
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Table 3.2 : N-I and SmA-N transition temperatures of pure 8CB and nanocomposites
with nonfunctionalized MWCNTs.

Sample TN[ (O C) TNA (O C) NR (K)
8CB 40.5 33.5 7
0.007 %wt. 37.17 26.96 10.21
0.07 %wt. 36.95 26.37 10.58
(a) 0.18f r 'y
pﬂ.l )7
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Figure 3.1 : Birefringence vs. temperature over the nematic and smectic A phases of
pure 8CB and nanocomposites with nonfunctionalized MWCNTs.

3.2 Dielectric Measurements

The dielectric measurements are conducted in the nematic and smectic regions of
the samples, between temperatures 24° C to 45° C. The dielectric anisotropy vs.
temperature datum are presented in separate Figures 3.2, 3.3 and 3.4, without any
temperature shifts. The transition temperatures extracted from the extrema in the first
derivative of the datum are presented in Table 3.2. As seen in those extracted from
birefringence vs. temperature datum, Ty; and Ty, are both lowered by 3.7 K and 5.2

K in nanocomposites, which extends the nematic region by 3 K, in comparison to pure

8CB.
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Figure 3.2 : Dielectric anisotropy vs. temperature over the nematic and smectic A
phases of pure 8CB.
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Figure 3.3 : Dielectric anisotropy vs. temperature over the nematic and smectic A
phases of 0.007 wt.% MWCNT nanocomposite.
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Figure 3.4 : Dielectric anisotropy vs. temperature over the nematic and smectic A
phases of 0.07 wt.% MWCNT nanocomposite.

The pure 8CB has zero A¢ in the isotropic phase, with a sharp jump to non-zero values
at its isotropic to the nematic transition temperature. The zero A€ in the isotropic phase
of 8CB indicates the absence of pre-transitional effects in pure 8CB. The coupling
between the liquid crystal molecules and the surfaces of dispersed MWCNTs is known
to induce local orientational order around the MWCNTs, which accounts for the
non-zero dielectric anisotropy in doped samples [26,35]-[37]. The value of A€ in
the isotropic phase for 0.07 wt.% nanocomposite is higher than 0.007 wt.% one. The
isotropic to nematic transition itself is also affected, the sharp jump at 8CB is replaced
by a slope beginning about 2 K above the transition temperatures. While the slope is
evident in 0.007 wt.% nanocomposite, it is much more pronounced in the 0.07 wt.%

one.

As the temperature is lowered further gradual increase of dielectric anisotropy is
observed in all samples, mirroring the increase in orientational order as shown by
birefringence measurements. Upon approaching Ty4, the onset of short-range smectic
ordering further enhances the order. Similar behaviour has been reported by Das Gupta

et al. before [38]. However, unlike birefringence, dielectric anisotropy decreases when
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the temperature is further lowered in the smectic A phase. This decrease is attributed
to the anti-parallel correlation between dipoles, the neighbor polar molecules of 8CB
whose aromatic cores overlap [39]-[41]. In contrast to pure 8CB, both nanocomposites
exhibit increasing dielectric anisotropy with decreasing temperature in their smectic

phases.

The sample with the highest dielectric anisotropy overall in the region of interest is
the pure 8CB. 0.07 wt.% nanocomposite follows, with a drop in dielectric anisotropy
around 1.5 in the smectic range, and 0.007 wt.% nanocomposite has the lowest
dielectric anisotropy, about 2 lower than the pure 8CB in the smectic region. Another
point of interest is the variation of the behaviours of A€ in the nematic region: While
pure 8CB mimics its own birefringence vs. temperature, tied to the variation of nematic
order parameter S, nanocomposites have a less steep increase of Ae following the N-I

transition.

3.3 Electro-optical Measurements

The intensity of transmitted light through sample cells in a crossed polarizers setup is
measured as a function of applied voltage in the temperature interval covering nematic

and smectic A phases.
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Figure 3.5 : Transmitted light intensity vs. temperature curves of all samples over the
nematic and smectic A phases.
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In Figure 3.5 the transmitted intensity, I;,, is given as a function of temperature.
For pure 8CB liquid crystal, the nematic to isotropic transition temperature is the
temperature at above which electric field-induced switching does not occur. The
transition temperatures decided for the samples by this criteria are 40.5°C for
pure 8CB, 37°C for 0.007 wt.%, and 36°C for 0.07 wt.% respectively. In the
nanocomposites, there are non-zero values of transmitted light intensity due to weak
residual nematic order, called pseudo-nematic domains [26,36,42]. Thus, the transition
temperature Tp; of nanocomposites is determined from the extrema of the first
derivative of I,(T) with respect to temperature T. These transition temperatures are
in accordance with the temperatures where distinct Freédericksz threshold voltages
vanish [1,8]. While the pseudo-nematic domains are electrical field responsive, the
isotropic phase offers no restoring force, which explains the lack of distinct threshold
voltages [42]. As the temperature is lowered, light transmission increases in all
samples as a result of increasing nematic order. The intensity drop that occurs when
samples are cooled further is also due to increasing order, but in this case, increasing
nematic order further increases the retardance to a point where transmitted light
intensity decreases because of the phase difference between extraordinary and ordinary

components of the polarized light.
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Figure 3.6 : Transmitted light intensity vs. voltage at shifted temperature
T — Ty = —2.6K for all samples.
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Transmitted intensity I, variations of 8CB and MWCNT nanocomposites, with respect
to the applied voltage, are given in Figure 3.6, at shifted temperature T — Ty; = —2.6K
in the nematic region. As the applied voltage is increased, Freédericksz transition
between planar and homeotropic anchoring occurs in all samples. The extrema,
peaks, and valleys, that occur in the transmitted light intensity as the voltage is
increased are due to the phase difference between ordinary and extraordinary waves
in liquid crystalline media. This phase difference is brought on by the reorientation
of the director. The bulk with positive dielectric constant transitions from planar to
homeotropic alignment, where molecules are in line with the electrical field lines.
The saturation at higher voltages suggests that the reorientation of surface fractions
due to external field in all studied samples [2,10,16,31,43]. Also, there were no
time-dependent changes in voltage applied state or voltage removed state. The
field-dependent transitions were all reversible at all temperatures studied, without
any memory effects that were observed in negative dielectric constant liquid crystals
[10,16,43]. The hysteresis is also absent from both pure and doped samples. The
doping that produced nanocomposites did not change the shape of I; curve obtained

from the pure 8CB.
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Figure 3.7 : Voltage-on response times vs. shifted temperature at 10 V switching

voltage for 8CB and nonfunctionlized MWCNT nanocomposites.

The characteristic time parameters voltage-on and voltage-off response times are
measured with respect to temperature and applied voltage. The measurement of
response times is carried out by recording the light transmission during the application
and removal of the electrical field generated by a voltage above the threshold at a
constant temperature. The voltage-on response time, t,,, is the time required to reach
the homeotropic state [44] after the voltage is applied to the sample. The voltage-off
response time is the time that the director takes to relax to its former planar state after
the removal of the voltage at a constant temperature. In Figure 3.7, voltage-on times
for all samples with respect to shifted temperature 7 — Ty; at 10 V switching voltage
are given. It is evident that voltage-on times are increased with dopants, although
the amount at which it increased is measured to be close for both nanocomposites
between -2 K and -7 K shifted temperatures. The voltage-on response t,, decreases

with increasing temperature.
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Figure 3.8 : Voltage-on response times vs. switchir;g voltage at T — Ty = —2K for
8CB and nonfunctionlized MWCNT nanocomposites.

In Figure 3.8, the voltage-on response time vs. switching voltage at 7 — Ty; = —2 K'is
given. The nanocomposites t,, values are again close, as with the vs. temperature data.
The response times decrease by increasing the switching voltage. While the behaviour
of 8CB and nanocomposites are similar, the nanocomposites react to electrical fields

at lower voltages much slower. The difference of t,,, of pure 8CB and nanocomposites

4]

Voltage, V(V_

at 5 V is 45 ms, while at 14 V it is 5 ms.
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Figure 3.9 : Voltage-off response times vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites.

The relaxation times, also called voltage-off response times, with respect to
temperature are given in Figure 3.9. While pure 8CB has the fastest relaxation, unlike
the t,, data, voltage-off response times are distinguishable between nanocomposites:
0.007 wt.% 1s faster than the 0.07 wt.%. Below -3 K shifted temperature, voltage-off
response times of pure 8CB and 0.007 wt.% drop linearly with temperature. A similar

behaviour is present for 0.07 wt.% below -5 K.
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Figure 3.10 : Voltage-off response times vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites.

The voltage-off response times of all samples with respect to applied voltage is given
in Figure 3.10. The variations for applied, and then removed, voltages are inside a
50 ms band for all samples in the studied voltage interval, and tend to decrease as the
voltage increases with nanocomposites. However, the variations are more likely to be
artefacts of light intensity measurements as the contrast between states changes with
applied voltage and measurement of response times depend on the percentages of that

light intensity difference.
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Figure 3.11 : Threshold voltages vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites.

Threshold voltages in the temperature region of interest are extracted from I;. vs.
voltage data. The threshold voltage V,, vs. shifted temperature data for all samples
is presented in Figure 3.11. The threshold voltage is defined to be the voltage at
which average birefringence of the liquid crystalline sample begins to vary with the
application of said voltage [2,44]. The threshold voltages of 0.07 wt.% nanocomposite
are lower than pure 8CB, while for 0.007 wt.% one they are higher in most of the
nematic region. The threshold voltage values are close at the beginning of the nematic
phase and increase with decreasing temperature. As the smectic phase is approached,

V,;, of all samples increase sharply, which coincides with the onset of smectic layering.
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3.4 Splay Constants And Rotational Viscosities

By using the dielectric constant, threshold voltage, voltage-off response time datum
visco-elastic properties of 8CB and nanocomposites are ascertained. Two temperature

dependent properties are calculated: splay elastic constant and rotational viscosity.

Splay elastic constants K are calculated by using the dielectric and V;;, datum in the

following relation [2,45]:

Vi
Kin = eohe() (3.1)

where &) is the permittivity of free space. As seen in Figure 3.12, the splay elastic
constant of pure 8CB is highest in the whole nematic region. The 0.007 wt.%
follows, with a slightly flatter increase with decreasing temperature and 0.07 wt.%
nanocomposite is the last with least increase in Ki; as smectic phase is approached.
Therefore, by increasing MWCNT concentration, splay elastic constant of the bulk is

lowered.
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Figure 3.12 : Splay elastic constant vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites.
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The temperature dependence of the rotational viscosity Y in the nematic phase is

obtained for all samples under study of using the relation [46,47]:

T
Y:toflel(E)z 3.2)

where d is the thickness of the sample cell. The y vs. shifted temperature data for
all samples is presented in Figure 3.13. Pure 8CB has the lowest rotational viscosity.
Both nanocomposites have significantly higher values, with 0.07 wt.% nanocomposite
having slightly higher rotational viscosity than the 0.007 wt.% nanocomposite. The
rotational viscosities for all samples increase with decreasing temperature, although
rate of increase is higher in 0.007 wt.% nanocomposite. In contrast to K;, rotational

viscosity increases with increasing concentration of MWCNTs.
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Figure 3.13 : Rotational viscosity vs. shifted temperature for 8CB and
nonfunctionlized MWCNT nanocomposites.
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4. 8CB DOPED WITH -COOH TREATED CARBON NANOTUBES

In this chapter, the results of the experiments conducted on 8CB - COOH
functionalized MWCNT nanocomposites are presented. The chapter is composed
of four sections. In the first section, the precise birefrigence measurements,
which show the nematic ranges and order, are given. The second section
presents dielectric measurements, where the dielectric anisotropy - temperature
dependence for all samples are discussed. In the third section response time
and threshold voltage measurements are presented. The fourth and final section
contains the viscoelastic properties of the bulks that are derived from dielectric and
electro-optical measurements. The changes to bulk optical anisotropy, elastic energy
and susceptibility to electrical field that are caused by COOH functionalized MWCNTs

are investigated in this chapter.

4.1 Birefringence Measurements

The birefringence An of 8CB doped with COOH functionalized multi-walled carbon
nanotubes are measured in the temperature region between 24° C to 45° C. The COOH
functionalized MWCNTs are called "fMWCNT" from here on. The birefringence
vs. temperature data are presented with a temperature shift with respect to nematic
to the isotropic transition temperature. Birefringence is measured to be zero in the
isotropic phase of all 8CB-fMWCNT nanocomposites, no sign of a pre-transitional
effect in isotropic phases has been measured. Therefore, nematic to isotropic transition
temperature Tjy is chosen to be the lowest temperature at which birefringence is zero.
The nematic to smectic A transition temperatures are decided from the discontinuity
in the second derivative of the birefringence data with respect to the temperature
around the N - Sm A transition. The difference between two transition temperatures
gives the width of the stable nematic temperature region. In Table 4.1, the transition

temperatures and nematic region widths (NR) are given.
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Table 4.1 : N-I and SmA-N transition temperatures of pure 8CB and nanocomposites
with functionalized MWCNTs.

Sample TNI (o C) TNA (O C) NR (K)
3CB 40.41 33.56 6.85
0.007 %wt. 37.54 29.44 8.1
0.07 %owt. 38.56 30.19 8.37
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Figure 4.1 : Birefringence vs. temperature over the nematic and smectic A phases of
pure 8CB and nanocomposites with functionalized MWCNTs.

The birefringence vs. temperature data with shifted temperatures are given in Figure
4.1. Compared to pure 8CB, only f0.007 wt.% nanocomposite shows enhanced An; An
is both higher in the nematic phase, as well as in the smectic A phase. The 0.07 wt.%
nanocomposite is less birefringent in the whole nematic range, while its birefringence
values in the smectic A phase are similar to that of pure 8CB. Right below the Tyy,
after the transition into the nematic state, An shows weakly first order characteristics,
increasing sharply with decreasing temperature. As the nematic molecular order
increases in lower temperatures, An gradually increases. The rate at which An of the
nanocomposites increases as the temperature drops are similar to each other and to the

pure 8CB in the nematic region, although pure 8CB exhibits a slightly faster rate. It is
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noteworthy that the f0.07 wt.% exchanged places with 0.007 wt.% (non-functionalized
MWCNT) and f 0.007 wt.% with 0.07 wt.% in their placement.

The smectic order arising in the nematic phase is known to be detectable by observing
the enhancement of An, which signals the increase in order of the long molecular axis
[1,33]. The increased nematic order is associated with onset of smectic layering [34].
This increase is reflected in the change in the first derivative of An with respect to
temperature as the temperature nears N-SmA transition [33]. It is with this change in
derivative that one can infer the transition temperature T_NA. It is also worth noting
that the enhancement of birefringence by N-SmA transition is depressed, like with the

non-functionalized MWCNTs, in both nanocomposites in comparison to pristine 8CB.

4.2 Dielectric Measurements

The dielectric measurements are conducted in the nematic and smectic region of
the samples, between temperatures 24° C to 45° C. The dielectric anisotropy vs.

temperature datum are presented in Figure 4.2 with 7' — Ty; temperature shift.

T ] ® HCB
(L " (007
[ 0.007

N

b . I l‘.l -h .
Figure 4.2 : Dielectric anisotropy vs. temperature over the nematic and smectic A

phases of pure 8CB and nanocomposites with functionalized MWCNTs.

The pure 8CB has zero A€ in the isotropic phase, with a sharp jump to non-zero values
at its isotropic to the nematic transition temperature. The zero A€ in the isotropic phase
of 8CB indicates the absence of pre-transitional effects in pure 8CB. The coupling

between the liquid crystal molecules and the surfaces of dispersed fMWCNTs, like
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non-functionalized MWCNTs, induces local orientational order around the MWCNTs,
which accounts for the non-zero dielectric anisotropy in doped samples [26,35]-[37].
The value of A€ in isotropic phase for {0.007 wt.% nanocomposite is higher than £0.07
wt.% one, once again exchanging places from non-functionalized MWCNT datum.
The isotropic to nematic transition itself is again affected, the sharp jump at 8CB is
replaced by a slope beginning about 2 K above the transition temperatures. The slope
1s much more pronounced in the f0.007 wt.% nanocomposite compared to 0.07 wt.%

one, in contrast to results from non-functionalized MWCNTs.

As the temperature is lowered further gradual increase of dielectric anisotropy is
observed in all samples, mirroring the increase in orientational order as shown by
birefringence measurements. Upon approaching Tyy4, the onset of short range smectic
ordering further enhances the order. Similar behaviour has been reported by Das Gupta
et al. before [38]. However, unlike birefringence, dielectric anisotropy decreases when
the temperature is further lowered in the smectic A phase. This decrease is attributed
to the anti-parallel correlation between dipoles, the neighbour polar molecules of 8CB
whose aromatic cores overlap [39]-[41]. In contrast to pure 8CB, both nanocomposites
exhibit increasing dielectric anisotropy with decreasing temperature in their smectic

phases, like their non-functionalized counterparts.

The sample with the highest dielectric anisotropy over all in the region of interest
is the pure 8CB. f0.07 wt.% nanocomposite follows, with only a drop in dielectric
anisotropy around 0.2 in the smectic range, and f0.007 wt.% nanocomposite has the
lowest dielectric anisotropy, about 1 lower than the pure 8CB in the smectic region.
Another point of interest is the variation of the behaviours of A€ in the nematic region:
While pure 8CB mimics its own birefringence vs. temperature, tied to the variation of
nematic order parameter S, nanocomposites have less steep increase of A€ following
the N-I transition. The dielectric anisotropies are higher in f MWCNT nanocomposites

than pristine MWCNT ones.
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4.3 Electro-optical Measurements

Intensity of tranmitted light through sample cells in a crossed polarizers setup is
measured as a function of applied voltage in the temperature interval covering nematic

and smectic A phases.

H T
Figure 4.3 : Transmitted light intensity vs. temperature curves of all samples over the

nematic and smectic A phases.

In Figure 4.3 the transmitted intensity, I;,, is given as a function of temperature.
For pure 8CB liquid crystal, the nematic to isotropic transition temperature is the
temperature at above which electric field induced switching does not occur. The
transition temperatures decided for the samples by this criteria are 40.5°C for pure
8CB, 38.2°C for f0.007 wt.% and 37.2°C for f0.07 wt.% respectively. In the
nanocomposites, there are non-zero values of transmitted light intensity due to weak
residual nematic order, so called pseudo-nematic domains [26,36,42]. Thus, the
transition temperature Ty; of nanocomposites is determined from the extrema of the
first derivative of I;,-(T) with respect to temperature T. These transition temperatures are
in accordance with the temperatures where distinct Freédericksz threshold voltages
vanish [1,8]. While the pseudo-nematic domains are electrical field responsive, the
isotropic phase offers no restoring force, which explains the lack of distinct threshold
voltages [42]. As the temperature is lowered, light transmission increases in all

samples as a result of increasing nematic order. The intensity drop that occurs when
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samples are cooled further is also due to increasing order, but in this case, increasing
nematic order further increases the retardance to a point where transmitted light
intensity decreases because of the phase difference between extraordinary and ordinary

components of the polarized light wave.
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Figure 4.4 : Transmitted light intensity vs. voltage at shifted temperature
T — Ty = —2.6K for all samples.

Transmitted intensity I variations of 8CB and fMWCNT nanocomposites, with
respect to the applied voltage, are given in the Figure 4.4, at shifted temperature 7 —
Ty; = —2.6K in the nematic region. As the applied voltage is increased, Freédericksz
transition between planar and homeotropic anchoring occurs in all samples. The
extrema, peaks and valleys, that occur in the transmitted light intensity as the voltage
is increased are due to the phase difference between ordinary and extraordinary waves
in liquid crystalline media. This phase difference is brought on by the reorientation
of the director. The bulk with positive dielectric constant transitions from planar to
homeotropic alignment, where molecules are in line with the electrical field lines.
The saturation at higher voltages suggests that the reorientation of surface fractions
due to the external field in all studied samples [2,10,16,31,43]. Also there were
no time dependent changes in voltage applied state or voltage removed state. The

field dependent transitions were all reversible at all temperatures studied, without
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any memory effects that were observed in negative dielectric constant liquid crystals
[10,16,43]. The hysteresis is also absent from both pure and doped samples. The
doping that produced nanocomposites did not change the shape of I;, curve obtained

from the pure 8CB.
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Figure 4.5 : Voltage-on response times vs. shifted temperature at 10 V switching

voltage for 8CB and functionlized MWCNT nanocomposites.

The characteristic time parameters voltage-on and voltage-off response times are
measured with respect to temperature and applied voltage. The measurement of
response times is carried out by recording the light transmission during the application
and removal of the electrical field generated by a voltage above the threshold at a
constant temperature. The voltage-on response time, t,,, is the time required to reach
the homeotropic state [44] after the voltage is applied to sample. The voltage-off
response time is the time that the director takes to relax to its former planar state after
the removal of the voltage at constant temperature. In Figure 4.5, voltage-on times
for all samples with respect to shifted temperature 7 — Ty at 10 V switching voltage
are given. The voltage-on times of fIMWCNT doped nanocomposites are increased,
but f0.07 wt.% voltage-on response times are very close to pure 8CB’s response

times compared to f0.007 wt.%, despite the higher concentration of fMWCNT. The
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voltage-on response t,, decreases with increasing temperature for all samples, with

divergent behaviour when nearing the SmA phase.
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Figure 4.6 : Voltage-on response times vs. switching voltage at T — Ty; = —2K for

8CB and functionlized MWCNT nanocomposites.

In Figure 4.6, the voltage-on response time vs. switching voltage at T —Ty; = —2 K
is given. The pure 8CB and f0.07 wt.% nanocomposite t,, values are again close. The
response times decrease by increasing the switching voltage. While the behaviour of
8CB and nanocomposites are similar, the f0.007 wt.% nanocomposite react to electrical
fields at lower voltages much slower. The difference of t,, of pure 8CB and f0.007

wt.% nanocomposite at 6 V is 26 ms, while at 14 V it is 4 ms.
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Figure 4.7 : Voltage-off response times vs. shifted temperature for 8CB and
functionlized MWCNT nanocomposites.

The voltage-off response times (relaxation times) with respect to temperature are
given in Figure 4.8. The pure 8CB has the fastest relaxation, as it did with the
non-functionalized nanocomposites. Voltage-off response times of pure 8CB and f0.07
wt.% nanocomposite are close. The f0.007 wt.% nanocomposite is much slower than
both of them. Below -3 K shifted temperature, voltage-off response times of pure 8CB
and f0.07 wt.% drop almost linearly with temperature. A similar behaviour is present

for f0.007 wt.% below -4 K.
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Figure 4.8 : Voltage-off response times vs. shifted temperature for 8CB and
functionalized MWCNT nanocomposites.

The voltage-off response times of all samples with respect to applied voltage is given
in Figure 4.8. The variations with respect to applied, and then removed, voltages are
inside a 20 ms for all samples in the studied voltage interval, and tend to decrease
as the voltage is increased with nanocomposites. As with the pristine MWCNT data
set, the variations are more likely to be artefacts of light intensity measurements as
the contrast between states changes with applied voltage and measurement of response

times depend on the percentages of that light intensity difference.

42



. ® ECH
L 007
[ 0007

old Voliage V
L]
L
L]

I I_\I-h-

d
Figure 4.9 : Threshold voltage vs. shifted temperature for 8CB and functionalized
MWCNT nanocomposites.

Threshold voltages in the temperature region of interest are extracted from I;. vs.
voltage data. The threshold voltage V;;, vs. shifted temperature data for all samples
is presented in Figure 4.9. The threshold voltage is defined to be the voltage at
which average birefringence of the liquid crystalline sample begins to vary with the
application of said voltage [2,44]. The threshold voltages of both nanocomposites are
higher than pure 8CB. While V;;, of 8CB and f0.007 wt.% increase with a similar slope
as the temperature drops, but f0.07 wt.% is dissimilar: Its threshold voltages are higher
than the other two above -3 K shifted temperature and in between the two below that
point. As the temperature nears the nematic-smectic A transition temperature, V,;, of

all samples increase sharply, which coincides with the onset of smectic layering.

4.4 Splay Constants And Rotational Viscosities

By using the dielectric constant, threshold voltage, voltage-off response time datum
visco-elastic properties of 8CB and nanocomposites are ascertained. Two temperature

dependent properties are calculated: splay elastic constant and rotational viscosity.

Splay elastic constants Ky are calculated by using the dielectric and V;;, datum in the

following relation [2,45]:
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V
K1 = eer(%h)2 4.1)

where eq is the permittivity of free space. As seen in Figure 4.10, the splay elastic
constants of samples are very close, with pure 8CB having the lowest value compared
to functionalized MWCNT nanocomposites. The f0.007 wt.% is in-between the other
two for most of the nematic phase. The form of the K;; as a function of temperature
is very similar in all samples, with only a slight increase with increased concentration.
However, it must be noticed the differences between K; 1 values of the samples, though
small, are more pronounced closer to nematic - isotropic transition point, while as the

temperature drops and smectic A phase is approached, splay constant values grow

closer.
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Figure 4.10 : Dielectric anisotropy vs. temperature over the nematic and smectic A
phases of 0.07 wt.% MWCNT nanocomposite.

The temperature dependence of the rotational viscosity Y in the nematic phase is

obtained for all samples under study of using the relation [46,47]:

T
Y= toflel(E)z (4.2)
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where d is the thickness of the sample cell. The y vs. shifted temperature data
for all samples is presented in Figure 4.11. Pure 8CB has the lowest rotational
viscosity. f0.07 wt.% nanocomposite has slightly higher values than 8CB in the
nematic region. f0.007 wt.% places significantly above the other two. The rotational
viscosities for all samples increase with decreasing temperature. It is worth underlining
that the lower concentration functionalized MWCNT nanocomposite f0.007 wt.% has
the highest rotational viscosity, which is in contrast with the results obtained from
nanocomposites with untreated MWCNTSs. Also, the rotational viscosities of f0.007
wt.% 1is significantly higher than 8CB, non-functionalized MWCNT nanocomposites

and f0.07 wt.% nanocomposite.
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Figure 4.11 : Rotational viscosity vs. shifted temperature for 8CB and functionalized
MWCNT nanocomposites.
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S. CONCLUSIONS

5.1 Shifts In Transition Temperatures And Order Parameters

The overall trend for MWCNT, functionalized and non-functionalized, dispersed
smectic liquid crystal nanocomposites’ transition temperatures are downwards.
Similar downshifts in transition temperatures have been reported for SCB-MWCNT
[43] and SCB-SWCNT [48] dispersions, for 8CB dispersed with gold and silver
nanoparticles [49]. The downward shift in Ty; and Tyy4 is evidence of disordering
effects brought on by dilution [26,49]. However, the amount of transition temperature
shift and the resultant nematic range differs between types of dispersed MWCNT.
While pristine MWCNTs caused 42 % of the increase in the nematic range compared
to pure 8CB, functionalized MWCNTSs only caused 8.6 % increase. It should be
noted that the size of Ty; and Tys downward shifts follow the amount of dispersed
MWCNTs with the pristine MWCNT nanocomposites, however the inverse is true for
COOH functionalized MWCNT nanocomposites. The effect of MWCNT dispersion
on phase order is better grasped through the investigation of birefringence datum.
The lower concentration of pristine MWCNTSs lowered the birefringence, but higher
concentration one has very close birefringence to pure 8CB, in the nematic range,
if only slightly higher closer to Ty;. Closer to nematic to smectic A transition, the
birefringence values follow the order of Ty, transition temperatures. With COOH
functionalized MWCNT dispersions, order samples have higher Ty and vice versa.
But with COOH functionalized MWCNTs, the order of Ty4s, and thus birefringences,
is different: 10.007 wt.% has higher birefringence overall, while the birefringence
of f0.07 wt. % nanocomposite is lowered. It was asserted that a strong anchoring
due to w — 7 electron stacking between SCB-MWCNT molecules would enhance the
nematic order parameter [44], and it appears this holds true for lower concentrations
of functionalized MWCNTs, but fails on higher concentrations and non-functionalized

MWCNTs. It is noteworthy that the nematic range extension and the downward shift
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of transition temperatures are lower with functionalized MWCNTs, which means the
dilution effect is smaller and they are better incorporated into the LC matrix. However,
better incorporation is not enough to enhance the order, which is suggested by the
lower birefringence of f0.07 wt.%. The fact that the birefringence enhancement is only
observed in the lowest concentration dispersion with surface functionalization suggests
that for any order enhancement to occur MWCNTs must seamlessly be incorporated
into nematic liquid crystal matrix through LC-MWCNT interactions while MWCNTs
remain sparse enough through the matrix so they do not interact with each other

through elastic medium.

5.2 The Affect On Electro-Optical Parameters

5.2.1 Dielectric anisotropies, threshold voltages

Dielectric anisotropies of all studied nanocomposites are reduced, compared to pure
8CB. It is remarkable that despite the birefringence increase in one nanocomposite,
£0.007 wt.%, the dielectric anisotropy of that nanocomposite is also decreased. f0.007
wt.% has lower dielectric anisotropy than 0.007 wt. its non-functionalized counterpart,
despite the connection between anisotropic properties and order parameter. Charge
redistribution due to dispersion of MWCNTs are likely to be effective. This, in effect,
should increase threshold voltages, as the nanocomposites are less susceptible to the
electric field. Indeed, the threshold voltages for 0.007 wt.%, f0.07 wt.%, £0.007
wt.% samples are increased. The threshold voltages of 0.07 wt.% nanocomposite
are lowered slightly, compared to pure 8CB. Calculation of the splay elasticity
constant from these measurements suggests that, along with dielectric anisotropy,
the splay elasticity constant is also affected by the dispersion of MWCNTs. The
increase does not correlate well with the dispersed amount of MWCNTs with either
pristine or functionalized MWCNTs. As noted before, the nanocomposite with higher
concentration of pristine MWCNTs has lower threshold voltages than pure 8CB. The
functionalized MWCNT nanocomposites exhibit overall higher threshold voltages than
the others, but above T - Ty; = -3 K, f0.07 wt.% has highest threshold voltages and

below f0.007 wt.% overtakes f0.07 wt.%. This behaviour signals a subtler dependence
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of MWCNT’s degree of incorporation into the nematic matrix on nematic order, since

birefringence or dielectric anisotropy data does not show any similar crossover.

5.2.2 Elasticity and rotational viscosities

The calculations from measured threshold voltages and dielectric anisotropies reveal
that pristine MWCNTs lower the splay elastic constant, while functionalized
MWCNTs increase it slightly. The difference again relates to how functionalization
enables better incorporation of MWCNT dopants into the liquid crystalline matrix.
The higher mechanical strength of MWCNTSs is presumably better incorporated into
LC matrix through 7w — 7 stacking. The crossover seen in f0.07 wt.% and f0.007 wt.%
threshold voltages is also present here, although it is possible to better understand it
in the context of elastic energy. Presumably, f0.007 wt.% nanocomposite exhibits the
highest coupling to the nematic matrix and promotes earlier onset of smectic layering
as the N-SmA transition is approached. The higher rate at which splay elastic constant
diverges as the transition nears coincides with the onset of smectic layering. Also,
the highest birefringence increase upon nematic to smectic A transition is observed in
£0.007 wt.% nanocomposite, followed by pure 8CB. {0.07 wt. %, 0.07 wt. % and 0.007

wt. % all have comparatively smaller birefringence increase upon N - Sm A transition.

Both voltage-on and voltage-off response times, over the whole nematic range,
are higher compared to pure 8CB with every nanocomposite sample. For pristine
MWCNT nanocomposites, voltage-on response times are twice the pure 8CB’s ON
response times, while voltage-off response times follow the order of dopant amount
and more than twice the pure 8CB’s voltage-off response time. The loss of distinction
between 0.07 and 0.007 wt.% in voltage-on response suggests that multiple factors,
elastic and electronic, affect the response. With functionalized samples, voltage-on
and voltage-off response times of f0.07 wt.% is higher but comparatively close to
8CB. 10.007 response times are, like nonfunctionalized MWCNT nanocomposites,
more than twice that of pure 8CB’s. The response times of f0.007 and 0.007 wt.%
nanocomposites are comparatively very close, as are the responses of pure 8CB and

f0.07 wt.%.
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The rotational viscosity,y calculated from splay elastic constant and voltage-off
time, yields a frame in which response times can be discussed. Pristine MWCNT
nanocomposites have significantly higher rotational viscosities. It is worth noting
that their rate of increase towards N-Sm A transition is different from each other
and a crossover is observed here, too. The rate at which 7 increases in 0.07 wt.%
is similar to pure 8CB, at around 0.01 Pas/K, while 0.007 wt.% increases with 0.02
Pas/K in the middle of the nematic region. Considering that the elastic constant
is lower for pristine MWCNT nanocomposites, the higher viscosity against rotation
indicates a reason beyond changes in elastic energy. It is possible that MWCNTs
dispersed in planar aligned nematic medium resist the bulk rotation by being anchored
to nematic molecules through their shape anisotropy. The difference with which rate
of 7 increases as temperature drops can be understood as the effect of enhanced planar
ordering on dispersed MWCNTs: As the order increases in the low concentration
nanocomposite, anchoring that affects the rotation grows in strength. With higher
concentration 0.07 wt.% nanocomposite, ¥ is higher, but lower rate of y increase with
respect to temperature suggests that the anchoring is weaker even when the dispersed
amount causes slower rotation. Here, the case with functionalized MWCNTS requires
more scrutiny, as f0.07 wt.% has quite low rotational viscosity, only higher than pure
8CB. f0.007 wt.%, on the other hand, has the highest rotational viscosity and the
highest rate of increase of rotational viscosity (0.04 Pas/K). The better incorporation
of functionalized MWCNT into nematic matrix argued by birefringence results is also
supported by these results, from the perspective of above approach. This leaves f0.07
wt.%, whose behaviour can not be fully understood in the frame of explanations above
and may be result of the complex interplay between disorder brought on by higher
amount of MWCNTs and their interactions with nematic bulk mediated by -COOH

functionalization.

5.3 Conclusion And Outlook

The results show that there are no faster response times and birefringence of
nanocomposites is lowered, except for f0.007 wt.%. The only gain for all studied

nanocomposites is nematic range extension. Slower responses combined with
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lowered birefringence and mostly higher threshold voltages show that no significant
electro-optical enhancement is brought on by MWCNT doping of 8CB in studied
concentrations. However, if the irregular dependencies of quantities on concentration
and functionalization are taken into account, there may be a concentration where
better incorporation of MWCNTs work in the favour of electro-optical quantities of
interest. A study conducted with a wide range of dopant concentrations may reveal
a partial phase diagram that would be used to find the optimal amount of MWCNT
for enhancing a chosen electro-optical property. Also, better understanding of
MWCNT - liquid crystal interactions is needed, both experimentally and theoretically.
X-ray scattering and broadband spectroscopy would be able to reveal more about
intermolecular interaction between MWCNT, -COOH and 8CB. Comparisons to
numerical studies would serve to analyze the findings of said experiments. This work
shows that there is no straightforward way to enhance every electro-optical property of
smectic 8CB at once by simply dispersing MWCNT, although functionalization serves
to better incorporate MWCNT into liquid crystalline media. Only a phase diagram
constructed with numerous concentrations and functionalizations might point to an

optimal dopant amount.
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