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Abstract

Liquid crystals (LCs) are an intermediate state of matter that amalgamate the
fluidity of liquids with the long-range order of crystals. This is by virtue of the
anisotropy in their structures. Due to this, they are the most preferred soft matter
materials for optic and photonic applications. Also they have an equal contribu-
tion towards fundamental research as they provide a medium for observation of
topological defects. These defects hold an interdisciplinary value as in them, the
interest of researchers ranges over different disciplines. In this thesis, we study the
equilibrium and non-equilibrium properties for LCs of two different shapes and
huge technological importance: rod-shaped calamitics and banana-shaped bent-
cores. We conduct extensive numerical investigations using discrete models which
consider the interactions at molecular level. We select models which naturally in-
corporate the structural anisotropy in the molecules. Further the models are both
experimentally relevant and computationally feasible.

An important non-equilibrium study we perform is of phase ordering dynamics
where these LC systems are quenched to their desired LC phase(s). In each phase,
the evolution of ordered domains occurs via annihilation of topological defects.
Our primary aim is to characterize the evolution process and the topoligical defects
observed during it. We provide the framework for it in terms of appropriate order
parameters and various other quantifiers. For the calamitic LCs, we examine
the nematic (Nm) phase which shows purely orientational order and the smectic
(Sm) phase which displays an additional layering. The quenches made to both the

phases are thermal. In the bent-core LCs, we explore the twist-bend (TB) nematic
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phase which is a modulated nematic with helical order. In this case, we make a
concentration quench.

To inspect the Nm phase, we utilize the lattice-based generalized Lebwohl-
Lasher model which depending on the model parameter, is found to exhibit either
a canted or an uniform arrangement between the nearest-neighbour LC molecules.
We notice that the canted states show rough interfaces in 2-dimensional (2-d) sys-
tems and sharp interfaces in 3-d systems. On the other hand, uniform states are
seen to exhibit disclination points in 2-d and strings of them in 3-d. Next we exam-
ine the Sm phase by employing the off-lattice Gay-Berne model. First the phase
boundaries are located and then the quenches are performed. It is observed that
the evolution of the Sm phase proceeds through a two-time-scale scenario in which
first the Nm order evolves by annihilation of string defects. Later it is followed by
layering where interfaces between these layers are the dominating defects. Finally
for the bent-core LCs, we use curved spherocylinders interacting via the Weeks-
Chandler-Andersen potential. Our findings reveal that a quench from the polar
Sm phase to the chiral TB phase transpires through an intermediate splay-bend
phase. This is a planar and S-shaped modulated phase. The dominating defects
in the TB phase, termed as beta lines, are observed to be topologically analogous
to the string defects found in the Nm phase. Other than these LC phases, this set
of novel results emerging from the current work will be relevant for a large class
of systems with multiple kinds of orientational orderings. We anticipate that this
work triggers-off stimulating (experimental) investigations in them.

In the end, we provide conclusions and various future perspectives, ideas, de-

velopments, etc originating from the work discussed in this thesis.

viil



SN

5q forvea (Torelt) garef Y U Hezad! aaell & St gl & dRaAdl @ fheeal df Sref-
T %59 & |1 AT R <elt 81 VAT IhT FRETSAT H IR & PR BT 81 57 RO,
3 Uil 3R DD SFIHAN & foly Tt uwaial -9 uaref Il &1 |1ef 81, Hifcld
FFHGM H ot I T ARGH & FAI1h I TAAPIID QST P FaAIDA o folY T ATERH
TS IR 81 37 QI T U i[9I o & aifh 3 QNedhdtall o oy fafasr fawat
o BICh B1 oY USY H, B9 ST T 3T JMTPIa SR AT T Feed aret Terd!
& Ter 3R IR-FJel Ul BT AT PR &: B b DR P DAMISICHd AR Pbel P
3MHR & SC-DHR | T IR HAIST! DT SUART IR STID TRTHD S IR 8 Sl AT
TR IR 37c: Fohamall TR AR &_d &1 89 U HiSall &1 93 R & il TaTTideh B0 | STl
4 IRITHS fAuHdT Bl et R €1 59 3TetmaT I Hieel YANHS vY § UrEfe iR
I ©Y H e S 8

U HE<dqUT {R—He eI Sil 89 PR & g8 TR 364 THeh! bl & STal 31 Yersi! Hunfeii
BT TP AT YeRdT TROT(TRVN) T ST ST 81 D oROT ¥, HHag S Bl fama
cIaIciifoTehet ST & faeTer & H1eg™ | 8Id1 &1 89RI W1Afe Ieed f4epr ufshar iR IHS
SR W U ISP SIS BT RifR BT 81 89 59b folg Iugeh 3 IRMHIeR iR e
3T URATUIDT & Hael § HURET UM B & SIS Terkdl & foy, &7 "fed (Tum)
TROT 1 A IR & ol [Agg w0 F rfAfardia o qrfar & iR Tifaed (Taw) a=or &t
SITF R & Si Ueb 37T Reh IRl U= el 21 QIF1 TRl H fhg Y e TR 81 de-dR
4, 89 fgvre-ds (SI&) F9feed TR BT 0T IR &, AT PSfold e T U HAISgelcs
e 81 3 R o, 89 WP HigT o o &

ix



TAUH TROT T FRIE0 6 & Y, 89 STell—3emRd SMm=iigd caaisel—a1eR HiSd &l
SUIN B &, S Hisel IR & YR W, e TSR ol 1uali & dra a1 df T
fORE a1 U T el Uefed aRal 81 & <G P $Hhes IraReTU 23 (2-3)
Tl o YRGY $TIhd 3R 3-SI Jumferdl # et Setnd ot 81 RT3, T
araeert fod-foea & faved fdfg) ok Jeai-fieg o ST e wafefa et St St
21 39 91, 8H Jh—aifed V- Hieel BT SUANT dp THUH TRUT 6l S B &1 T
Ul g AN MefRa Bl St § SR v em b S €1 I8 <@ 11 & b gem
T T faer U fa—THa— 49 aRged ¥ 8 JoRdl & O Jed Ugal e aISi &
T gRT U s [Apfad 81T 1 39 91 URd BT 10T BIdT & ST8l §9 Rl & s &
3ICRIYS Y9 a9 81 &1 37 § de-R & foly, &9 diad—aiSeR—USeH [4v9q & q1egd 9§
TR 35T IR aTel gATaeR TRIFAfASR & SUART v €1 AR fsast & uar dofdr &
o gl TawH =ROT § faet St TR01 e 9 U Hedad Sol—oS TROT & H1egT ¥ BIel
2| I8 U AT 3MR TH-NBHR BT HiSTelcs IR0 &1 et oRor § 7Ry a1y, g dfier
@ETC &1 ST &, SMliforeal U ¥ THUH RO H 9TY ST alel fEeTT Q11 & 91 97U ST
£1 37 Uordl RO & 3FeATa], I BRI § SR dlel ¢ IR BT I8 T Py YPR B
IR AT arel Tt & v 9 & oy e 8| R oA € b I8
STH FTID (TN ) STTa—SaTet dl i TS &

3id ¥, &1 39 MR # Ty U orf & Seust fFsay oiR fafdsr 9fasy & gfte, R,
Mg 3mfe U™ o &




Contents

Certificate i
Acknowledgements iii
Abstract vii
Contents xi
List of figures XV
List of abbreviations xxvii
1 Introduction 1
1.1 Liquid crystals . . . . . . .. .. oo 3
1.1.1  Calamitic liquid crystals . . . . . ... ... ... ... ... 5

1.1.2  Discotic liquid crystals . . . . ... ... ... ... 6

1.1.3 Bent-core liquid crystals . . . . . .. .. ... ... ... 7

1.1.4 Applications of liquid crystals . . . . . ... ... ... ... 9

1.2 Phase ordering dynamics . . . . . . . ... ... L 11
1.2.1 Domain growth laws . . . . ... ... ... ... ... .. 12

x1



Contents

1.2.2  Correlation function and structure factor . . . . . . . . . .. 14

1.2.3 Topological defects . . . . . . ... ... ... ... ... 18

1.3 Objectives of the thesis . . . . . . .. .. ... ... ... .. .... 20
1.4 Overview of the thesis . . . . . ... ... ... ... .. ... ... 21
2 Models and techniques in computer simulations 25
2.1 Introduction . . . . . . ... 25
2.2 Models for liquid crystals . . . . . . .. ... 0oL 27
2.3 Microscopicmodels . . . . . . . ... 29
2.4  Simulation methods . . . . . . . ... 32
2.5 Monte Carlo techniques . . . . . . ... .. ... ... ....... 34
2.6 Molecular dynamics methods . . . . . . ... ... ... ... ... 39
2.6.1 Imtegration algorithms . . . . . .. ... ... ... ... .. 41
2.6.2 Thermostats . . . . . .. ... oL 43

2.7 Periodic boundary conditions . . . . . ... ... ... ... 46

3 Ordering kinetics of canted and uniform states in nematic liquid

crystals 49
3.1 Imtroduction . . . . . . . . ... 49
3.2 Theoretical framework . . . . . .. ... ... 53
3.2.1 Generalized Lebwohl-Lasher model . . . . . . . ... .. .. 53
3.2.2 Simulation details . . . . . .. ... o0 o4
3.3 Results. . . . . . . 55
3.3.1 Ground states . . . . .. ... 5}
3.3.2 Domain growth kinetics . . . . . ... ... ... ..., o7
3.4 Summary and discussion . . . ... .. ... 65

x1i



Contents

4 Defect dynamics in planar nematics 69
4.1 Introduction . . . . . . . . ... 69
4.2 Model and methodology . . . . . .. ... ... L. 71
4.3 Numerical results . . . . . . . .. oo 72
4.4 Summary and discussion . . . . ... ..o 88

5 Equilibrium phases and domain growth kinetics of calamitic liquid

crystals 91
5.1 Introduction . . . . . . .. ... 91
5.2 Gay-Bernemodel . . . . ... 95
5.3 Equilibrium studies using Monte Carlo
simulations . . .. ... 98
5.3.1 Simulation details . . . . . . ... 98
5.3.2 Phase diagram . . . .. ... ... oL 100
5.4 Kinetic properties from molecular dynamics simulations . . . . . . . 106
5.4.1 Methodology . . . . .. .. ... 106
5.4.2 Characterization tools . . . . . . . . .. ... ... ... .. 108
5.4.3 Morphologies, textures and growth laws . . . . . ... ... 109
5.5 Summary and discussion . . . . .. ..o 119
6 Coarsening in bent-core liquid crystals 123
6.1 Introduction . . . . . . . .. .. 123
6.2 Simulation methodology and model . . . . . . . .. ... ... ... 127
6.3 Detailed numerical results . . . . . ... ... 131
6.4 Summary and discussion . . . . . ... 139

xiil



Contents

7 Conclusion and future perspectives 143
7.1 Summary of the thesis problems . . . . . . .. ... ... ... ... 144
7.2 Discussion on the future outlook . . . . . . ... ... ... 147

Bibliography 151

Appendix 5.A 179

Appendix 6.A 195

List of publications 203

Presentations and academic visits 205

Biodata 207

Xiv



List of figures

1.1

1.2

1.3

Schematic depicting the structural arrangement of constituent elements
leading to shape anisotropy in LC molecules: (a) calamitic (rod-shaped)
LCs, (b) discotic (disc-shaped) LCs, and (c) bent-core (banana-shaped)
LCs. For all the three types of LC molecules, their direction(s) of orienta-
tional order are also shown with the director n (red) and the polarization
D (blue) respectively. The red dot in (b) implies the n to be perpendic-
ular of the plane of the molecule (hence out of the paper in this figure)
while in (a) and (c), it is along the linear structure. . . . . . . . . . ..
Schematic describing the effect of temperature on the molecular order
and mobility in calamitic LC molecules to depict the various phases: (a)
crystal, (b) liquid crystal, and (c) liquid. . . . . . . . . . ... ... ..
Schematic for the different LC phases exhibited by the three types of LC
systems: calamitic LCs with (a) smectic (Sm) and (b) uniaxial nematic
(Nm) phases [1]; discotic LCs with (c¢) uniaxial Nm and (d) columnar
(Col) phases [2]; and bent-core LCs with (e) uniaxial Nm phase with no
polar order, (f) Nm phase with polar order, (g) 1-dimensional modulated

Nm phase and (h) biaxial Nm phase [3]. The direction(s) of orientational

XV

3



List of figures

1.4

1.5

2.1

2.2

2.3

2.4

order are also shown for the primary director n (red), the polarization
P (blue), and the secondary director ™ (purple) respectively. . . . . . .
Schematic to describe the domain growth in a pure ferromagnetic sys-
tem which is deeply quenched below its transition temperature. The

morphologies are obtained via a MC simulation and are at two different

times: ¢ (in units of Monte Carlo Steps) = (a) 102 and (b) 102 respectively. 12

Schematic to illustrate the different topological defects observed in the
O(n) model for various values of n and d: (a) domain wall or interface
(n = 1); (b) anti-vortex (n = 2, d = 2); (c) vortex (n = 2, d = 2); (d)
string (n = 2, d = 3); and (e) monopole or hedgehog (n = 3, d = 3)
respectively. In each case, the n-component order parameter fields are
represented by the cyan coloured arrows while the defect regions or cores

are marked in maroon. The figure has been adapted from [4]. . . . . . .

Schematic to describe the links among theory, experiments and computer
simulations. . . . . . . ...
Schematic depicting the deformations of the nematic director field, which
occur by virtue of elasticity: (a) splay, (b) bend, and (c) twist respec-
tively. The black arrows represent the stress exerted on these calamitic
LC molecules, which ultimately leads to these deformations. The figure
has been adapted from [5]. . . . . . . ... oL
Time scales and length scales for the various computer simulation meth-
ods. The classification of the methods into four different levels/scales
can be seen here. The figure has been adapted from [6]. . . . . . . . ..

Flowchart illustrating the algorithm of Monte Carlo methodology in

Xvi



List of figures

2.5

2.6

3.1

3.2

3.3

3.4

NVT ensemble. . . . . . . . . . . . . e
Flowchart describing the algorithm of the molecular dynamics method
in NVT ensemble. . . . . . . . . . ...
Schematic illustrating the implementation of periodic boundary condi-

tions in a 2-dimensional system. . . . . . . . . . .. ... ... ..

(a) Schematic depicting the orientation (Nm director) n of a rod-like LC
molecule in terms of angles ¢ and ¥ respectively. (b) Phase diagram of
the generalized Lebwohl-Lasher model, figure adapted from [7]. . . . . .
(a) Plot of the energies of the nn pairs in the GLL model, E(cos8;;) vs.
cos 0,5, for different values of A. Schematic for the (b) canted and (c)
uniform ground states. In (b), all the nn rods have an angle of ~ 36.7°
(A = —0.8) between them and the rods show a rotating or a zig-zag
arrangement. . . . . ... 0000000000
Domain evolution snapshots of the GLL model for (a) A = —0.8 and (c)
A = 0.8 at t = 10°. The lattice size is 2563. [(b) and (d)] Orientations
of the Nm rods in the horizontal (zy) slices (at z = N /2 = 128) of the
evolution snapshots shown in (a) and (c). For a better and clear view,
we show only a 322 corner of the entire 2562 slice. These rods depict the
formation of canted and uniform states, for the respective A values. The
key explaining the angular orientations (¥, ¢ in degrees) of the Nm rods
in the evolution snapshots shown in (a) and (c) is given at the bottom
of the figure. . . . . . . . . .. ...
Horizontal (zy) slices (at z = N1, /2 = 128) of the bond evolution snap-

shots for A = —0.8 at t = (a) 102, (b) 10° and for A = 0.8 at t = (d) 102,

XVvil



List of figures

3.5

3.6

3.7

3.8

(e) 105. The interfacial defects between the nn lattice sites are coloured
in black while the bonds between the nn sites (with a tolerance of 10°)
are coloured in green for A = —0.8 and in red for A = 0.8, respectively.
The white regions are the corresponding lattice sites. For a better and
clear view, we show only a 322 corner of the entire 2562 slice. Plot of the
nn angle distribution, P(6;;) vs. 6;; for (¢c) A = —0.8 and (f) A = 0.8, at
different times. . . . . . . . ..o
(a) Scaled correlation functions, C(r,t) vs. r/L(t), for A = —0.8 and
A = 0.8 at different times ¢ (in MCS). These plots clearly show that
the GLL model exhibits dynamical scaling but not super-universality.
(b) Scaled structure factors, S(k,t)L(t)~3 vs. kL(t) on a log-log plot,
corresponding to the data sets in (a). The solid lines denote the relevant
Porod tails. . . . . . . ..o
(a) Interfacial defects (in black colour) between canted domains (in green
colour) for A = —0.8 at ¢ = 10°. We show only a 163 corner of the entire
lattice for a better and clear view. (b) String defects for A = 0.8 at
t = 10°. The system size is 2563. . . . . . . . ... ... ..
Schematic describing the formation of a non-contractible loop by the
Nm rods on a square plaquette: the corresponding directors from the
lattice sites of the square plaquette ABCD (left) are mapped into the
order parameter sphere (right) and can be seen to rotate by 180° while
traversing the A—-B—C—D—A pathway on the square plaquette. The
Nm directors form such loops by virtue of their inversion symmetry.

Plot of the characteristic length scale, L(t) vs. ¢ on a log-log scale, for

different values of A\ in the d = 3 GLL model. The dashed line indicates

Xviil

64



List of figures

4.1

4.2

4.3

the LAC law: L(t) ~t"Y2. . . . . . . ... .. .

Domain evolution snapshots of the d = 2 GLL model for A = (a) -0.8,
(e) 0 and (i) 0.8 at t = 5 x 105 MCS, in terms of the angular orientations
¥ (in degrees) of the Nm rods. The lattice size is 10242. [(b), (f) and
()] Angular orientations ¢ (in degrees) of the Nm rods for the evolution
snapshots shown in (a), (e) and (i). [(c), (g) and (k)] Schlieren textures
for the evolution snapshots shown in (a), (e) and (i) respectively. The
colour codes corresponding to 1, ¢ and sin?(2¢) are shown at bottom
of their respective columns. Due to the inversion symmetry of the ne-
matogens, the range of ¥ is halved. [(d), (h) and (1)] Orientations of
the Nm rods for the evolution snapshots shown in (a), (e) and (i). For
a better and clear view, we show only a 322 corner of the entire 10242
slice. These rods depict the formation of canted and uniform states, for
the respective A values. . . . . . . . ...
Schlieren textures for A = —0.8 (first row) at time ¢ (in MCS) = (a)
5x 103, (b) 5x 10°; for A = 0 (second row) at t = (d) 5 x 103, (e) 5 x 10;
and for A = 0.8 (third row) at t = (g) 5x 103, (h) 5x 10°. The respective
colour code is given at the bottom of this figure. Plot of the nn angle

distribution, P(6;;) vs. 6;; for A = (c)-0.8, (f) 0 and (i) 0.8, at different

(a) Scaled correlation functions, C(r,t) vs. r/L(t), for A = -0.8, 0 and
0.8, at different times ¢ (in MCS). The data sets show that the d = 2
GLL model exhibits dynamical scaling but not SU. (b) Scaled structure

factors, S(k,t)L(t)~2 vs. kL(t) on a log-log plot, corresponding to the

Xix



List of figures

4.4

4.5

4.6

4.7

plots in (a). The broken black lines serve as a guide to the eye for the
relevant (non-)Porod tails. Note that for clarity purpose, the data sets
for the uniform regime are shifted. . . . . . . . . . .. ... ... ..
(a) Plot of the characteristic length scale, L(t) vs. ¢t on a log-log scale,
for A = —0.8, 0 and 0.8 in the d = 2 GLL model. The dashed lines
denote the LAC law: L(t) ~ t'/2. Our data sets deviate from it for all
values of A employed, extremely for the canted regime and slightly for
the uniform regime. (b) Plot of t/L?(t) vs. In(t) for the uniform regime.
The dashed lines are a linear fit to the data confirming the diffusive LAC
growth law with logarithmic corrections in the uniform regime. . . . . .
Schematic representing the evaluation of a disclination point defect in a
triangle. The real space triangular plaquette ABC (left) is mapped into
the order parameter sphere (right). The solid and dashed circles lie in
planes perpendicular to the orientations AA! and BB! at sites A and B
respectively. If the point C is outside the region enclosed by these two
circles, then the corresponding loop is contractible else ABC will enclose
a 1/2 disclination point. . . . . . . . ..o
Orientations of the Nm rods and disclination point defects for A = 0
at time ¢ (in MCS) = (a) 5 x 10, (c) 5 x 103, and (e) 5 x 10%; and for
A=0.8att=(b)5x10, (d) 5x 103 and (f) 5 x 10°. At each lattice site,
the orientation of the corresponding Nm rod is shown in black. Square
plaquettes enclosing single and paired 1/2 defects are coloured with red
and light blue circles respectively. For a better and clear view, we show
here only a 642 corner of the entire 10242 slice. . . . . . . . . .. ...

Log-log plot for time variation of (a) N g ?; total number of square pla-

XX



List of figures

5.1

5.2

5.3

quettes with single 1/2 defects, (b) Nj,: total number of square plaque-
ttes with paired 1/2 defects, (¢) Np = Nll)/2 + 2 x N}: total number
of triangular plaquettes with 1/2 defects, and (d) the length scales L(t)

and Lp(t) as described in the text. . . . . . . . . ... ... ...

Schematic depicting a pair of ellipsoidal LC molecules: (a) ¢ and j, with
orientations defined by the unit vectors n; and n;, and centers separated

by 7; (b) placed side-by-side (ss); and (c) placed end-to-end (ee).

(a) Variation of the scaled GB energy between a pair of ellipsoidal molecules

as a function of their scaled separation (Ejj/ey vs. ri;/00) in the ee con-
figurations with k = 3.0, © = 1.0, v = 3.0 for energy anisotropy x' =
2.5 (red line), 5.0 (blue line) and 10.0 (green line). The inset shows the
corresponding variation in the ss configuration. Notice that the curves
for different values of k" overlap. It can be observed that the energy
anisotropy parameter affects the well depth for the ee configuration but
not for the the ss configuration. (b) Similar variation for u,v = 1.0,
3.0 (blue lines) and 2.0, 1.0 (magenta lines) with x = 3.0, ¥ = 5.0.
The exponents p and v affect the well depth in the ee as well as the ss
configurations. . . . . . . ... L.
(a) Variation of the scaled per-particle energy for the GB model system,
(EY) with respect to the scaled temperature T with x = 3.0, &' =
5.0, o = 1.0 and v = 3.0 for the two system sizes N = 512 (open up
triangles) and N = 1000 (open down triangles). Corresponding results
from Berardi et al. [8] for N = 512 (white circles), and for N = 1000

during heating (white up triangles) and cooling (white down triangles)
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98304 and (c) ' = 10.0, t = 98304. Left: 20% corner portions of the
entire simulation box allowing for visibility of individual particles. Right:
the corresponding top d = 2 cross-sections. Notice that smecticity is
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(a) Time evolution of the longitudinal radial distribution functions g (7 /o0)

vs. (r|/oo) for the I-+Sm quench at the specified values of " and ¢ sig-
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k' and t: (a) C(r,t) vs. r/L(t), (b) Ci(r,t) vs. r/Li(t), and (c) Cg(r,t)
vs. 7/Lp(t) (see text for evaluation of these correlation functions). The
data collapse in all the three evaluations suggests that the system ex-
hibits dynamical scaling, and the morphologies are invariant with re-
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and late times. The corresponding structure factors are shown on a log-
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