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ABSTRACT

Liquid crystals (LCs) exhibit a unique combination of fluidity and long-range molecular order.
This gives rise to anisotropic optical, dielectric, and electro-optic properties that are widely
exploited in displays, photonic devices, and sensing technologies. However, the inherent physical
properties of conventional LCs often limit their performance in applications requiring faster
electro-optic response, higher photoluminescence, enhanced optical modulation, higher
environmental stability, and sensitive chemical detection. A powerful strategy to overcome these
limitations is their integration with the functional organic and inorganic dopants, which can
enable precise modulation of dielectric, electro-optic, ionic, photophysical, chiro-optic, and
sensing properties. This thesis focuses on the systematic design and development of functional
LC composites through the incorporation of ferroelectric nanoparticles (NPs), conjugated
polymer NPs, aggregation-induced emission (AIE) active chiral dopants, pseudopeptide gelators,
and protonatable chiral molecules, aiming to realize tunable electro-optic, photoluminescent,

smart window, and gas-sensing devices.

Chapter one introduces LC materials and their classification based on molecular shape and the
physical mechanisms governing phase transitions in LC systems. The LC phases employed in
this thesis and their molecular organization are described. The important physical properties of
LCs are briefly discussed. The concept and significance of LC composites are then presented,
highlighting how the incorporation of functional dopants enables modulation of LC properties.
The roles of NPs, AIE-active and sensing chiral dopants, and supramolecular gelators in tailoring
the performance of LC and development of electro-optic and sensing devices are also outlined,

providing the scientific framework for the studies undertaken in this thesis.

Chapter two describes the procedures for sample preparation, LC composite preparation, and
device setups used in this thesis. It includes the synthesis of polymer NPs, preparation of LC-
composites, fabrication of unaligned, homogeneous, and homeotropic LC cells, and the
preparation of substrates for HCI sensing. The chapter also outlines the experimental techniques
and measurement setups employed to study phase transitions, optical, electrical, dielectric,
electro-optic, ionic, selective reflection, chiro-optic, rheological, and structural properties of the
LC composites. Finally, the methods used for error analysis are briefly discussed to ensure the

reliability and accuracy of the reported results.

Chapter three of this work investigates the influence of ferroelectric BaTiO3 NPs of two different



size ranges (5-15 nm and 50-70 nm) on the dielectric, electro-optic, and ionic properties of an
antiferroelectric bent-core LC. The incorporation of BaTiOs; NPs lowers the phase transition
temperatures and modifies the dielectric relaxation behavior of the antiferroelectric SmA phase.
The spontaneous polarization decreases from 71 nC/cm? for the pure LC to 48 nC/cm? and 61
nC/cm? for the smaller NPs (5-15 nm) doped LC and larger NPs (50-70 nm) doped LC,
respectively, indicating antiparallel dipole-dipole correlations between the ferroelectric NPs and
LC molecules. A reduction in response time of approximately 7.1% for the smaller-sized NPs (5-
15 nm) doped LC and 30.7% for the larger-sized NPs (50-70 nm) doped LC demonstrates
enhanced electro-optic switching performance. Furthermore, direct current conductivity increases
by nearly 3.2-fold and 1.6-fold for the smaller (5-15 nm) and larger size (50-70 nm) NPs doped
LC, respectively. The smaller-sized NPs additionally reduce ionic contamination by about 16%,
suggesting their ion-capturing capability. These findings reveal that both NPs’ size and
ferroelectricity strongly influence the electro-optic and ion-transport properties of bent-core LC,

making them promising candidates for fast-switching electro-optic applications.

Chapter four explores the role of conjugated polymer NPs (PNPs) based on poly(3-
hexylthiophene) (P3HT) derivatives in tuning the ionic properties of nematic LC and stabilizing
blue-phase LC (BPLC). PNPs with an average size of 15.5 nm, incorporated at concentrations of
0.01 and 0.1 wt.% in SCB LC, significantly enhance ions’ transport properties. Nearly two orders
of magnitude increase in direct current conductivity and ion diffusion coefficient, while the
mobile ion concentration increases by only ~1.5-fold. These results indicate enhanced ion
transport in the nematic host due to the intrinsically conducting nature of the PNPs. Furthermore,
incorporation of smaller-sized PNPs (~5 nm) into BPLC at optimized concentrations of 0.005
and 0.01 wt.% gives a phase stabilization effect, with a maximum BP range enhancement of
approximately 3 °C observed for the 0.005 wt.% concentration. The electro-optic performance is
markedly improved, with hysteresis reduced from 70% to 0.1% and residual birefringence
decreased from 2.9% to 0.1%. In addition, at 0.01 wt.% concentration of PNPs, nearly 70% of
enhancement in photoluminescence intensity is observed. These findings demonstrate that
conjugated PNPs effectively improve ionic transport, thermal stability, electro-optic response,
and luminescence characteristics of LC systems, highlighting their potential for advanced

photonic and display applications.

Chapter five focuses on the development of tunable luminescent LC systems through the
incorporation of a pseudopeptide-based AIE-active chiral dopant into nematic and smectic-A LC

hosts. Polarized optical microscopy and circular dichroism spectroscopy confirm efficient
Vi



chirality transfer and the formation of a helical cholesteric (N*) phase, whereas the induced
smectic-A* phase does not exhibit helical organization. Temperature-dependent
photoluminescence studies reveal a strong influence of LC ordering on the AIE characteristics.
Circularly polarized luminescence (CPL) is observed in the N* phase, where supramolecular
helical ordering and AIE coexist, yielding a maximum luminescence dissymmetry factor (g;,m)
0f 0.071 in the doped SCB LC. In comparison, the self-assembled chiral aggregate of the dopant
in 90% H>O/DMSO mixture exhibits comparatively lower g;,,,,value of -0.0025, highlighting
the role of the LC helical environment in amplifying CPL. The electrically switchable N* LC
displays distinct states with haze values of ~45%, ~4%, and ~2% for planar, focal-conic, and
homeotropic states, respectively, demonstrating efficient voltage-controlled light modulation for
smart-window applications. Furthermore, nearly threefold enhancement in photoluminescence
intensity is observed in the focal-conic state, while the induced SmA* phase exhibits
approximately 80% higher photoluminescence intensity compared to the N* phase in the doped
LC. These multifunctional LC composites therefore provide a platform for CPL, electrically

tunable smart windows, and luminescent photonic devices.

Chapter six demonstrates the development of nematic and N* LC physical gels using a
pseudopeptide-based gelator capable of forming fibrous supramolecular assemblies for smart-
window applications. The gel morphology, viscoelastic response, and electro-optic properties are
found to be strongly dependent on gelator concentration and LC phase. Four different gelator
concentrations (1, 2, 3, and 4 wt.%) are investigated in nematic 5CB, while a 2 wt.% gelator
concentration is optimized for the N* LC system. Among the nematic gels, the 3 wt.%
composition exhibits optimized electro-optic performance in a window device with a contrast
ratio of 49.01, threshold electric field of 0.64 V/um, operating electric field of 4.21 V/um, rise
time of 51.8 ms, and fall time of 55.4 ms. In comparison, the N* LC gel containing 2 wt.% gelator
shows a higher contrast ratio of 167, along with a threshold electric field of 1.50 V/um, operating
electric field of 4.64 V/um, rise time of 67 ms, and fall time of 91 ms. The superior contrast ratio
observed in the N* gel highlights the advantage of light-scattering focal conic state entangled in
gel networks for smart-window applications, whereas the nematic gel demonstrates
comparatively faster electro-optic switching. These results establish pseudopeptide-based LC

gels as promising candidates for electrically switchable smart windows.

Chapter seven reports the design and development of an N* LC-based optical sensor using a
strategically designed chiral dopant bearing a protonatable moiety for selective detection of HCI

fumes. Protonation of the chiral dopant upon exposure to HCI vapors leads to a change in helical
vii



twisting power, resulting in a measurable shift in the selective reflection wavelength of the N*
LC. The sensor exhibits a detection of HCI vapors in the parts-per-million (ppm) range, with a

sensitivity of approximately 3.26 nm ppm ™.

The thesis concludes with an outlook on the future scope of the developed NP-LC composites,
AlE-active and sensing chiral LC systems, and supramolecular LC gels, highlighting their
potential for advanced electro-optic and photonic applications, including electrically tunable
smart windows, luminescent displays, adaptive light-scattering and diffusion devices, and smart

Sensors.
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R

R fopved (LC) aRaan iR dYef-3uft 3uifdes H &1 U 33T T Uefid $d gl
SO fauHe R USRIy, WR1dgyd 3R [aggd-UHTRI 01 30 Bid & o AUH ¥4
I fewa, wieie Ul 3R Hae Ureififedl § Iudi foar Siran 3 | gTdifes, URuRe
LC & Sidfifga HIfd® 07 SIRR g faggd-ue1iRie ufafehdl, ST Bie gy, 3d
USRI AISIeIRM, 3 TaiaRuiiy RURAT 3R Fde=id e UgaH &1 ATaxaehdl
aTd STV H I UaRH B i Hd 51 37 HHH1sfl &l Q¥ A $I T Afda=red!
U § BRTES BIEHD AR HBEAG SUc & Y ITBT THIH, | WG,
TSR B Tl R Gohdl ¢ | T8 MY Ty TRISdiaed A-Idbul (NPs), Sgfd Igad
NPs, THABRU-URA I (AIE) Afhd HIRA Sitc, YSUPIES SR 3R WieH arg
BT U3 B! WM FHReb BT LC HUIfore & sgaryd fSomes ik faswr W dfad

JIHR HIAT g |

3 U H LC AT SR 3% SHTUIA® STHR & SHTYR TR GFicpR0r 4T LC Homferdl &
TR GHHU DI AT HA arat Hifaes 3=t o1 uftaa faar mar |1 59 2y gsy & uged Le
TR 3R ST UGS TR BT qUi T 1 § | LC & Hedqu! Hifdd o1 R & o
Tl P T3 g | TP dIG LC HUISIE DI ATYRUN 3R Hed P U4 fobar 71 3, forad a8
Z=1TaT 1T B fob Srafere St o1 THIAR LC U & HISga= B 58 G&H §-1al gl LC
& UG BT SIHITd B 3R Sade]-HPH IUT Hdg- IUBRUN & [dHr™ T NPs, AlE-
Tforar 3R Yag=iTe BT Site qUT GURHITER SerR B YHabraf e o ot vgd
DI TS 8, O 39 MY Ty H by Y sreqgql & g dxfes gian Uee &l g

T 1 H 3 MY Y& H Ygad AT dUR H, LC HUINIE TR HR 3R SUHRUI Je 3™
&1 uforarsit &1 qui forar Tar g1 STH iR NPs BT IR, LC-SHUIfSie duR &=,
SRR, T 3R IHEY LC I FT (A0 3R eRSIGaING 3T (HCI) Faed & forg
gegee R HAT M § | 31emg § LC HUlfSTe & =01 GehHul, TehiRit, faeyd, Rdgyd,
faegd-umIRIe!, Safd, ToTed WRIdd-, HIERI-USIRIE!, Raraiiemd R IS
TN & 3reTH & foIE IUART Bt S aTelt e dabien! SR W1 Jesrl of TuvET
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ot &t 7% g1 3id &, RUIc fpu e oot &t faya-iadr $ik Iéiemar gHfda o & g
Ffe RAzdvor & g Iugi &t oM arelt fafrdt w déu & == &1 7 21

O MY & AR A F Gl -3 MHR A0RT (5-15 nm SR 50-70 nm) &
RIgdfded BaTiOs NPs & UG &1 31eqg fordT 711 8, St U UeThRIgdliaed se-dR LC
& WIdegd, faggd-usIRIe 3R e 7O IR TSl g1 BaTiOs NPs & JHGRT § TR0I
THHUT AMIHH HH 81 Ol § 3R CEThRISdae® SmA IRUT & WRIdGYd fasm agR |
gRac gidT 8| W YaTdHR0 Y& LC P AT 71 nC/em? J IEHR BI NPs (5-15 nm) I
gad LC & foTT 48 nC/cm? 3R §3 NPs (50-70 nm) ¥ Jad LC & A 61 nC/cm? 81 ST g,
S WRIgafded AHIHuN iR LC Supst & o faudia TR feya-faya Tedsdt &I
ST 81 BIC 3MTHR & NPs (5-15 nm) T Jad LC T Ufdferar Tg & TRIHT 7.1% Bt il
3R §S 3MHR & NPs (50-70 nm) ¥ Jad LC T 30.7% B HHI, IR 3aidel-H1pe el
UG B SWidl 21 YD A, BIC 3TBR (5-15 nm) 3R §S 3MMBR (50-70 nm) B NPs
T gad LC H UI& YRT ATAddl TTHT 3.2 THT 3R 1.6 THT 96 Sl g | BIC $HR & NPs
3T ST DI ATHT 16% b HH B @, Ol Sb! 3TI-USUT &HdT B Sfar g1
sy gaTd € f NPs BT SR SR IRIZAfGeRICT Gl 8 de-BR LC & Iaae]-3DH
3R 3MH-uRag U &1 Tedl ¥ GHIRAT axd § e 3 dig-RafiT sager-3ifs
3TN & o Iuged IRfIgdR §9 97d g |

3T IR B AAfCH LC & 3mafies ol &1 THIEINIT 63 3R &-W LC (BPLC) BT FRR
B H Uich(3-gRIAIdIh ) (P3HT) dd TR SMUTRT AGFHA UiehdR NPs (PNPs) Bt
Yf¥repT o1 faRawor fasar a1 81 15.5 nm & 3T 3MTHR dTd PNPs &1 5CB LC # 0.01 3R
0.1 YR% ! Figdl W A F a1 & alkag o & Ieaa-1a gia gidt 81 el YR
AMAHAT 3R 3 TR T[0T & T & A1 3G BIal 5, STaidh Ta=id A Jigan &
Had AT 1.5 7T gfx Bl &1 T URUMH PNPs Bt SHTdRes Taahal & HRUT AAfeH e
T SgaR 39 uRkae &l 3Xid & 1 39 3ifafkad, 0.005 3R 0.01 wt.% B SIbferd Tigd
TR BPLC & BIC 3THR & PNPs (~5 nm) B TS A J °R0T FRHROT THTG UTGd giell
2, TR 0.005 wt. % FigaT & oY iferpaw BP ¥ & THTHT 3 °C B gfg o 71 B 1 33a2)-
3PE TR # IwE1T YR ST &, Forad fRReIR 70% T gehr 0.1% 3R 3afry
fgamady 2.9% ¥ geHR 0.1% B A1 81 39F 3ifalkad, PNPs Bt 0.01 wt.% Tigdl ),
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BTG digdl & T 70% &1 3fa S8 718 71 3 Fspef g=ifd § f Tgfa PNPs
LC yonferdl & smafe uRagH, arfla fRRd1, sager-3ifde ufafkar iR wgfidy
faRrrarsii # U U ¥ YR FRd &, S 39d Bie-d R fST@ SrIuin & fag 37!
&I BT SOIFR Hd T |

3{Tg Urg § AAfed 3R Wide®-T LC BRe T S UPISS-3MeTRd AlE-Tithd H13Id Sl
DI IAMAA TR e Gedie LC Red & e W &  $isd fovar T g1 ydigd
VT ARDHRBIUT 3R THR STShiged WIRDIU HRIA BIGRATAC! VIR 3R
eftrrd Pl Re (N*) TR0 & i &1 gfY FRd §, e Ivd Wfded-T* (SmA*) TRl
RICThd R UG IRId -Tg] @l g | duHH-fR Blereg iy 31 AlE faRivarsif
LC ShH & Holgd UHTd &I Udhe 3d & | N* TRUT H FHeral UIeRIgS giH—ed (CPL) T
ST B, STeT YURANIRIER gfcihd s 3R T35S U8-31id & 81d o, ord SIS 5CB LC
T Sfmad SRR fAUHdl FRE  (g1m) 0.071 UK BT &1 JaTAS U I, 90%
H.0/DMSO far%ur § gite & W-TAoTd BT WIFE BT gy, T -0.0025 SHUETHA HH
BT 8, S CPL Y 56T | LC & gfererd aTdTarl &t Yf¥rest & gxifdr 81 faggd wu 4 f
HRA I N* LC T, Bihd-Sii-d AR SIEite siawistt & o s ~45%,
~4% 3R ~2% P B9 A1 P 1Y S-S SaITE U R e §, S wre-faat sruaiii
& U Ha dieeol-FARd USRI ATSORE & SRl g1 3D AATd], Bidhd-DIHD
SARIT H WIS EAA ciardl | TRTHT <14 AT 3 <l 715 8, SIafdh URd SmA* aRU1 SIS
LC H N* TRUT 1 o1 § TTHT 80% 31 Bleiegfimay digar ueifd o 31 3afig,
3 ggfhariia LC duifsie cpL, faggd &0 ¥ o a1 g We fdsl ok gftmde
IcIe IUBRUN & T Teb Hd UaH P 5|

3 g U Wie-fde) sy & oy WigR YuRATTRIeR S¥iaet s & e
WS IPTES - MR SR BT IUUNRT Hb TRfed 3R N* LC Hifdds oidt & fawrg o guifar
T g | O B T fasm, faiganes ufafdar 3R gade]- 3P 107 SiaR Aigdr 3R
LC TR R 3 R gre w81 A8fesw 5CB H IR 3IelT-3elT SieR digdT (1, 2, 3 3R
4 wt.%) BT 31eqg T T &, STafds N* LC TUTaH & ol 2 wt.% SIeR Wigdl o (e
forar o 31 AAfe® O H, 3 wt.% WRaT A IS fearsw & 49.01 & FHeRe 34U, 0.64
V/um & JRNeS faggd &4, 4.21 V/um & TR faggd &7, 51.8 ms & 3T THT 3R
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55.4 ms & Ud- GHT & T SIHierd gadel- 3w Ue= yalfa fasar 8 | gamrers &u
T, 2 wt.% SR gad N* LC S 167 BT IER HeRe 30Td ST §, WY &) 3T IS
faggd &9 1.50 V/um, STIRFET faggd &5 4.64 V/um, I3 TEH 67 ms 3R Wid <I8H 91
ms &1 N* STd H ST 7T S8R BheRe 30T HTC-fds! Sy & e oid Aedd d Sag
THT-UHI0 Bl d ABIHR AR & ATH DI SR BT §, STdidh THCH od JaTedD
U ¥ A9 gadel-3Hipe Rafe ueffa wrdr g1 3 uRom TEpEs-sneid LC Sial &I
faggd ¥ u 9 Rgg S 9 ¥ St & fore sieioes fdwed & &0 § RA1fUd 4 ¢ |

T 10 T HCl & 9T BT IIAIHS Tl T & Y Th 0HIfad & ¥ f&9mgA feu
U BT SIUC BT ITART TRb N* LC-3MUTRA SHifPHd IR & fSTE iR fawm o
fae 715 &, o T Uieid 811 917 9 gidl ¢ | HCl TS & 99 | 3H IR HIexd
e & Wy § gftied fefe orar & uftad- giar €, e aRumasy N* LC 3
TS WA avTeed H A0 I SaTd gidT & | I8 YR HC| A &1 Udl UIey-R-
AR (ppm) 39T & &1 Il B, St Yag=iadr TRTHT 3.26 nm ppm-t §

I8 MY Uey fawRa NP-LC FUIfSie, AIE-Tfshg iR Tde=id w13 LC Red iR
JRATIHRER LC Sd & ™ & SRR WR T DD & 1 JHIE gid &, forad fagga
¥Y Y & B A W1 48, e fewa, sl YT UahivH iR TR Ul
3R TE IR Ffgd Id S ]- 3P 3R Wi SR & forg ITehT & TR UHT
ST TG
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