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ABSTRACT

Dendrimers are a class of monodisperse polymeric macromolecules with a well de-

fined and highly branched three-dimensional architecture. Their well-defined structure 

and structural precision makes them outstanding candidates for the development of new 

types of multifunctional super-molecules and materials with applications in medicine 

and pharmacy, catalysis, electronics, optoelectronics, etc. Liquid Crystalline Dendrimers 

(LCDrs) are a relatively new class of super-molecules which are based on the function-

alization of common dendrimers with mesogenic (liquid crystalline) units. The com-

bination of the fascinating molecular properties of the common dendrimers with the 

directionality of the mesogenic units have produced a novel class of liquid crystal form-

ing super-mesogens (LCDrs) with unique molecular properties that allow novel ways of 

supramolecular self-assembly and self-organisation.

This work is mainly concerned with the computational modelling of LCDrs. A coarse 

grain strategy is adopted for the development of computational tractable models which 

take explicitly into account the specific architecture, the extended flexibility and the 

shape anisotropy of the mesogenic units of LCDrs. The developed force field applies easily 

to a variety of dendritic architectures. Utilizing Monte Carlo computer simulations we 

study the structural and conformational behavior of single LCDrs and of systems of 

LCDrs either in confined geometries or in the bulk. Special emphasis is given on the 

modeling of the response of LCDrs on externally applied alignment fields. External fields 

might be fictitious aligning potentials which mimic electric or magnetic fields or fields 

induced by the confining substrates.

The surface alignment of liquid crystalline dendrimers (LCDrs) is a key factor for



xx

many of their potential applications. We present results from Monte Carlo simulations

of LCDrs adsorbed on flat, impenetrable aligning substrates. A tractable coarse-grained

force field for the inter-dendritic and the dendrimer-substrate interactions is introduced.

The developed force field is based on modifications of well-known interaction potentials

that can be used either with MC or with molecular dynamics simulations. We inves-

tigate the conformational and ordering properties of single, end-functionalized LCDrs

under homeotropic, random (or degenerate) planar and unidirectional planar aligning

substrates. Depending on the anchoring constrains to the mesogenic units of the LCDr

and on temperature, a variety of stable ordered LCDr states, differing in their topology,

are observed and analyzed. The influence of the dendritic generation and core function-

ality on the surface-induced ordering of the LCDrs are examined.

The study has been extended to system of LCDrs confined in nano-pores of different

shapes and sizes under several anchoring conditions. Two basic confining geometries

(pores) considered in this work: slit and cylindrical pores. In each confining geometry,

different anchoring conditions are imposed. The Isobaric-Isothermal (NPT) Monte Carlo

Simulation is used to investigate the thermodynamic and structural properties of these

nano-confined systems. The transmission of orientational and positional ordering from

the surface to the middle region of the pore depends on the size of the pore as well as

on temperature and on anchoring strength. In the case of cylindrical pore, alignment

propagation is short ranged compared to that of slit-pore.

As a benchmark of our coarse-grained modeling strategy, we have extended and tested

our coarse grained Force Field for the study of Janus-like dendrimers confined on planar

substrates. The obtained results indicate the capability of our model to capture success-

fully the highly amphipilic nature of these class dendrimers and their self-organisation

properties.

KEYWORDS: liquid crystal dendrimers; surface alignment; self assembly of den-

drimers, self organisation of dendrimers, modeling of dendrimers, Monte Carlo simula-
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tions; surface confinement of dendrimers, nanoconfinement, Janus Dendrimers.



Περίληψη 

Τα δενδριμερή είναι μία κατηγορία μονοδιάσπαρτων πολυμερικών μακρομορίων με 

δενδρόμορφη τρισδιάστατη αρχιτεκτονική. Η μοριακή αρχιτεκτονική τους και η 

μονοδιασπορά τους καθιστούν τα δενδριμερή ιδανικά ως πολυλειτουργικά υπερ-μόρια με 

εφαρμογές στην ιατρική και τη φαρμακολογία, την κατάλυση, την ηλεκτρονική και 

οπτοηλεκτρονική κλπ. Τα Υγρό-Κρυσταλλικά Δενδριμερή (ΥΚΔ) είναι μια σχετικά νέα 

κατηγορία υπερ-μορίων που βασίζονται στη χημική τροποποίηση των κοινών 

δενδριμερών με μεσογόνες (υγρόκρυσταλλικές) μοριακές μονάδες. Ο συνδυασμός των 

ιδιαίτερων μοριακών ιδιοτήτων των κοινών δενδριμερών με την κατευθυντικότητα των 

μεσογόνων έχουν οδηγήσει σε μια νέα κατηγορία υπερ-μεσογόνων (ΥΚΔ) με μοναδικές 

μοριακές ιδιότητες που επιτρέπουν νέους τρόπους (υπερ)μοριακής αυτο-

συναρμολόγησης και αυτο-οργάνωσης. 

Η εργασία αυτή ασχολείται με τη μοντελοποίηση και την υπολογιστική προσομοίωση 

ΥΚΔ. Εισάγονται οι αρχές για μια αδροποιημένη μοντελοποίηση ΥΚΔ που να λαμβάνει 

ρητά υπόψη την ειδική αρχιτεκτονική, την εκτεταμένη μοριακή ευκαμψία και την 

ανισοτροπία σχήματος των μεσογόνων του ΥΚΔ. Τα δυναμικά αλληλεπιδράσεων που 

εισάγονται επιτρέπουν τη μοντελοποίηση ποικίλων δενδριτικών αρχιτεκτονικών. Με την 

χρήση υπολογιστικών προσομοιώσεων Monte Carlo μελετώνται οι μοριακές ιδιότητες 

απλών ΥΚΔ διαφόρων γενεών  και αρχιτεκτονικών καθώς και η θερμοδυναμική 

συμπεριφορά και οι μετατροπές φάσεων  συστημάτων ΥΚΔ. Ιδιαίτερη έμφαση δίνεται 

στην μοντελοποίηση της απόκρισης των LCDrs σε εξωτερικά πεδία που μπορούν να 

προκαλέσουν ευθυγράμμισης των μεσογόνων ομάδων του ΥΚΔ. Τα εξωτερικά 

εφαρμοζόμενα πεδία μπορεί να είναι δυναμικά ευθυγράμμισης που μιμούνται τα 

ηλεκτρικά ή μαγνητικά πεδία ή πεδία που επάγονται από τους γεωμετρικούς 

περιορισμούς (συνοριακές συνθήκες) που επιβάλλονται στο υλικό όταν βρίσκεται κοντά 

σε επιφάνειες ή περιορισμένο εντός πόρων. 

Η δυνατότητα επίτευξης κοινού μοριακού προσανατολισμού στις μεσοφάσεις από ΥΚΔ 

αποτελεί βασικό παράγοντα για πολλές από τις πιθανές εφαρμογές τους. Παρουσιάζονται 

αποτελέσματα προσομοιώσεων Monte Carlo Μόντε ΥΚΔ σε επαφή με επίπεδο, 

αδιαπέραστο  υπόστρωμα που έχει τη δυνατότητα προσρόφησης (αγκύρωσης) των 



μεσογόνων μονάδων του ΥΚΔ υπό επιθυμητό προσανατολισμό. Τα αποτελέσματα 

βασίζονται σε κατάλληλα αδροποιημένο πεδίο δυνάμεων για την περιγραφή  των 

αλληλεπιδράσεων μεταξύ των δενδριμερών καθώς και του δενδριμερούς με το 

υπόστρωμα. Ανάλογα με τον τύπο μοριακής αγκύρωσης στην επιφάνεια και τη 

θερμοκρασία, μια ποικιλία από διαφορετικούς τρόπους οργάνωσης του ΥΚΔ στην 

επιφάνεια παρατηρούνται και αναλύονται.  

Η μελέτη έχει επεκταθεί επίσης σε συστήματα ΥΚΔ περιορισμένα σε νανο-πόρους 

διαφόρων σχήματα και μεγεθών κάτω από διάφορες συνθήκες μοριακής αγκύρωσης. Οι 

δύο βασικές γεωμετρίες περιορισμού (πόροι) που μελετούνται αναφέρονται σε 

παραλληλεπίπεδους και κυλινδρικούς πόρους. Σε κάθε γεωμετρία επιβάλλονται 

διαφορετικές συνθήκες αγκύρωσης. Οι προσομοιώσεις Monte Carlo έγιναν στην ισοβαρή 

συλλογή (ΝΡΤ) και διερευνήθηκε η θερμοδυναμική συμπεριφορά καθώς και η μοριακή 

οργάνωση των συστημάτων υπό νανο-εγκλεισμό. Τα συστήματα αυτά παρουσιάζουν 

πλούσια θερμοδυναμική συμπεριφορά. Η μοριακή οργάνωση καθώς και η μετάδοση του 

προσανατολισμού και της τάξης θέσεων από την επιφάνεια προς την μεσαία περιοχή των 

πόρων εξαρτάται το σχήμα και τι μέγεθος του πόρου, από τη θερμοκρασία καθώς και 

από τις συνθήκες μοριακής αγκύρωσης στις επιφάνειες του πόρου.  

Για έλεγχο της αποτελεσματικότητας της στρατηγικής αδροποιημένης μοντελοποίησης 

που αναπτύχθηκε μελετήθηκαν επίσης αμφίφυλα δενδριμερή τύπου Janus περιορισμένα 

σε επίπεδη επιφάνεια. Τα αποτελέσματα των προσομοιώσεων έδειξαν την ικανότητα του 

μοντέλου μας να αποτυπώσει με επιτυχία το την αμφίφυλη φύση αυτών των 

δενδρομερών και να περιγράψει με επιτυχία διαφορετικούς τύπους αυτοργάνωσης που 

σχετίζονται με την αμφιφυλικότητα αυτών των μορίων και τον συνεπαγόμενο νανο-

φασικό διαχωρισμό τους.  

ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: δενδριμερή, υγροκρυσταλλικά δενδριμερή, νανο-εγκλεισμός, 

μοντελοποίηση δενδριμερών, επαγόμενος  προσανατολισμός, δενδριμερή τύπου Janus. 

αυτοοργανωση δενδριμερών, αυτοσυναρμολόγηση δενδριμερών, προσομοίωση Monte 

Carlo 
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CHAPTER 1. INTRODUCTION

This chapter is solely devoted to introducing about Liquid Crystalline Dendrimer

(LCDr) and its main constituents. These constituent molecules are Liquid Crystals and

Dendrimers. The chapter tries to cover from the definitions to the practical and potential

applications provided by these materials. Different literature about these materials have

been reviewed.

1.1 DENDRIMERS

Dendrimers represent a special class of highly branched synthetic polymers. They

are large and complex molecules with precisely defined chemical structures. They are

composed of tree-like branched repeating units emanating from a central core(1)-(8).

The core is characterised by its functionality, i.e. the number of chemical bonds through

which it can be connected to the external parts of the molecule. Through these bonds,

the first layer of linear units, either single monomers or linear chains, is attached to the

core resulting in a star molecule or generation zero dendrimer. Each of these arms is

terminated with the multifunctional branched units. Successive generations are created

by adding shells of linear units to the end groups of the layer. A schematic representation

of generation two dendrimer is given in Figure 1.1.
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Figure 1.1 The topology of a dendrimer of generation two with tri-functional core and

bi-functional branched units .

Due to their unique topology, the properties of dendrimers drastically differ from those

of ordinary polymers with more traditional topologies. Their ability to encapsulate guest

molecules in their cavity or to attach other molecules in their free surface makes them

potential vehicles for the delivery of drugs. Furthermore, their self-assembly properties

make them promising nano-scale building blocks. Through control of their structure and

composition their properties can be fine tuned towards an intended potential applications.

Since their discovery in the late 1970s(1), dendrimers have led to the most impressive

developments and rapidly expanding areas of current science. This astonishing passion

is caused by the intrinsic and unique molecular features of the dendrimers. In addition,

the possibility of generating numerous original chemical architectures, giving rise to new

synthetic concepts and challenges (10; 11) as well as raising several interesting theoretical

questions(12; 13) made these macro-molecules hot research topics .

There are two basic techniques used to produce dendrimers. These are divergent and

convergent dendrimer synthesis methods. In divergent method, the dendrimer growth

starts from the central unit by adding successive repeat units. First, the core or the active

terminal groups reacts with the monomers units to add another layer of linear branches
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to the molecule. Then, unreactive terminal groups are activated to create bonding sites

for branches of the next generation. The growth proceeds by repeating the procedure

until the required size of the dendrimer is achieved. This synthesis technique is successful

in producing large dendrimers; however, side reactions and the possibility of incomplete

reaction steps may lead to imperfect and polydespersed samples. An alternative way of

growing dendritc molecules was proposed by Hawker and Frecht(14). It is termed as the

convergent dendrimer growth method. Unlike divergent method, synthesising dendrimer

units starts from the surface and works towards the central core in this method.

The structure of an arbitrary dendrimer is characterised by the number of generations

(G), the functionality of the core(fc) and the functionality of the branching points(fb),

the number of spacer monomers(ns). The total number of monomers comprising a given

generation dendrimer is given by the formula (12)

Ntot = fcns
(
fG+1
b − 1

)
+ 1 (1.1)

and it grows as the exponential function of generation number (G). The number of

monomers in the successive layers is equal to the number of monomers in the immedi-

ate previous layer multiplied by the functionality of the branching point and results in

increasing density of shells composing the molecule. The number of terminal groups can

also be quantified as;

Nter = fcf
G
b (1.2)

with this formulation, the smallest star molecule could be generation zero dendrimer of

fc surface monomers.

One of the unusual property of the dendrimers is the fastest growth of their size

as the function of generation number compared to the available volume. As the size

increases, they undergo transitions from soft polymers with flexible open structures to

hard spherical particles with closed compact structures. By controlling their generation

number and the length and the flexibility of the spacers (linear units between branching
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points)the effective interactions between dendrimers can be fine tuned. Therefore, the

properties of the dendrimers and the materials that they compose can be controlled.

The shape, conformation, mass distribution and location of terminal groups of den-

drimers have been open and debatable questions for years(15)-(27). To address these

questions, several experimental and theoretical studies have been made. X-ray and small-

angle neutron scattering experiments have shown that higher generation dendrimers

possess spherical shapes(28; 29). The internal density of the dendrimers was found that

molecules of small generations display internal self-similarity, whereas those of larger

generation numbers exhibit spherical homogeneous dense structure(31).

The location of terminal units is very important from the point of view of the potential

applications of dendrimers. The properties of dendrimers (reactivity, intermolecular

interactions, conformation) would be different for end groups distributed throughout the

volume occupied by the molecule from the case where end groups are distributed at or

close to the surface of the molecule. There has been disagreements whether the terminal

groups are localised at or near the surface or back folded to the inner volume of the

molecules both from experimental and theoretical studies. In this regard, Topp and co-

workers(24) have performed SANS experiment on generation 7 PAMAM dendrimer and

found out that its terminal groups are localised near the outer shell. However, this result

couldn’t be reproduced by another study made by Scherrenberg and co-workers(29) where

the strong back folding of end groups have been observed. From NMR experiments(32)

it was concluded that in good solvents, conformations with extended outward facing

branches are dominant, whereas in bad solvents conformations with folded branches are

pronounced.

The first theoretical analysis of the structure of dendrimers was performed by de

Gennes and Hervet(32) using a mean field approach to determine the scaling properties

of dendrimers. By imposing an assumption that the branches of the growing dendrimer

always face outwards and that the monomers belonging to the same generation lay in
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concentric shells. With these assumptions, they observed molecules with hollow flexible

inner cores and dense rigid outer shells. This work determined the limiting generation

number of dendrimers. They also reported that the size of dendrimers changes with the

number of monomers as Rg ∝ N
1
5 where Rg is the mean molecular radius of gyration.

Since then the surface congestion property of dendrimers is refered to as de Gennes dense

packing phenomena. However, theoretical studies by using other methods formulated by

Zook and Pickett(27) were in contrast to the work of de Gennes. It was found that for

higher generation dendrimers the configuration is the one with a dense core and terminal

groups are distributed throughout the interior of the molecule.

Computational simulation studies of dendrimers have also been performed. The first

simulation study was atomistic simulation by making use of self-avoiding random walk

reported by Lescanec and Muthukumar(16). Molecular Dynamics simulation study was

also performed by Murat and Grest(33). Mansfield et al. developed a technique to study

the properties of dendrimers by using Monte Carlo simulations(34)-(36). The current

agreement in all of these studies is that the structure of dendrimers is characterised

by a dense core, highly folded branches and terminal groups distributed throughout

the interior of the molecule. However, although there is now consistent agreement for

the qualitative structural features of dendrimers, there are considerable quantitative

differences between these models, which depend on the details of the dendrimers studied

and the external physical conditions.

Due to their unusual structural features that include nanoscopic size, spheroidal

shape, controllable reactivity of the surface, and voids and cavities inside the molecule,

dendrimers are the best molecules for different practical and potential applications. This

structural precision makes dendrimers very interesting candidates for the development

of new types of molecules that find applications in the field of Medicine, Pharmacy,

Catalysis, Nanobiology, Optics, etc(37)-(52).

Dendrimers have ability to encapsulate certain guest molecules to separate and release
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it to the target environment when necessary to do so. Such technique could be used as

vehicles for delivering genetic materials or drugs in to the cells(37; 38; 47). Smaller gen-

eration dendrimers are easier to penetrate for guest molecules; however adding another

generation creates a dense shell that becomes impenetrable for guest molecules. When

the host-guest molecule reaches the target area the controlled removal of the external

shell enables the release of the encapsulated guest molecule. In addition, dendrimers can

also be used as vehicles of other molecules attached to their surfaces.

1.2 LIQUID CRYSTALS

Matter is known to exist in four main states; solid, liquid, gaseous, and plasma.

Each of these states has specific criteria for materials including symmetry, distribution

of atoms, and degrees of freedom. For example, solids have a higher density and degree

of ordering when compared to liquids and gases. Conversely, liquids can flow due to

the lack of definite ordering between the molecules. However, some materials exist that

possess properties that overlap the discrete classification of the states of matter. These

materials are usually called Liquid crystals (LCs)(53; 54). As the name suggests, LC

refers to crystals that are liquid in nature.

The LC state is a semi-crystalline state in certain materials, which is both liquid

as well as crystalline. Crystalline materials or solids are materials characterized by

strong positional as well as orientational order. Positional or translational order is the

degree of repetitiveness of molecular structure. Orientational order signifies the degree

of orientation of molecules with respect to each other. In liquids, the molecular packing

corresponds to weak ordering, which is why the molecules are free to move and traverse

across in layers. The positional and orientational orders have low values for liquids. In

gases, there is complete disorder in the molecules, which corresponds to negligible values

for positional and orientational order.
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The liquid crystal phase is a mesophase, which occurs in the transition from solid

to liquid (isotropic). As a result, positional order and orientational order have values

between that of solid and liquids indicating some positional as well as orientational order.

This is the reason why liquid crystals have a molecular structure, which can be classified

based on the type of positional and orientational order. For the liquid crystalline state

or the mesomorphism, there are two conditions to be satisfied. Firstly, anisotropy of the

molecules. This means that the molecules should be either rod or disc shaped. Secondly,

there should be some degree of fluidity between the molecules.

It has been more than hundred years since the first discovery of liquid crystals. Its

discovery is credited to Friedrich Reinitzer, who noticed that his chemical compound

under investigation (cholesteryl benzoate) had two melting points(55); at first the crystal

melted into a cloudy liquid and next the liquid became clear. That cloudy liquid was

supposed to be LC state. After the discovery, the liquid crystal research flourished. In

1922, Georges Friedel suggested a classification scheme to name different phases of liquid

crystals called nematic, smectic and cholesteric, which are still used (56). George Friedel

also introduced the term mesophase (meaning in-between phase) as an alternative name

for liquid crystal phases and the term mesogen for the molecules that form these phases.

LCs have not been used in any practical applications until the 1960s. They were just

a topic of theoretical interests(57)-(68). Theoretical research had been accomplished

on study of alignment of LCs on substrates(60), change of their alignment through

electric and magnetic fields(62)-(64), and knowledge about the optical axis in these

materials(64; 65). During the Second World War, there was a big demand of display

device to exchange massages as a text and graphics. At the time, Cathode Ray Tubes

(CRTs) were thought as the only reliable, long-term display solutions but fortunately,

its technology didn’t satisfy everyone. As a result, an extensive effort towards alterna-

tive materials and technology for display applications was underway. It was during this

period that LC display technology has been emerged as the option. The biggest accom-
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plishment for applied research on LCs was the demonstration of the twisted nematic

LCD by Schadt and Helfrich(61). Starting with displays for digital watches, LCDs have

grown to cover many more applications.

Liquid crystal phases are formed by a wide variety of molecules(53). They can be

divided into two classes, thermotropic and lyotropic. Transitions to thermotropic phases

are instigated by changes in temperature, while those to lyotropic phases can also be

initiated by changes in concentration. Most of the commercial electro-optical devices

including displays (LCDs) for television and digital watches use thermotropic LCs. On

the other hand, lyotropic LCs are a solute - solvent combination in which the LC phase

is achieved by varying the solvent concentration. One of the common examples of a

lyotropic LC is the residue found at the bottom of a soap tray. Lyotropics form micellar

configurations, and are also commonly found in detergents. However, electro-optical

applications for this family of LCs are not many to be found. For this thesis, we shall

focus our attention on thermotropic LCs.

1.2.1 Thermotropic Liquid Crystals

The majority of thermotropic liquid crystals are comprised of rod-like molecules,

which can be broadly classified as nematic, cholesteric, and smectic phases(69; 70). Fig-

ure 1.2, taken from reference (70), illustrates a particular phase sequence with increasing

temperature: crystal, smectic C, smectic A, nematic, and isotropic liquid. This particu-

lar phase sequence and the corresponding transition temperatures are exhibited by the

compound 4-n-pentylbenzenethio-4-ndecyloxybenzoate.
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Figure 1.2 Phase sequence for a thermotropic calamitic liquid crystal possessing crystal,

smectic C, smectic A, nematic, and isotropic phases.

These are not only family of compounds which exhibit liquid crystallinity but there

are thousands of compounds that reveal liquid crystal state, and a rich variety of phase

sequences. Cyanobiphenyls (nCB) are among a family of those compounds. They are

rod-like liquid crystal forming compounds. This particular family can have a rich variety

of phase sequences, depending on the length of the aliphatic chain. For example the phase

sequence of 5CB is crystal-nematic-isotropic, whereas that of 8CB is crystal-smectic A-

nematic-isotropic, and 12CB is crystal-smectic A-isotropic. Shorter length CBs do not

show smectic phases, whereas longer length CBs jump nematic phase and show smectic

phase. The phase transition temperatures for 5CB, 8CB and 12CB are shown in the

Table 1.1(69). There are also a fascinating variety of other smectic phases which are

classified by order and symmetry(70)
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Table 1.1 Transition temperatures of some cyanobiphenyl coumponds

Chain length Abbreviations Transition

n = 5 5CB Nematic ← (35oC) → Isotropic
n = 8 8CB Smectic A ← (33.3oC) → Nematic ← (38oC)→ Isotropic
n = 12 12CB Smectic A ← (56.9oC) → Isotropic

The isotropic phase, or fluid phase, lacks any positional or orientational order. As the

temperature is lowered, the material experiences a phase transition to the nematic phase.

The nematic phase lacks positional order, but does possess long-range orientational order,

characterized by a nematic director n defining the average direction of the ensemble of

molecules. The nematic phase, the simplest of all the liquid crystal phases, differs from

a truly isotropic liquid in that the molecules are approximately oriented with their long

axis, on average, parallel to one another. The preferred direction of molecules in the

nematic phase usually varies from point to point. However, an aligned specimen is

optically uniaxial. Upon further cooling, the nematic phase transforms into a smectic

A phase. The smectic A phase (the simplest smectic phase) possesses orientational

order and a density modulation due to the arrangement of molecules in book-shelf-type

layers. The orientational order is characterized by the nematic director, n. The molecules

within the smectic planes do not exhibit any correlation between their centers of mass

(i.e., fluidity within layers). Upon further cooling, the smectic C phase forms. The

main difference between the smectic C phase and the smectic A phase is the tilt of

the molecules residing in the smectic planes. Upon even further cooling the material

transforms into a crystal structure, possessing both positional and orientational order.

Quantifying the degree of orientational order in liquid crystal systems has been suc-

cessfully achieved by the Maier-Saupe theory(71). From a mean field approximation

(i.e., each molecule is subject to an average internal field which is independent of any lo-

cal variations or short range ordering), the temperature dependence of the orientational

order parameter, S, can be determined. This orientational order parameter is defined
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in equation 1.3 where θ is the angle the long molecular axis makes with the nematic

director n, and 〈·〉 denotes an ensemble average. For perfect crystalline order 〈cos2 〉 = 1

and S = 1. In a completely disordered system, in the isotropic phase, 〈cos2 〉 = 1
3

and

S = 0. Through the nematic phase, S ' 0.3−−0.4 near the nematic-isotropic transition

and S ' 0.6− 0.8 deep in the nematic phase.

S = 〈P2 (cos θ)〉 =
1

2

〈
3
(
cos2 θ

)
− 1
〉
. (1.3)

McMillan et al. has extended Maier-Saupe theory in order to describe the one di-

mensional translational periodicity of the layered smectic A phase(67). The orientational

order parameter, S, is identical to the Maier-Saupe theory (equation 1.3); and a new

parameter, σ, expressed as

σ =

〈
cos

(
2πz

d

)(
3 cos2 θ − 1

2

)〉
(1.4)

is a measure of the amplitude of the density modulation characteristic of the layer struc-

ture and defines the degree of smectic ordering. In the smectic A phase, σ 6= 0 and

S 6= 0, in the nematic phase σ = 0 and S 6= 0, and in the isotropic phase σ = 0 and

S = 0.

1.3 LIQUID CRYSTALLINE DENDRIMERS (LCDrs)

Liquid crystalline dendrimers(LCDrs) usually are derived through functionalization

of common dendrimers with low molar mass liquid crystal molecules (mesogens) (72; 73).

These super-molecules have proven to be an interesting new family of mesogenic com-

pounds with dimensions and molecular weights between low molar mass mesogens and

polymers(74; 75). Dendritic properties like the absence of entanglements and the high

local concentration of mesogenic groups, explain the interest in dendritic supermeso-

gens as potential LC materials with interesting balance in viscosity and thermodynamic

stability(76). Intensive research work has been conducted in the last years on the syn-

thesis and characterisation as well as in theory and modeling of these materials(77; 78)
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There are two possible ways of incorporating mesogenic groups in to the body of the

dendrimer as shown in the Figure 1.3. One way is, introducing mesogenic units within

the interior (branching points) of the dendrimers. This molecule leads to the formation

of calmatic nematic and smectic thermotropic phases(79). The other way is attaching

mesogenic units at the surface of the dendrimer(80). In this structure, the distribution of

the terminal mesogenic groups rearrange themselves due to the conformational changes in

the dendrimer. Different types of mesophases can be formed due to these rearrangements

of mesogenic units. For instance, Carbosilane LCDrs have been proved to form rods

leading to smectic-A phase formation or form discs which can be assembled to form

columns, leading to the formation of columnar mesophases(81)

a) b)

Figure 1.3 Model main chain and side chain Liquid Crystal Dendrimers

.

Since the early 90’s(72), liquid crystal dendrimers (LCDrs) have been under inves-

tigation. However, the pace of research on this topic has not been satisfactorily fast

enough. Only recently, significant research works has been performed(82). The first

studies of these materials dealt basically with fundamental research targeting on how
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the introduction of mesogenic units induce mesogenic behaviour on the dendritic struc-

ture. Currently, the investigation is focused on finding possible potential applications of

these unique materials.

So far, most studies have focused on side-chain liquid crystalline dendrimers. This

thesis mainly focuses on side-chain LCDrs. The overall structure of such LCDrs consists

of a flexible branched network with a branching multiplicity fb, emanating from a single

multivalent initiator core with a connectivity fc, and mesogenic units attached laterally

(end-on) or terminally (side-on) at the termini of the branches (Fig. 1.3b). The number

of peripheral groups, Nm, depends on these two structural parameters (fc and fb) as well

as the generation number, G, according to the geometrical law: Nm = fcf
G
b .

Mesomorphism in these compounds originates mainly from both the enthalpic gain

provided by anisotropic interactions between mesogenic units, and the strong tendency

for microphase separation due to the chemical incompatibility between the flexible den-

dritic core and the terminal groups as in AB-block copolymers(83). Donnio et al.(84)

pointed out that the structure of the mesogen as well as the topology of attachment

to the core (end-on and side-on) determine the mesomorphism of the entire compound.

The eventual molecular architecture (size and shape) can be modulated by the generation

growth, the multiplicity of the branches and the connectivity of the focal core.

The general structure of a liquid crystalline dendrimer would be influenced by the

mesogenic groups attached to the periphery of the flexible dendritic network, tendency

of the dendritic core to adopt a globular isotropic conformation and also by the chemical

and structural incompatibilities between the dendritic core and the peripheral groups.

The structural organization of LCDrs may have different characteristics depending on the

number of their generations. For example higher generation LCDrs have strong tendency

to self organize into supramolecular columnar mesostructure(85). The strong tendency

of the core to phase separate with increasing number of generation also led to forma-

tion of strongly segregated smectic structure for some LCDrs. These supramolecular
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organizations of LCDrs depends also on temperature variation.

The extensive molecular flexibility normally exhibited by LC dendrimers is believed

to be a key feature for understanding their macroscopic properties in relation to their

molecular structure. Several years ago Terzis et al (86; 87) presented a simple molecular

theory of deformable molecules and used it to describe order-disorder transitions in fluids

of dendrimers with high surface-density of mesogenic units. In these works they studied

model systems that exhibit conformational sphere-rod and sphere-plate interconversions.

Under these assumptions a rich variety of order-disorder phase transitions rationalized

in terms of shape deformability of LCDrs. Vanakaras et al in a series of papers(89)(88)

presented a low-resolution molecular theory in which the microscopic properties giving

rise to the directionality of the supermolecular interactions are identified with overall

shape anisometry, submolecular partitioning of the interactions and non-convexity of the

molecular surface. Taking explicit account the dendritic conformations and segmental

interactions this theory provided a consistent description of the basic features of the

mesomorphic behaviour of supermolecular systems. Based on molecular theory and

computer simulations Peroukidis et al (90; 91; 92) introduced elegant theoretical models

capable to rationalize, in molecular terms, the phase behaviour of fulerene containing

LCDrs.

Lower generation dendrimers possess planar structure as it has been shown by some

experimental and molecular modelling techniques while structural complication arises for

dendrimers with higher generations due to overcrowding of the terminal groups. With

increasing generations the shape of any dendrimers become progressively more globular

in order to occupy larger molecular structure with minimized repulsion between the

segments(93). In case of globular macromolecular structures, the core region of the

dendritic matrix becomes increasingly shielded off from the surroundings. In LCDrs,

increasing generation number of an LCDr increases the isotropization temperature and

phase transition behaviour also changes. The strongest influence of spherical molecular
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architecture on the phase behaviour of the LCDrs appears at higher generations which

regulates the structural organization of LCDrs.

Depending on the type and nature of intra-molecular forces the resultant dendritic

structure can be rigid or flexible. In case of flexible structures back-folding may occur

as a consequence of weak forces between surface functionalities and relatively higher

mobilities leading to more disordered conformation where the molecular density is spread

out over the entire molecular volume. However, back-folding may also be resulted from

attractive forces such as ion-pairing, hydrogen bonding etc. between functional groups

at the inner part of dendrimers and the surface functional groups. Thus, the structural

organization of LCDrs upon growing to higher generations depends on the ability of the

surface groups to form network with each other. In the case where hydrogen bonding is

possible with the surface groups, a dendrimeric motif with a very dense periphery and

hollow core may be resulted. Self assembly of such supramolecular dendritic architecture

into bulk phase to produce periodic nanostructures renders possibly the design of newer

intelligent organic matter having multidimensional utility. This fact encourages further

research activities on liquid crystalline bulk nanoscale organic matters. There are several

examples of side chain LCDrs. Some of them are mentioned below:

1.3.1 Poly(propyleneimine)(PPI) and Polyamidoamine(PAMAM) LCDrs

These LCDrs contain tetravalent core (fc = 4) and binary branching points (fb = 2)

leading to 4, 8, 16, 32, 64 and 128 terminal mesogens from G0 up to G5. These ma-

terials are built by the functionalization of the periphery of a pre-formed dendrimer

poly(amidoamine) and poly(propyleneimine) with mesogenic units that promote the for-

mation of supramolecular organizations giving rise to liquid crystal mesophases(94; 95;

96). For instance, the introduction of rod-like or disk-like units at the periphery of

the original dendrimer leads to dendritic architectures that display liquid crystalline

properties. The mesomorphic properties of these LC dendrimers (phase type, transition
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temperatures and thermodynamic stability) are determined by the enthalpy/entropy bal-

ance, the degree of chemical incompatibility of the constituent parts, their size and the

structure of the mesogenic unit itself.

It has been shown that higher generation PPI dendrimers whose surface is function-

alized by pentyloxy and decyloxy cyanobiphenyl mesogens with pentyl spacer exhibit

liquid crystalline phases between glass transition temperature and the isotropic liquid,

while those with decyloxy spacer also exhibit liquid crystalline behaviour but with the

presence of a crystalline or semi-crystalline state at low temperature and with higher

transition temperatures(97). Some experimental studies show that all the mesophases

observed are smectic A in nature. The other interesting feature of these materials is that

the layer spacing between successive layers of mesogens is independent of the generation

number.

The arrangement of the mesogenic end-groups is predominantly perpendicular with

respect to the layer planes, with the dendritic cores located between these mesogenic

sublayers. This orientation of the mesogenic groups is the same as for the low molecular

weight cyanobiphenyl molecules which are well known to adopt antiparallel arrangements

due to strong dipoledipole interactions between the terminal cyano groups. The fact that

the layer spacing does not vary as a function of the number of peripheral mesogenic units

implies that the dendritic core should be in a pronounced distorted conformation, which

seems to indicate an extension which occurs only in two dimensions in a plane parallel

to the smectic layers with increasing generation number.

Systematic study of the properties of side-chain LC dendrimers has been undertaken

on these PPI dendrimers and also on PAMAM systems by Serrano et al.(108) . In

these dendrimers, the mesogenic group is connected to the dendritic scaffold by an imine

linkage. In all cases, it was found that the enthalpic gain of the mesogenic units arranged

as in a classical liquid crystalline mesophase dominates over the entropic tendency of

the dendrimer core to adopt a globular isotropic conformation. The flexibility of the
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dendritic PAMAM and PPI cores allows the macromolecule to adopt a microphase-

separated molecular conformation which gives rise to various types of liquid crystalline

supramolecular organizations. The chemical structure of the mesogenic units (shape,

number of terminal alkoxy chains) determines the type of mesophase formed (nematic,

lamellar, columnar).

LC dendrimers obtained by functionalization of the various generations of amino-

terminated PAMAM and PPI dendrimers with mesogenic units bearing one terminal

alkoxy chain displayed smectic mesophases and a nematic phase for G0(98). In this

case and in agreement with the first suggestions of Meijer et al.(59), the molecular

model proposed consists of cylinder-like shaped dendrimers in which the dendritic core

occupies the central slab and the lateral mesogenic units are arranged parallel to each

other, extending up and down from the molecular dendritic matrix (Fig. 1.4). This

model explains the mesogenic behavior of these PAMAM and PPI derivatives since the

dendrimeric supermolecules can be considered as large rods that would be ordered parallel

to each other promoting the supramolecular order typical of smectic mesophases.
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Figure 1.4 Cylindrical conformation of model G = 5 LCDr

.

In this type of supramolecular organization, the dendritic core deforms strongly with

increasing generation number, since the layer spacing remains almost constant whatever

the molecular weight. This deformation takes place in two dimensions in a plane parallel

to the smectic layers.

The same dendritic matrices functionalized with mesogenic units bearing two ter-

minal alkoxy chains exhibit solely a hexagonal columnar mesophase(99; 100). These

dendrimers cannot be arranged in a molecular cylindrical model as that proposed for the

smectic phases, however, the LCDrs tend to adopt a different and more stable conforma-

tion, so that the mesogenic units can be accommodated optimally. The most probable

conformation consists of a disk-like radial arrangement that allows the filling of the space
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(Fig. 1.5). These molecular disks self-assemble into supramolecular cylindrical columns

which are arranged according to a hexagonal symmetry.

Figure 1.5 Schematic diagram of disk-like radial arrangement of a given LCDr

.

This proposed model was further justified by MD simulation which reproduced the

paving of the hexagonal lattice of the dendrimers in a flattened wedge conformation. The

result of the calculation evidenced a good filling of the available volume. An enhancement

of the micro-segregation over the entire simulation experiment time was also observed,

contributing to the stabilization of the structure. Furthermore, the compensation of the

molecular areas at the dendritic/mesogen interfaces implies the tilt of the peripheral rigid

segments with respect to the radial directions(101).

Another very interesting phenomena of these LCDrs is that the diameter of the

columns does not vary significantly with the generation number. In other words, this

clearly indicates that the dendritic core deforms strongly in one main direction corre-

sponding to that of the columnar axis, whereas the mesogenic units are arranged radially

to ensure efficient lateral interactions within and between columnar slices.



20

To wind up, both lamellar and columnar mesophases can be obtained with den-

drimers, even with those of high molecular weight, the stability of the corresponding

phases being ensured by lateral interactions between the mesogenic units and by a sig-

nificant deformation of the conformation of the dendritic core. The difference in the

symmetry of the mesophase is only related to a small difference in the molecular design

of the peripheral mesogenic groups. Those with only one terminal end-chain produce

lamellar mesophases by the lateral expansion of the dendritic matrix within the layer

(prolate deformation), whereas those with two terminal end-chains lead to columnar

mesophases by stretching of the matrix along the columnar axis (oblate deformation).

The thickness of the disc and the diameter of the cylinder can be tuned according to the

generation number, but the fundamental dimensions of the mesophase structure (layer

spacing for the lamellar phases and intercolumnar distance for the columnar phases) do

not depend on the size of the LCDr itself.

1.3.2 Carbosilane LCDrs

Silicon-containing dendrimers, depending on the nature of the linkage at each junc-

tion, can be divided into carbosilane (Si-C), siloxane (Si-O), and carbosilazane (Si-N)

sub-systems. Among these carbosilane dendrimers constitute one of the most important

class of dendrimers due to their excellent chemical and thermal stability and versatility

of the core connectivity(102; 103). For carbosilane LCDrs, the dendritic motif is based

on a tetravalent core (fc = 4) coupled to a binary branching multiplicity (fb = 2) as that

of PAMAM and PPI. Nature of the mesogen and generation number of the dendrimer

are necessarily been involved in determining the phase of the LCDr. Thus, dendrimers

up to 4th generation functionalized by calamitic units (for example cyanobiphenyl) ex-

hibit exclusively Smectic-A and Smectic-C phases between room temperature and 90oC

and the smectic phases stability and order improve upon dendrimerization because of

enhanced microphase separation between the mesogenic units and the flexible dendritic
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Si-containing skeleton. The dendritic core in such compounds is probably in a dis-

torted conformation with a 2D expansion in a plane parallel to the smectic layers. The

supramolecular shape of the dendrimer varies significantly with increase in temperature.

Above the SmA phase, a Colr phase is first formed, and on further heating a Colh phase

is formed. This happens because as the carbosilane dendrimer continues its expansion in

the third direction leading to the curvature of the mesogen/dendrimer interface, mesogen

must compensate the increase of the cross sectional area of the core. So further increase

of temperature results more cylindrical shape leading to columnar structure (104).

1.4 LIQUID CRYSTALLINE DENDRIMERS AS

FUNCTIONAL MATERIALS

Dendritic architecture, the most pervasive topology has been assigned as the unique

one in terms of its capability for total control over molecular design structural param-

eters, control over branching pattern, molecular size, structure and morphology. These

features project them as a newer class of potential materials for development of intelli-

gent functional materials. The ability of dendritic motifs to self assemble to well defined

and nano-sized dendritic macromolecules will continually increase their importance in

material science and serve as an interesting and fascinating motif in nano-science, nan-

otechnology and other interdisciplinary fields.

For instance, due to micro phase separation between polar and apolar regions different

mesophases are observed for ionic derivatives of linear carboxylic acid with PAMAM or

PPI liquid crystalline dendrimers. Such dendrimers are modified to obtain birefringent

glasses at room temperature and viscous smectic A phase at higher temperature(105).

These dendrimers possess terminal flexible alkyl carboxylic acids separated by a region of

high density of the ionic ammonium carboxylates and these LCDrs may find interesting

application as anisotropic ionic conductive material(106).
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The spin functional soft dendritic materials capable of undergoing spin transition at

specific temperature range have potential for sensor application because of their quick

response of the spin cross over phenomena to temperature change. Fujigaya et al. has

reported about some dendritic triazole Fe(II) complex having alkyl sulphonate as counter

ion, which can undergo thermal induced discolouration colouration cycle and that can

be repeated without any sign of deterioration (107). Phenomena of self-assembly in

some of these dendrimers can attribute characteristic texture due to liquid crystalline

mesophase. For such dendrimers the spin-transition and phase transition events are

perfectly in harmony to each other and show quick response to temperature change and

hence are anticipated as promising materials for sensor application. Astruc et al. has

reviewed the application prospects of liquid crystalline dendrimer(108).

Percec and his group observed the fact that when electron acceptor or donor or-

ganic groups are placed at the focal point of suitable dendrons, the supramolecular

organization in such cases produce liquid crystalline dendrimer with high charge carrier

mobilities. The materials produced could have interesting electronic and opto-electronic

applications(109). Deschenaux et al. have argued that properties of fullerene-containing

thermotropic liquid crystals could be of interest for applications like molecular switches;

solar cells etc. and hence find importance in nanotechnology(110). The supramolec-

ular organization promoted by the mesogenic group enhances the photophysical and

electrochemical properties of the supramolecule. It can be generalized that fullerenes

covalently functionalized with mesomorphic dendrimers can produce self assembled liq-

uid crystalline architecture that can be tuned by molecular design to obtain tailor made

characteristics for application purpose.

Thermotropic liquid crystals are already been used in most of our daily used items like

watches, calculators, mobile telephones etc. Therefore liquid crystalline dendrimers are

certainly interesting materials for application studies. The beauty of such compounds is

that liquid crystalline properties can be controlled as a function of dendrimer generation



23

and can be tuned by careful selection of mesogenic groups. For example ferroelectric

properties were obtained for dendrimers functionalized with chiral mesogenic moieties

(111). Metallocenyl dendrimers due because of their electrochemical properties have

attracted much attention in the field of molecular electronics. Thus smectic C and smectic

A liquid crystalline phase has also been observed with LCDrs such as ferrocenyl and C60

terminated dendrimer(112). Photosensitive ionic nematic liquid crystal complexes are

also known(112). PAMAM and PPI dendrimers can be decorated with appropriated

groups to obtain liquid crystalline dendrimers having smectic and columnar mesophase

and with interesting photophysical properties (113). The development attained so far in

the field of liquid crystalline dendrimers throws light on the bright prospect of emergence

of newer intelligent opto-electronic materials for novel applications.

Furthermore, dendrimers containing electroactive groups at the center or on the pe-

riphery can help understanding biological electron transfer and are excellent candidates

for applications like as catalyst, electron transfer mediator, ion sensors etc. Proper un-

derstanding of the connection between structure and function will provide deeper insight

into the behavior of biological systems too, so that the scope of the application can also

be extended to real world problems.
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CHAPTER 2. COMPUTER SIMULATION METHODS

General introductions about computational simulation methods and their significance

in predicting structural and dynamic properties of polymeric systems is assessed under

this chapter. It specifically, introduces two main kinds of computational methods, Molec-

ular Dynamics and Monte Carlo simulations. Details of Monte Carlo and some basics of

Molecular Dynamics simulation methods under different statistical ensembles are heart of

this chapter. In addition, this chapter deals with use of NPT and NVT ensemble Monte

Carl simulations of systems confined in different topology of nano-pores. The Monte

Carlo simulation method set in this chapter is used for the simulation of all systems

considered in this thesis.

2.1 INTRODUCTION

Computer simulation is a powerful and modern tool for solving scientific problems as

numerical experiments can be performed for new materials without synthesizing them.

One of the aims of computer simulation is to reproduce experiment to elucidate the invis-

ible microscopic details and further explain experiments. On the other hand, simulation

can also be used as a useful predictive tool. The most widely used simulation methods

for molecular systems are Monte Carlo and Molecular Dynamics.

The Monte Carlo method is a stochastic approach that relies on probabilities(117).

The Monte Carlo sampling technique generates large numbers of configurations or mi-

crostates of equilibrated systems by stepping from one microstate to the next in a par-
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ticular statistical ensemble. Random changes are made to the positions of the particles

present in the system, together with their orientations and conformations where appro-

priate. Quantities of interest can be averaged over these microstates. The advantages

of the Monte Carlo simulation technique include the ease of extending it to simulate

different ensembles, flexibility in the choice of sampling functions and the underlying

matrix or trial move which must satisfy the principle of microscopic reversibility as well

as time saving as only the potential energy is required(118).

Molecular dynamics is the most detailed molecular simulation method(119) which

computes the motions of individual molecules. In this method, Newton’s equations

of motion, which describe the positions and momenta, have to be solved for a large

number of particles in a system using periodic boundary conditions. The equations of

motion for these particles which interact with each other via intra- and inter-molecular

potentials can be solved accurately using various numerical integration methods such as

predictor-corrector or Verlet methods. Molecular dynamics efficiently evaluates different

configurational properties and dynamic quantities which cannot generally be obtained

by Monte Carlo(120).

Computer simulations could fill the gap between microscopic length and time scales

and the macroscopic world of the laboratory. The exact predictions of bulk properties

could be obtained from smartly guessed interactions between molecules. The predictions

are exact provided that they can be made as accurate as possible. Simulations, on the

other hand, act as a bridge between theory and experiment. Theory can be tested by

conducting a simulation using the same model. The model can be tested by comparing

with experimental results. Simulations can also be carried out in extreme thermodynamic

conditions like extremely high or low temperatures and pressures at which experiments

are unable to be conducted.

In this chapter brief overviews of Monte Carlo simulation technique and simple and

basic highlights of Molecular Dynamics simulation are addressed. In addition, MC sim-
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ulations in different ensembles will be explored as the whole work of this thesis is based

on this technique.

2.2 MOLECULAR DYNAMICS SIMULATION

Molecular Dynamics Simulation is a technique for computing the equilibrium and

transport properties of a classical many body system. This technique involves solving the

simultaneous Newtonian (spherical molecules) or the combined Newtonian-Euler (non-

spherical molecules) equations of motion for all particles in the system over a finite (and

usually short) time. The method is based on the statistical mechanics result that an

ensemble average of a given property Areal of an ergodic system can be obtained from

the time average of its instantaneous values as,

〈A〉ensemble = 〈A〉time = lim
tobs→∞

1

tobs

∫ tobs

0

A(PN(t),XN(t))dt ≈ 1

M

M∑
t=1

A(PN ,XN) (2.1)

where XN(t) describes the set of positional and orientational degree of freedom and

PN(t) is momenta of N particles of a system at time t, τ is the simulation time, M is

the number of time steps in the simulation and A(PN ,XN) is the instantaneous value of

A. The general algorithm of the Molecular Dynamics method is described in Figure 2.1.
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Figure 2.1 The Molecular Dynamics algorithm

.

With this process, the method used to calculate the force field is of critical importance

as it governs the equilibrium behavior of the model. Solving the equations of motion is

also the most time consuming part of the whole algorithm. Several algorithms have been

developed for the optimization of this task, the most common of which are the original

Verlet algorithm (121), leap-frog algorithm(122) and the velocity-Verlet algorithm(123).

The success of these lies in their time efficiency and ease of implementation.

Dan Frenkel et al.(124) has stated the similarities between Molecular Dynamics sim-

ulations and real experiments. Every procedures or steps followed in real experiment

have equivalent steps in MD simulations. For instance, preparing sample, connecting

this sample to measuring instrument and measuring certain properties of a system dur-

ing given time interval steps could be equivalently repeated in MD simulation as prepare

a sample: select a model system consisting of N particles and solve Newton’s equations

of motion for this system until the properties of the system no longer change with time

(equilibrate the system). After equilibration, perform production run (data collection).

The advantage of the MD technique is that it allows the study of transport properties
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of particles and, therefore, renders possibly the study of relaxation phenomena, which

cannot be addressed using the Monte Carlo method. One difficulty that arises with

Molecular Dynamics is that when faced with systems having both short and long time

scale oscillations, the time step employed must be small enough to capture the high

frequency behavior; nevertheless, the total run length is required to be sufficient to allow

the system to exhibit long time scales phenomena. This problem is very common in the

study of polymers, and biological systems.

Also it should be noted that Molecular Dynamics requires the use of a differen-

tiable model, as the forces and torques are derived from gradient of the intermolecular

potential(119). This said, discontinuous potentials, such as the square well potential(121)-

(124) have been used in MD simulations. In these case, the whole algorithm needs to

be re-cast so as to consider binary collisions rather than fixed time steps. With more

complicated non-differentiable models, however, the MD method cannot be used.

2.3 MONTE CARLO SIMULATION

Any simulations that use stochastic methods to generate new configurations of a sys-

tem of interest can be termed as Monte Carlo Simulation. In the context of molecular

simulation, Monte Carlo refers to importance sampling of systems at equilibrium. In

general, a Monte Carlo simulation will proceed as follows: generate initial configuration

of particles in a system. By configurations, we mean positional and/or orientational

states of each particles in a system. Then Monte Carlo moves are attempted that change

the configuration of the particles. These moves can be accepted or rejected based on

an acceptance criteria that guarantees all configurations are sampled in the simulation

from a given statistical mechanics ensemble distribution, and that the configurations are

sampled with the correct weight. After the acceptance or rejection of a move, one calcu-

lates the value of a property of interest, and, after many such moves, an accurate average
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value of this property can be obtained. With the application of statistical mechanics, it is

possible to calculate the equilibrium thermodynamic properties of the system of interest

in this way. One important and necessary condition for Monte Carlo simulations is that

the scheme used must be ergodic, meaning, every point that is accessible in configura-

tion space should be able to be reached from any other points in configuration space in a

finite number of Monte Carlo moves. Schematic diagram which shows the general Monte

Carlo scheme is shown in Fig.2.2.

Figure 2.2 General schematic diagram of Metropolis Monte Carlo Scheme

.
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Unlike molecular dynamics simulations, Monte Carlo simulations are free from the

restrictions of solving Newton’s equations of motion. This freedom allows simulaters to

propose moves that generate trial configurations within the statistical mechanics ensem-

ble of choice. Although these moves may be nontrivial, they can lead to huge speed

ups in the sampling of equilibrium properties. Specific Monte Carlo moves can also be

combined in a simulation allowing the simulator great flexibility in the approach to a

specific problem. In addition, Monte Carlo methods are generally easily parallelizable,

with some techniques being ideal for use with large CPU clusters. However, using MC

is disadvantageous over using MD in the sense that no dynamical information can be

gained from MC simulation and no general, good, freely available program for the Monte

Carlo simulation of complex systems. As it was stated above Monte Carlo simulation

method has been used through out this thesis. The basic reasons behind choosing this

method over MD are; firstly, our target system(liquid crystal dendrimer) is a compli-

cated branched polymer. It could be very difficult to fast equilibrate our system using

MD simulation. Secondly, the complexity of codes in MC are much less than that of

MD.

2.3.1 Theoretical Basis

The aim of a Monte Carlo simulation is the accurate calculation of equilibrium ther-

modynamic and physical properties of a system of interest. Let us consider calculating

the average value of some property, 〈A〉. This could be calculated by evaluating the

following:

〈A〉 =

∫
drNexp

[
−βU(rN)

]
A(rN)∫

drNexp [−βU(rN)]
, (2.2)

where, β = 1
kBT

, U is the potential energy and rN is the configurational state of a system

of N particles (the positions and orientations of all N particles at a given state). The
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probability of finding the system in this configurational state becomes

N (rN) =
exp

[
−βU(rN)

]∫
drNexp [−βU(rN)]

, (2.3)

where, the denominator integral is configurational partition function. If one can ran-

domly generate M points in configuration space according to Eq.2.3, then Eq.2.2 can be

expressed as:

〈A〉 =
1

M

M∑
i=1

A(rNi ) (2.4)

A Monte Carlo algorithm consists of a group of Monte Carlo moves that generate a

Markov chain of states. This Markov process has no history dependence, in the sense that

new configurations are generated with a probability that depends only on the current

configuration and not on any previous configurations. If our system is currently in state

m, then the probability of moving to a state n is defined as πmn, where π is the transition

matrix. Let us introduce a probability vector, Ni, that defines the probability that the

system is in a particular state i. The initial probability vector, for a randomly chosen

starting configuration, is N (0) and the probability vector for subsequent points in the

simulation isN (j) = N (j−1)π. The equilibrium, limiting distribution of the Markov chain,

N ∗, results from applying the transition matrix an infinite number of times, noted as:

N ∗ = N (0)π (2.5)

If the simulation is in the canonical ensemble, then N ∗ is reached when Ni is equal

to the Boltzmann factor for all states. Thus, once a system has reached equilibrium,

any subsequent Monte Carlo moves leave the system in equilibrium. The initial starting

configuration of the system should not matter as long as the system is simulated for a

sufficient number of Monte Carlo steps, M . For the simulation to converge to the limiting

distribution, the Monte Carlo moves used must satisfy the balance condition and they

must result in ergodic sampling(125). If the transition matrix satisfies Eq.2.5, then the

balance condition is met. For the stricter condition of detailed balance to be satisfied,
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the net flux between two states must be zero at equilibrium, i.e.:

Nmπmn = Nnπnm. (2.6)

Now, how is the transition matrix chosen, such that balance or detailed balance is

satisfied? In other words, how do we propose a Monte Carlo move and correctly choose

whether to accept or reject it? As an example, let us consider the Metropolis acceptance

criterion. The transition matrix between states m and n can be written as:

πmn = αmnpmn. (2.7)

where αmn is the probability of proposing a move between the two states and pmn is the

probability of accepting the move. Assuming that αmn = αnm, as is the case for many but

not all Monte Carlo moves, then Metropolis proposed the following scheme: if the new

state (n) is lower in energy than the old state (m), then accept the move (i.e., pmn = 1

and πmn = αmn for Nn ≥ Nm), or, if the new state is higher in energy than the old state,

then accept the move with pmn = e−β(UnUm) < 1. In this case πmn = αmn(Nn/Nm)pnm

but pnm = 1 for Nn < Nm, where the energy of state i is Ui. If the old and new states are

the same, then the transition matrix is given by πmm = 1−
∑

m6=n πmn. The Metropolis

acceptance criterion (126; 127) can be summarized as:

pmn = Min
[
1, e−β(Un−Um)

]
. (2.8)

In a computer simulation, for the case where Un is greater than Um, one generates a

pseudorandom number with a value between 0 and 1, and if this number is less than

pmn, then the trial move is accepted.

Monte Carlo simulations can be conducted in several different statistical mechanics

ensembles, and the distribution that we sample from depends on the ensemble. These

ensembles include, but are not limited to, the canonical ensemble (constant number of

particles N, volume V, and temperature T ), the isobaricisothermal ensemble (constant

N, pressure P, and T ), the grand canonical ensemble (constant chemical potential µ,
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V, T ), and the semi-grand canonical ensemble. Our simulation has been conducted

in NPT ensemble for confined systems of LCDrs. For that reason, we concentrated on

NPT ensemble and roughly gone through NV T ensemble in the next two subsections.

2.3.2 Monte Carlo Simulation in Canonical Ensemble, NV T

In the canonical (NV T ) ensemble the number of particles, system volume and temper-

ature are conserved. This corresponds to a closed system, which, however, can exchange

heat with a large surrounding heat bath. The weight function (density) ρ of the canonical

ensemble follows a Boltzmann distribution,

ρ ∝ e−βH (2.9)

where H = K(p) +U(r) be the Hamiltonian of the system. Thus, the partition function

becomes the product of two factors, kinetic (ideal gas) and potential (excess) factors as;

QNV T =
1

λ3NN !

∫
dpe−βK(p)

∫
dre−βU(r). (2.10)

This can be rewritten as a product of the ideal gas contribution and the excess contri-

bution as

QNV T = Qid
NV TZNV T (2.11)

where

ZNV T =

∫
dre−βU(r) (2.12)

is the so called configuration integral. In NV T Monte Carlo simulation the configu-

rational part of the partition function is very important. The acceptance criteria and

calculation of average properties in this ensemble are well explored in the previous sub-

section 2.3.1. Its detail Metropolis scheme for our system, Confined Liquid Crystal

Dendrimers (LCDrs), is also similar with that of NPT ensemble stated in Appendix A

(see Fig.A.1).
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2.3.3 Monte Carlo Simulation in Isobaric-Isothermal Ensemble, NPT

The Metropolis scheme can be extended to other ensembles in addition to the canon-

ical ensemble(124). The extension of the MC method into another ensemble requires

knowledge of its probability density, Nens. In this subsection we give general description

on how Metropolis Monte Carlo works in Isobaric-Isothermal ensemble, NPT and show

its details in our specific system. For this ensemble the general probability density can

be given as:

NNPT =
1

QNPT

exp [−β(U + PV )] (2.13)

where P is the pressure, V the volume, U is the potential energy of a system at a

given state and QNPT is the partition function of a system. The application of the

MC computational technique in this ensemble requires the generation of a Markov chain

with a state probability proportional to exp [−β(U + PV )]. This is achieved by using a

similar algorithm as that of the canonical ensemble, the only difference is that the volume

changes are performed in order to keep the pressure constant. Usually, volume changes

are attempted with a frequency of once every n sweeps (i.e. n attempted move per

particle) where n ≥ 1. The acceptance or rejection of volume moves can be determined

by the variation of enthalpy, ∆H, which is given as:

∆H = ∆U + P∆V − N

β
ln

(
Vn
Vo

)
(2.14)

where ∆H = Hn −Ho with

Hn = Un + PVn −
N

β
ln (Vn) (2.15)

and

Ho = Uo + PVo −
N

β
ln (Vo) . (2.16)

A given volume change move is accepted if ∆H ≤ 0 or χ ≤ exp [−β∆H], with χε[0, 1]

be random number, and rejected otherwise.
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Several methods can be used to generate the volume changes. One of these involves

generating a random change in volume ∆V computing the corresponding changes in box

lengths and rescaling the particle coordinates accordingly. However, this imposes the

constraint that the simulation box remain cubic and involves changing the lengths of all

three box sides. Another scheme is to change every box length independently by choosing

a box dimension randomly and assigning it a new length using a random variation. This

method allows the box shape to change and, if necessary, adapt to the nature of the

phase of the system under study. The other alternative scheme is to keep some of the

lengths of the box and change others. The best examples for such kind of systems are

confined systems.

The confined systems are systems constrained to rigid walls in one or more sides of a

box. For instance, a system confined in a box whose bottom and top sides are immovable

hard walls. The change in volume of this box is only due to change in lengths of the box in

x and y directions, i.e ∆V = ∆Lx∆LyLz. Another type of system could be cylindrically

confined system. The change in volume of this system is only in the direction of the

length of the cylinder with its radius being kept constant, ∆V = πR2∆L. These are two

systems whose structural properties are investigated here.
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Figure 2.3 Cartoon representation of two confining boundaries

.

Cartoon representation of these two confining boundaries are shown in Fig.2.3. In

the same figure, a, the box sizes in x and y directions are the same, L, and allowed to

change, where as Lz is fixed. In Fig.2.3 (b) the volume of the cylinder changes due to

the change of L with fixed R. Detail Metropolis acceptance criteria for this two types

of confined systems are derived in Appendix A. In addition, the Monte Carlo algorithm

for isobaric-isothermal ensemble of our confined systems and volume change moves are

shown in the same Appendix figures A.1 and A.2, respectively.

2.3.4 Reorientation of mesogens

Simulation of anisotropic molecules, like liquid crystal molecules, not only involve

random position displacement but also considers reorientations. Reorientation is not as

simple as position displacement. The orientation vectors û are defined according to θ
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and φ, respectively, the zenithal and azimuthal Euler angles:

û =


ux

uy

uz

 =


cosφ sin θ

sinφ sin θ

cos θ

 (2.17)

with θ ε [0 : π] and φ ε [−π : π]. The new orientation vectors, ûn generated randomly

becomes

ûn =


cosφn sin θn

sinφn sin θn

cos θn

 (2.18)

where θn and φn are

θn = θo + δθ (2.19)

and

φn = φo + δφ. (2.20)

It has been suggested that the direct generation of δθ as,

θn = θo + (2ζθ − 1)δθmax (2.21)

leads to non-uniform distribution of δθ, in disagreement with the MC move acceptance

criterion (126; 127). Instead, generating random cos θ as shown in Eq.2.22 would solve

this problem.

cos θn = cos θo + (2ζθ − 1)δ(cos θmax) (2.22)

In general there are two widely used methods of generating random orientations,

namely, Barker Watts method and Local Frame method(128). With Barker Watts

method a new orientation is generated as

ûn = Aαûo (2.23)
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where, where Aα is one of the rotation matrices Ax, Ay, Az, chosen at random. There

mathematical expression take form,

Ax =


1 0 0

0 cos θn sin θn

0 − sin θn cos θn

 , (2.24)

Ay =


cos θn 0 − sin θn

0 1 0

sin θn 0 cos θn

 (2.25)

and

Az =


cos θn sin θn 0

− sin θn cos θn 0

0 0 1

 (2.26)

with θn be a random angle in between 0 and θmax.

The principle behind the local frame method is to generate a random orientation û′n

in the molecular frame f ′ which is transformed into ûn in the laboratory frame f using

an appropriate rotation matrix. Thus, û′n is given as,

û′n =


cos θR sinφR

sin θR sinφR

cos θR

 (2.27)

with cos θR = 1− ζθ(1− cos(θmax)) and φR = (2ζφ−1)π and where ζθ and ζφ are random

numbers in [0 : 1]. The transformation of û′n in to ûn is given by ûn = RT û′n where RT

is the rotation matrix that transforms a vector û from u = (sin θ cosφ, sin θ sinφ, cos θ)

in f to u = (0, 0, 1) in f ′.

We took neither of these two methods directly, rather we used modified version of

generating random orientations from Frenkel et. al.(124). This method generates a new

orientation, v̂ from the old one, v̂o, where, v̂ = random − unit − vector and do some
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manipulations as,

v̂ = v̂ +
v̂o
dd

(2.28)

v̂ =
v

|v|

with large value of the parameter dd results in large rotation from the initial direction v̂o.

dd is self consistently adjusting factor based on acceptance ratio of mesogen rotations. If

the acceptance ratio is greater than a threshold value, (in our case 0.33) dd will reduce

and vice versa.
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CHAPTER 3. COARSE GRAIN MODELLING OF LIQUID

CRYSTALLINE DENDRIMERS

In this chapter, general introductions about computational simulation models and their

importance in solving structural and dynamic properties of complex systems is assessed.

After introducing general simulation models, the chapter converges to modeling our target

system, isolated and confined Liquid Crystalline Dendrimers (LCDrs). According to

this chapter, internal flexible parts (named as beads) are modeled as spherical beads and

mesogenic units at the periphery are modeled as ellipsoidal rods. Interaction potentials

between respective pairs have also been defined and explained in this chapter. Models

defined here are used throughout this thesis.

3.1 INTRODUCTION

To perform molecular simulations of any material, suitable mathematical representa-

tion of the system should be built. Results of the simulation depend on the theoretical

models used to build this mathematical representation. The level of theory can span

from the continuum field description through the coarse-grained approach, fully atom-

istic models, down with scale to first principle methods.

Fully atomistic methods involve building classical models with atomic resolution.

The fully atomistic approach, though most accurate, is computationally very expensive

because of the large number of degrees of freedom. In addition, it provides a large

amount of data that are usually irrelevant to the studied phenomena. Moreover, studying
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different properties of systems composed of large molecules requires large system sizes as

the characteristic correlation times and distances increase with the size of the molecules.

The solution of such big systems could be challenging, if not impossible, even with

powerful computers available currently.

On the other hand, atomistic models can be changed to a more simplified models

called coarse-grained models. Coarse-grained models significantly reduce the complexity

of the system therein making it computationally more efficient. It still maintains the

characteristic topological features of the molecule. Developing a coarse-grained model of

a macromolecule depends on the level of details required. How detailed the model needs

to be in order to obtain feasible results should be a primary question. At the lowest level

of coarse-graining , monomer units composing a polymer can be treated as a uniform

beads (united atom model). The interactions between the beads would need to take in to

account chemical bonds between connected monomers as well as excluded volume effects

between all other pairs.

At the other end, whole molecules (dendrimers, polymers coils, etc) could be repre-

sented by single interacting particles. Interactions between such particles would need to

incorporate average properties of the whole molecule. With this highly coarse-grained ap-

proach, the number of degrees of freedom is dramatically reduced and the problem is prac-

tically simplified. This approach has been used at the work of Flory and Krigbaum(130).

Eventually, it has been successfully used by other scholars to model diluted and semidi-

luted solutions of ploymers(132; 133). Likos et al. and others have also applied this

approach to model dendrimers in solution(134)-(136).

Many properties of polymeric systems can be understood on the basis of simple coarse-

grained models, which represent molecules as uniform interconnected beads. These in-

clude the dumbbell model (137) in which the polymer is represented by a pair of beads

interacting via an anharmonic potential. Later, the bead-rod and bead-spring mod-

els (138) were proposed to represent chainlike molecules. In this approach the internal
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structure of the polymers is explicitly included in the model. Entropic effects of the

molecular interactions are also considered . Further development of these methods has

taken excluded volume, chain branching and other effects in to account. These models

preserve the large number of internal degrees of freedom of the real molecule. Maintain-

ing the characteristic molecular topology, they can reproduce stretching, orientations or

deformation of molecules.

In this work Liquid Crystal Dendrimers are modelled using coarse-grained uniform

beads for central core and branching units and uniform ellipsoids for the terminal groups.

These basic units are representatives of the parts of LCDr molecule and are intercon-

nected to create tree-like structures as shown in figure 3.1.

Figure 3.1 Model 3rd generarion Liquid Crystal Dendrimer composed of 3 dendrons

(G3D3)
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Beads and ellipsoids along the chain are freely jointed, no constraints on the angle

between the neighboring bonds were imposed. The bonds might be between beads or

between beads and ellipsoids. All beads including central one are identical and indistin-

guishable except for their position in the molecule. Similarly, ellipsoids of mesogenic units

are all identical except for their positions and orientations. LCDrs studied here have a

single core, the common origin of all the branches of the molecule with two branching

points are connected by a rod of different lengths for different pairs. The central bead is a

tri-functional that means three dendrons emanate from the core. Each branching points

radiate two more branches to initiate the next generation of the dendrimer. Growth of

such LCDr is shown in Figure 3.2 taken from high temperature simulation.
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a) b)

c) d)

Figure 3.2 Sequential growth of Liquid Crystal Dendrimers from three-functional core

and two-functional branch from generations 2 to 5 (G2D3 - G5D3). a)G2D3,

b)G3D3, c)G4D3 and d)G5D3.

The number of beads/ellipsoids per layer doubles with the generation in the above

connectivity. With increasing, density it is possible to generate configurations in which

it would be impossible to add further generations without an overlap between the beads
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or mesogenic units. This violates excluded volume effect. Several methods to generate

initial configuration of dendrimers/LCDrs(137) are proposed. Some of these are:

1 Random Structure: Initial positions of consecutive beads and mesogens are

chosen randomly regardless of overlaps between them. And the orientations of

mesogens are also chosen randomly. This structure should be left to relax before

equilibration. Our initial configuration of an LCDr is generated based on this

method.

2 Self-avoiding Random Structure: in which positions of consecutive beads or

mesogens are chosen at random on the surface of a sphere whose radius is the bond

length between successive generation beads or mesogens.

3 Augmented Structure: in which dendrimer of generation G is created by adding

beads or mesogens to the equilibrated configuration of G− 1.

4 Baobab Structure: in which strong radial force is applied to the outer most

beads in order to keep chains composing consecutive layers always face outwards

and do not fold back resembling branches of baobab tree.

3.2 INTRA-DENDRITIC INTERACTIONS

The simplest model of a liquid is the hard sphere model where the molecules are

taken to be spheres of radius r0 that interact through a hard wall potential

U(r) =

 ∞, r ≤ r0

0, r > r0

(3.1)

This can be generalized to liquid crystals by replacing the spheres with an appropriate

non-spherical shape, such as ellipsoids and spherocylinders for calamitic molecules and

oblate ellipsoids and cut spheres for discotics (139; 140). The hard wall or excluded

volume interaction arises from the strong repulsion between molecules as their electron
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clouds begin to overlap. This short range interaction is sufficient to give rise to ordered

phases. However, due to the lack of attractive interactions the phase behavior is con-

trolled by the density and molecular shape not by temperature. Thus, these systems do

not form thermotropic phases.

Hard body potentials are extremely simple models and have greatly increased the

understanding of the effect molecular shape has on liquid crystal phases. Simulations of

hard spheres have shown two phases; solid and fluid. When the length to breadth ratio

is increased (for rod shaped particles) or decreased (for disk shaped particles) a nematic

phase arises (141; 129). This occurs at a length to breadth ratio of 3 : 1 or 1 : 3 for

hard ellipsoids. For hard spherocylinders with length to breadth ratios of atleast 4 : 1

nematic and smectic phases are observed (142).

To understand the effect of attractive forces, such as dispersion or electrostatic in-

teractions, it is necessary to replace the hard wall potential with one that allows the

molecules to inter-penetrate (allows r ≤ r0). These are usually termed as soft models.

For liquids a simple model is the Lennard-Jones potential (143)

U(rij) = 4ε0bb

[(
σ0bb
rij

)12

−
(
σ0bb
rij

)6
]
, (3.2)

where rij is relative position vector of beads i and j, ε0bb is the well depth and σ0bb is

the distance at which U = 0. Both ε0bb and σ0bb are constant terms of energy and length

units.

This can be generalized to liquid crystals if ε0bb and σ0bb are made functions of the

orientations of the molecules and their relative center of mass position vectors (144). The

most common and widely used soft model for simulating liquid crystals is the Gay-Berne

(GB) potential (145). This has the form,

U(r̂ij, ûi, ûj) = 4εmm(r̂ij, ûi, ûj)

×

[(
σ0mm

rij − σmm + σ0mm

)12

−
(

σ0mm
rij − σmm + σ0mm

)6
]
, (3.3)
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where r̂ij is the intermolecular vector and ûi and ûj are the orientation vectors of meso-

gens i and j. A schematic diagram of the orientation vectors of mesogens, position

vectors of mesogens and beads and relative position vectors are shown in Fig. 3.3. The

relative position vector and mesogen orientation dependent well depth εmm(r̂ij, ûi, ûj) is

given by

εmm(r̂ij, ûi, ûj) = ε0mmε
ν
1ε
µ
2 , (3.4)

where ε1 and ε2 are given as,

ε1(r̂ij, ûi, ûj) =
[
1− χ2(ûi · ûj)2

]−1
2 (3.5)

and

ε2(r̂ij, ûi, ûj) =

[
1− χ

′

2

[
(r̂ij · ûi + r̂ij · ûj)2

1 + χ′(ûi · ûj)
+

(r̂ij · ûi − r̂ij · ûj)2

1− χ′(ûi · ûj)

]]
, (3.6)

respectively.

Figure 3.3 Simplified model showing three interacting pairs in LCDr molecule

The relative position vector and mesogen orientation dependent width σmm(r̂ij, ûi, ûj)

is given by

σmm(r̂ij, ûi, ûj) = σ0mm

[
1− χ

2

[
(r̂ij · ûi + r̂ij · ûj)2

1 + χûi · ûj
+

(r̂ij.ûi − r̂ij · ûj)2

1− χûi · ûj

]]−1
2

(3.7)
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with χ and χ
′

are defined as,

χ =
κ2 − 1

κ2 + 1
(3.8)

and

χ
′
=
κ
′ 1
µ − 1

κ
′ 1
µ + 1

(3.9)

where κ = L
D

(L-length and D- diameter of mesogenic units) is the ratio of the length

of mesogenic units to its width and κ
′

= εss
εee

is the ratio of well-depths in side-side to

end-end configurations, with εss be potential well-depth when two mesogenic units are

arranged side-by-side and εee is when they are arranged end-to-end. Fig. 3.4 shows the

GB potential for four different arrangements of two mesogenic units.

Figure 3.4 GB potential of two mesogenic units as the function of separation distance
between their center of mass in four specific arrangements using GB param-
eters κ = 3 and κ

′
= 5 and ν = 1, µ = 2

As it is shown in Figure 3.1, our model system contains three different interacting

pairs. These are Bead − Bead, Mesogen −Mesogen and Bead −Mesogen pairs. To

model the interaction potential of this system we have to use three different models

for the corresponding pairs. The model which depicts interacting pairs in a Cartesian

coordinate is shown in Figure 3.3. The considered system consists of both bonded and

non-bonded interactions. Thus, the total interaction potential energy can be from both

bonded and non-bonded molecular contributions. The bonded molecular potential energy
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comprises contributions from bond interactions, bond angle interactions and torsional

interactions. In this work only bond interactions are considered. The contributions

from interactions between particles belonging to different molecules, or between non-

bonded ones in the same molecule would be two body , three body or other many body

interactions. However, only pairwise interaction potential energy has been taken in to

account in this study. Consequently, the total potential energy becomes:

U = Ubonded + Unon-bonded. (3.10)

Taking in to account that only bond and pairwise interactions are used in this work,

Eq.3.10 takes the form,

U =
∑
bonds

Ubond(lij) +
N∑
i=1

N∑
j>i

Unon−bond(rij). (3.11)

where lij is the bond length between two bonded particles, i and j and rij is distance

between two non-bonded particles i and j.

In this study bonded interactions are taken to be hard body interactions. That means,

interaction potential energy between two bonded pairs is zero as long as the bond length

is within the range, i.e. lijε[lmin, lmax], otherwise infinity. Mathematically,

Ubond(lij) =

 0, lmin ≤ lij ≤ lmax

∞, otherwise
(3.12)

with lmax and lmin be maximum bond extension and minimum bond contraction.

Regarding non-bonded interaction potentials, it has been tried to point out that there

are three different non-bonded interacting pairs in our studied system. As a result, the

second term of equation 3.11 can be expressed as the sum of interaction potential energies

from the three pairs as shown in equation 3.13.

Unb(rij) =

Nb∑
i=1

Ubb(rij) +
Nm∑
i=1

Umm(rij) +

Nbm∑
i=1

Ubm(rij) (3.13)

For Bead−Bead interaction potential energy 12−6 Lennard−Jones potential energy is

used. An expression of this potential energy together with the definitions of accompanied
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Table 3.1 Force field parameters for CG LCDr model used in this MC study

Parameter Description values

D=σ0mm diameter of ellipsoid 1.0(unit length)
L length of ellipsoid 3D
σ0bb diameter of bead 1.2D
σ0bm mesogen-bead width 0.5(σ0bb + σ0mm)
lmin minimum bond length 1.0
lmax maximum bond length 1.5
ε0mm mesogen-mesogen well depth 1.0(unit energy)
ε0bb bead-bead well-depth 0.5ε0mm
ε0bm mesogen-bead well-depth

√
ε0mmε0bb

lmax maximum bond length 1.5σ0mm
lmin maximum bond length 1.2σ0mm

quantities are shown in equation 3.2. Mesogen − Mesogen pairs are also considered

to be modelled by using Gay − Berne potential energy shown in Eq.3.3. However,

Bead−Mesogen pair interaction can not be modelled directly by either Lennard-Jones

or Gay-Berne potentials. Either of these two potential energy models should be modified

to define the potential energy between bead pairs. This can be done by eliminating one

of the orientation vectors ûi or ûj from equation 3.3 as

U(r̂ij, ûi) = 4εbm(r̂ij, ûi)×

[(
σ0bm

rij − σbm + σ0bm

)12

−
(

σ0bm
rij − σbm + σ0bm

)6
]
, (3.14)

where σbm and εbm can be defined and expressed similarly as Eqs. 3.7 and 3.4, respec-

tively, except ûj = 0 as particle j is considered as a bead. All the constant parameters,

related with LCDr, which we have used in this study are shown in the Table 3.1

3.3 LCDr-SUBSTRATE INTERACTION

This section presents model surface-monomer coupling and its pair interaction po-

tential energies to be used for simulations our target systems in the next few chapters.

Schematic diagram showing this coupling is shown in Fig. 3.5. Three distinct surface-

LCDr couplings have been considered in this thesis. These couplings are called anchor-

ing conditions that the surface imposes on LCDrs. These conditions are, homeotropic,



51

unidircetional planar and Random planar anchoring conditions. In each conditions,

monomer-wall interaction potentials are slightly different.

Figure 3.5 General schematic diagram showing LCDr-surface coupling

In general, there have been several descriptions used to model interactions between

a Gay-Berne ellipsoids and a unpatterned wall (146; 147; 148; 149). In our study, once

the positions and orientations of wall-ellipsoids are known, it will be straight forward to

adopt Gay-Berne potential for mesogen-wall-ellipsoid pairs and modified Gay-Berne po-

tential for bead-wall-ellipsoid pairs considering that the wall interacts with the monomers

through wall-ellipsoids whose position and orientation depends on the anchoring condi-

tion imposed by the surface. Nevertheless, instead of using Gay-Berne potential we used

9−3 Lennard-Jones potential by incorporating anisotropy(150). This potential increases

the effect of the surface on mesogens and beads far away from the surface compared to
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Table 3.2 Quantities and their reduced units

Quantity Description in reduced units

U Potential energy U
ε0mm

T Temperature kBT
ε0mm

P Pressure P
σ3
0mm

ε0mm

ρ number density ρσ3
0mm

Table 3.3 Force field parameters for CG LCDr-Surface model used in this MC study

Parameter Description values

σ0bw bead-wall width σ0bm
σ0mw mesogen-wall width σ0mm
ε0bw bead-wall well depth ε0bm
ε0mw mesogen-wall well depth ε0mm
ν ′ tuning factor 3
µ′ tuning factor 1

GB potential. Thus, the mesogen-wall interaction potential energy becomes

U(r̂ij, ûi, ûj) =
2π

3
εmw(r̂ij, ûi, ûj)×

[(
σ0mw

rij − σmw + σ0mw

)9

−
(

σ0mw
rij − σmw + σ0mw

)3
]
,

(3.15)

and for bead-wall interaction potential equation 3.15 may be taken as it is except ûi

is zero and only its repulsive part may be taken depending on how the beads arrange

themselves in order to support our intended alignments of mesogens. We have taken soft

repulsive part of equation 3.15 to model bead-wall interaction potential for homeotropic

anchoring condition as,

U(r̂ij, ûj) =
2π

3
εbw(r̂ij, ûj)×

[(
σ0bw

rij − σbw + σ0bw

)9
]
, (3.16)

where, εbw and σbw can be defined and expressed in the same manner as Eq.3.4 and

3.7 except ν → ν ′ and µ → µ′. Tables 3.2 and 3.3 show LCDr-wall related constant

parameters used here and quantities and their reduced units used through out this work.

To have clear understanding of mesogen-surface potential interaction defined in equa-

tion 3.15, plots for unidirectional planar and homeotropic aligning situations at chosen
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mesogen-surface configurations are shown in Fig.3.6.

a b

c d

Figure 3.6 Mesogen-surface potential at specific values of the polar angle θ between the

mesogenic axis and the surface normal as the function of distance from the

surface. Unidirectional planar (a) and homeotropic (b) conditions at φ = 0,

unidirectional planar at φ = π
2

(c) and homeotropic at both φ = 0 and θ = 0

but different values of µ and ν(d). Plots for unidirectional planar are made

at νw = 1, µw = 2, χw = 0.8 and χ
′
w = 0.382 and for homeotropic one

νw = 3, µw = 1, χw = 0.8 and χ
′
w = 0.667.

Confinements are made to produce specific LCDr-surface arrangements. These ar-

rangements are, unidirectional planar, random planar and homeotropic ones. Unidirec-

tional planar arrangement is achieved when most of the mesogenic units are aligned in

a certain direction in the plane as a result of monomer-wall interaction. If the effect of

confinement produces in-plane random alignment of mesogens with respect to the sur-
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face, it will be random planar arrangement. An arrangement with most of the mesogens

are aligned perpendicular to the surface is homeotropic. In order to achieve our intended

arrangements the surfaces are treated in the following three ways.

1 . Unidirectional Planar Surface: This surface is prepared by distributing wall-

ellipsoids of the same length and width as the mesogens. The distribution is made

unidirectional in order to induce alignment of terminal mesogenic units of an LCDr

or system of LCDrs in a given direction.

2 . Random Planar Surface: in this surface the wall-ellipsoids are distributed at

random orientation with respect to the plane of the wall.

3 . Homeotropic Surface: in this surface wall-ellipsoids are arranged in such a way

that their orientations are perpendicular to the plane of the wall. Simple represen-

tation of these three surfaces and how mesogens are coupled with wall-ellipsoids

are shown in Fig.3.6

Figure 3.7 Simple representation of three kinds of surfaces we used for the confinement
of LCDr in a wall or parallel walls. This is only for mesogen-surface coupling
but the same can be done for bead-surface coupling by replacing mesogens
by beads

In the case of single LCDrs confined in single flat surfaces, the wall-ellipsoids in all

the three kinds of surfaces are placed with their zero z component of the center of masses.

In addition, each mesogens and beads are restricted to effectively interact with only one
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corresponding wall-ellipsoid in order to reduce computational cost. Another constraint

imposed here is the center of mass positions of a mesogen/bead and coupled wall-ellipsoid

are the same in the plane of the surface. More clearly, if the position of center of mass

of mesogen i is ri = (x, y, z) then the position of a wall-ellipsoid j which is interacting

with i will be rj = (x, y, 0). This leads to the distance between the wall-ellipsoid and

coupled mesogen, rij = z. A mesogen or a bead can have two coupled wall-ellipsoids

in case of double wall (slit) confinement, the one with position vector (x, y, Lz) at the

top wall, where Lz is the slit gap, and one (x, y, 0) at the bottom wall. In the case of

slit confinement, beads or mesogens have to choose with which wall-ellipsoid they should

interact. The choice depends on the shortest distance between the center of mass of

mesogens and coupled wall-ellipsoids. If this distance is less than Lz
2

then the mesogens

or the beads choose to interact with the bottom wall otherwise with the top wall. The

orientations of wall-ellipsoids differs for different anchoring conditions. For homeotropic

condition, all wall-ellipsoids are made to orient perpendicular to the plane of the surface.

For planar condition, they are aligned parallel to the plane of the surface. However, their

in-plane orientation is different for unidirectional planar and random planar anchoring

conditions. In unidirectional planar, they are oriented uniformly in a given direction

whereas in random planar their orientation is random in a plane.

For cylindrical confinement, a mesogen or a bead could be surrounded by several

wall-ellipsoids on the inner surface of a cylinder. However, each of them are restricted

to interact with only one wall-ellipsoid. The position of the center of mass of the wall-

ellipsoid j interacting with mesogen i is related with that of mesogen i as rj = ri + (R−

ρ, 0, 0), where ri = (ρ, φ, z) with rij = R − ρ. Here, R is the radius of the cylinder and

ρ =
√
r2ix + r2iy. The decision to choose with which wall-ellipsoid a mesogen or a bead

should interact would be made depending on rij. The wall-ellipsoid-mesogen/bead pairs

with minimum rij interacts. The orientation of wall-ellipsoids on the inner surface of the

cylinder depends on the type of alignment we wish to produce. For unidirectional planar
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alignment, wall-ellipsoids should be aligned parallel to the axis of the cylinder. Whereas,

for the homeotropic alignment, the orientation of wall-ellipsoids has to be perpendicular

to the surface of the wall.
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CHAPTER 4. SINGLE LIQUID CRYSTALLINE

DENDRIMERS UNDER MEAN FIELD LIKE ALIGNING

POTENTIALS

In this chapter coarse grained modeling of single liquid crystalline dendrimers (LCDrs)

of different generation under fictitious aligning external potentials has been presented.

These fictitious aligning external potentials are termed either nematic like or smectic

like fields. Their effect on the distribution of dedritic segments, orientation of mesogenic

units and overall shape and size of LCDrs are well studied properties under this chapter.

Nematic like field acts only on the orientation of mesogenic units; Whereas, smectic like

field affects both positional and orientational order of mesogenic units. Although, the

direct effect of these two fake external potentials is on the position and/or orientation of

mesogenic units, the general effect could be capable of inducing changes in the size and

the shape of the whole molecule(LCDr) depending on their strength and the temperature

of the system. A manuscript is prepared to be submitted in a journal out of this chapter.

4.1 INTRODUCTION

It is believed that the sensitivity of liquid crystals exposed under external field arises

from their soft nature(151). The orientational order could be significantly changed even

under the application of weak fields. This leads to considerable changes in physical

properties. Thermodynamical and structural properties of liquid crystals, changes in the

values of the order parameters, shifts in phase boundaries, and stabilization of phases of
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different symmetry(152; 153) can be some of the effects of external fields .

For non-spherical uniaxial molecules the energy between the uniform aligning field

and each single molecules can be modeled by the general expression of

Uext = −λχ(ê · ûi), (4.1)

where λ is proportional to the intensity of the field, ê is the direction of the field, ûi

is a unit vector along the long axis of molecule i, and χ is the anisotropy of the field

susceptibility. Equation 4.1 might represent the interaction energy between an electric

or magnetic field and each single molecule due to the dielectric or diamagnetic molecular

anisotropy. In general, for χ > 0 and fields applied along the director (average direction of

molecular alignment, n), the external field preserves the uniaxial symmetry of the phase,

enhancing orientational order and thereby promoting the stabilization of mesophases.

For χ < 0 the opposite trend is expected. Different theoretical approaches have been

developed to investigate this behavior (154; 155).

Applying this field on to the given generation of an LCDr may not create similar

effects which have been shown in bulk LC systems. This might be due to the compact

globular structure of the inner core part of an LCDr. However, there would be a signif-

icant external field effect on the structural properties (size, shape, distribution of inner

core beads and peripheral mesogens) of an LCDr. These changes in structural properties

due to the applied field can be quantified by calculating the radius of gyration (size), Rg,

the shape parameters (asphericitiy, acylindricity and shape anisotropy) derived from the

eigenvalues of gyration tensor and mass distribution functions of inner core beads and

terminal mesogenic units.

In this chapter we have introduced two kinds of external aligning potentials and

investigate their eventual effects on the structural and alignment properties of different

generation LCDrs. These potentials are termed as Nematic and Smectic like aligning
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potentials. Their mathematical expressions are shown in equations 4.2 and 4.3 as,

UN(ûi, ê) = −fNP2(ûi · ê) (4.2)

and

US(z, ûi, ê) = −fSR(z)P2(ûi · ê) (4.3)

respectively. Here, ûi is the unit vector along the long axis of mesogenic unit i and ê is

the direction of the aligning field. fN(fS) is the field strength and R(z) = cos(2πz
d

), z and

d are the z-component (in this case the field is along the Z-axis) of the center of position

of a given mesogen and layer spacing of the smectic phase, respectively. P2(ûi · ê) is the

second order Legendre Polynomial. The schematic diagram how the field acts on the

mesogens is shown in figure 4.1.

Figure 4.1 Mesogen-field coupling. The field, ê is considered to be along the z-axis.
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As shown in equation 4.2 the direct effect of nematic like potential is only changing

the orientation of mesogenic units along the direction of the field, whereas, smectic like

potential renders both orientational and positional changes of mesogenic units. These

potentials do not have direct application on the inner core beads. Nevertheless, the

change in the direction or position of mesogenic units may force beads to change their

position.

The Monte Carlo Simulation method stated in section 2.3 is used to calculate the

average structural and alignment properties of LCDrs of generations 2, 3, 4 and 5 (G2D3,

G3D3, G4D3 and G5D3) under these fields. The core and branching functionalities of

all LCDrs considered are fc = 3 and fb = 2, respectively. With these connectivity the

number of beads and mesogens in each generation LCDrs can be found from expressions

of equations 1.1 and 1.2. Inter-particle interaction potentials between mesogen-mesogen,

mesogen-bead and bead-bead pairs are modelled by Gay-Berne, modified Gay-Berne and

Lennard-Jones potentials, respectively . These potentials together with the definitions

of their corresponding parameters are well stated in Chapter 3. Thus, the total potential

energy of mesogenic units in a given LCDr under a fictitious aligning field can be the

sum of mesogen-mesogen interaction potential and external potential energies as,

U(z, r̂ij, ûi, ûj) = Umm(r̂ij, ûi, ûj) + UN/S(z, ûi, ê) (4.4)

where, Umm is mesogen-mesogen pair interaction potential energy which is clearly dis-

cussed in chapter three. UN/S stands for either nematic or smectic like aligning potential

energy, r̂ij is relative position vector between mesogen pairs. An inclusion of aligning

potential does not change the total potential energy of beads.
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4.2 RESULTS AND DISCUSSION

4.2.1 Distribution of inner core beads and terminal mesogens

In this section, we investigate how the distribution of beads and mesogens could be

affected due to the application of aligning fields to an LCDr of a given generation. If

the response of an LCDr to an aligning field does depend on its generation will also be

addressed in this section. Generation 2 − 5 LCDrs are considered to see the effect of

generation number.

The general expression for mass distributions about the central bead can be given as

ρm(r) =
1

Nm

〈
Nm∑
i=1

δ(r − ri)

〉
(4.5)

for the mesogens and

ρb(r) =
1

Nb

〈
Nb∑
i=1

δ(r − ri)

〉
(4.6)

for beads, where, Nm and Nb are total number of mesogens and beads, respectively. ri

is the magnitude of position vector of center of mass of mesogen/bead i as the central

bead is positioned at (0, 0, 0). Before applying these aligning potentials, equilibrium

distributions of beads and mesogens are calculated in order to compare it with that after

the field is applied. These distribution as the function of radial distance from the central

bead before and after the field has been applied are shown in Fig. 4.2.
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a) b)

Figure 4.2 Mass distribution functions of beads (a) and mesogens (b) from the central

bead for dendrimers G2D3, G3D3, G4D3 and G5D3 at an isotropic temper-

ature, T ∗ = 1.2 before field applied.

From figure 4.2(a) one can clearly notice that the correlation between the position

of central bead and the first neighbor beads(zeroth generation beads) expressed itself

through a strong peak at the distance nearly equal to the maximum bond length. How-

ever, these peaks decrease with the increase of generation numbers as the distribution

function is inversely proportional to the total number of beads (see equation 4.5). This

spatial correlation becomes less pronounced as the beads get far away from the central

bead.

Mass distribution of mesogens around the central bead is also shown in the same

figure, 4.2(b). From this figure, one can clearly infer that mesogens are populated at the

outer region of the LCDr with small fractions being back folded. The shape of these

distributions are Gaussian type, specially, for lower generation LCDrs, with decreasing

peak values but increasing width as the generation number increases. As expected, radial

distance at which the peak values of mesogen distribution functions are observed depends

on the generation of LCDr.

The other distribution function calculated is distribution of mesogens and beads along

the direction of the applied aligning field. This distribution function is very important

in a sense that it helps us to determine whether the aligning field induces any layers
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or density modulations of mesogens or beads along its direction. Plots depicting these

distribution functions as the function of distance along the direction of the aligning field

(z-axis) before the field is applied are shown in Fig.4.3.

a) b)

Figure 4.3 Mass distribution functions of beads (a) and mesogens (b) from the central

bead along the field direction for LCDrs G2D3, G3D3, G4D3 and G5D3 at

an isotropic temperature, T ∗ = 1.2 before field applied.

ρ(z) is calculated by projecting the center of mass of mesogens or beads along the

direction of the field. Here, negative numbers represent below central bead and positives

represent above central bead as the central bead is our reference point. Figure 4.3 tells

us that most mesogens and beads are populated around the central bead. Can this

distribution be maintained even after the application of the aligning field? The answer

to this question will be uncovered in the next subsections.

4.2.1.1 Nematic like aligning potential

Under nematic like aligning field, mass distributions of beads and mesogens around

the central bead do not show significant difference compared to that of equilibrium

distributions at zero field. Figure 4.4 shows these distribution functions at field strength

of fN = 8.
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a) b)

Figure 4.4 Mass distribution function of beads (a) and mesogens (b) around the central

bead for LCDrs of generation 2− 5 at fN = 8.

From this plot, it is difficult to gain adequate information whether the field has

contributed its part in positional configuration changes of mesogens as well as beads.

More clearly, functions in equations 4.5 and 4.6 care about only the radial distance

from the central bead, do not take in to account where the mesogens or beads are with

reference to the direction of aligning filed. This is illustrated in figure 4.5.

Figure 4.5 Schematic 2D diagram illustrating different configurations but the same

distribution functions about the central bead. In both configurations the

number of mesogens at r is 4 leading to the same distribution function.

This missed information can be gained from the distribution function of beads or
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mesogens along the direction of the field or along the two other directions. If we look

back to figure 4.5(right), at Z ' −r there are two mesogens and other two are at

Z ' r which gives a different distribution function from the equilibrium one. Averaged

distribution functions of beads and mesogens along the field direction are shown in figure

4.6.

a) b)

Figure 4.6 Mass distribution of beads (a) and mesogens (b) along the direction of ne-

matic field with respect to the central bead at fN = 8 and T ∗ = 1.5

From figure 4.6 it can be concluded that mesogens tend to move to the polar regions of

an LCDr under strong nematic like field in addition to their orientational rearrangements.

Valleys of different depths for different generation LCDrs formed at or around Z = 0

in Fig.4.6b clarify this occurrence. On the other side, beads look to fill the space left

behind by mesogens around the central bead. This is witnessed by the sharp peaks in

the plots of bead distributions (Fig.4.6a) instead of plateau shown in Fig.4.3a before field

was applied.

In order to visualize the field effect on the configuration of LCDrs, tables of snapshots

taken at different values of nematic like field strengths, fN and at higher temperature

(T ∗ = 1.5)are shown below, Fig.4.7.
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a) b) c)

d) e) f)

g) h) i)

Figure 4.7 Snapshots of LCDrs under nematic like aligning field. Columns are in the

increasing order of generation number (G = 3 − 5) and rows are in the

increasing order of field strength (fN = 0, 4, 8).

4.2.1.2 Smectic like aligning potential

When LCDrs are exposed to smectic like aligning field shown in equation 4.3, they

respond in a different fashion from that of an LCDr in a nematic like field. The term,
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cos(2πz
d

) in this equation forces mesogens to make layers with the layer spacing of nearly

d. Positional and orientational ordering of dendritic segments depend on the strength

of the field, fS. In this work, the value of layer spacing, d = 1.4L (arbitrarily chosen,

where L is the length of a mesogenic unit) is used. The effect of this field on the radial

distribution of beads and mesogens around the central bead is not significant as it was

in the case of a nematic like field. The same explanation and figurative illustration as

the nematic case holds here as well. Nevertheless, bead and mesogen distributions along

the direction of the smectic like field changes significantly as the field strength goes up.

These distribution functions are plotted in figure 4.8.

a) b)

Figure 4.8 Mass distribution of beads (a) and mesogens (b) along the direction of smec-

tic like field with respect to the central bead at fS = 8 and T ∗ = 1.5

In all generation LCDrs under smectic field, the dominant peaks of mesogen distri-

bution (Fig.4.8b) are separated by a distance little bit less than the chosen layer spacing,

(d). There are two points in each side of the central bead where mesogen distributions

get their peaks. These peak values depend on the generation number of an LCDr. The

inner peaks (first neighbor peaks) decrease with the increase of generation number where

as the outer peaks (next neighbor peaks) increase with the increase of generation num-

ber. The overall distribution of mesogens above and below the reference point (central

bead) is nearly symmetric. The inner peaks are located at z ' 3
7
d distance above and
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below the central bead. The outer peaks are elsewhere at z ' 4
3
d in both sides of the

reference point. The distributions of beads under this aligning field are also affected. In

the process of forming layers promoted by the smectic like field, mesogens tend to stay

together in a given region there in forcing beads to leave the region and fill the space

left by them. In other words, beads occupy free spaces left behind by mesogens instead

of competing with mesogens of extra energy. Figure 4.9 shows that cooperation between

mesogens and beads. In the region where mesogens are smaller in number, larger number

of beads can be seen and vice versa.

Figure 4.9 Mass distribution of beads and mesogens along the direction of smectic field

with respect to the central bead at fS = 8 and T ∗ = 1.5 for G4D3 LCDr

The behavior of quantities calculated and presented above under smectic like aligning

potential can be confirmed by visual scrutiny from instantaneous snapshots taken from

different field strength simulations at higher temperature (T ∗ = 1.5). The table of these

snapshots are given in Fig.4.10.
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a) b) c)

d) e) f)

Figure 4.10 Snapshots of LCDrs under smectic like aligning field. Columns are in the

increasing order of generation number (G = 3 − 5) and rows are in the

increasing order of field strength (fS = 4, 8).

As a conclusion, in this section the distribution of beads and mesogens before and

after field applied are demonstrated. These distributions are either radial with respect

to the central bead or along the field direction. The radial mass distributions of both

mesogens and beads are not significantly affected by the application of the field. On the

other hand, distributions along the direction of the field are well affected and depend on

the strength of the field.
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4.2.2 Radius of gyration of LCDrs

The extension of a molecule in space can be characterized by its radius of gyration.

The average tensor of gyration is given by the expression(156):

Rgαβ =
1

N

〈
N∑
i=1

(ri,α −Rα)(rj,β −Rβ)

〉
(4.7)

where, N stands for the total number of monomers (beads and mesogens). R is the

position vector of the molecular center of mass and 〈...〉 denotes an ensemble average.

The value of the squared radius of gyration is defined as the trace of the tensor (R2
g =

Tr (Rg)). The gyration tensor shown in equation 4.7, depending only on the positions of

particles, is related to the moment of inertia tensor whose expression is similar to that

of gyration tensor except that it is weighted by masses of particles as shown in equation

4.8.

Iαβ =
N∑
j=1

mj(rj,α −Rα) · (rj,β −Rβ). (4.8)

Thus, the gyration tensor would be proportional to the inertial tensor if all the particle

masses were identical.

The definitions of gyration and moment of inertia tensors shown above do consider

mesogenic units as point masses whose masses are concentrated at their center of of

gravity. However, if the mesogenic units were considered as collection of spherical beads

arranged in a certain direction then the definitions to the above tensors would have

included extra term. This term is the moment of inertia tensor of mesogenic units about

its own axes, which could be expressed as,

Ior =
Nm∑
j

RT (Ior0 )RT
T (4.9)

where, RT is the transformation matrix from body fixed axes to inertial axes, and RT
T

is its transpose. We do not consider this term in our calculations.

Further investigation of the gyration tensor can provide handy information in to the

shape of the molecules. For an LCDr, the eigenvalues of the tensor of gyration (L1, L2 and
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L3) are derived and averaged over the ensemble. These eigenvalues can be interpreted as

the linear dimensions of the ellipsoid occupied by the average molecule. At equilibrium,

the ratios of these eigenvalues depend on the generation and supposed to converge to 1

for the highest generations (spherical symmetry). Changes in this values as the function

of applied aligning field quantitatively describe the field induced change of molecular

shapes.

A shape analysis, in general, for an LCDr can be carried out in two ways. The

first way is calculating the average tensor of gyration for the molecule and prior to its

diagonalisation with each element of the tensor being averaged separately. On the other

hand, the tensor of gyration could be diagonalized separately for the molecule in order

to calculate ensemble averages of its eigenvalues. In this work both ways are considered

but as there is no significant difference between the results obtained by the two ways,

only results of the later way are reported. From the eigenvalues (L1 ≥ L2 ≥ L3) the

asphericity (deviation from spherical shape), acylindricity (deviation from cylindrical

shape) and the relative shape anisotropy of a given LCDr can be described as(156);

b =
L1 − 1

2
(L2 + L3)

R2
g

, (4.10)

c =
(L2 − L3)

R2
g

, (4.11)

and

κ2 =
b2 + 3

4
c2

R4
g

, (4.12)

respectively. For molecules with a tetrahedral or higher symmetry b and c are equal to

zero and depart from it when the symmetry is broken. The relative shape anisotropy

assumes values between 0 and 1, with 0 corresponding to a tetrahedral or higher symme-

try, 0.25 for planar structures and 1 for linear objects. These parameters are functions

of both generation number and the strength of the field.
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4.2.2.1 Under nematic aligning potential

Monte Carlo simulation results indicate that the radius of gyration of inner core beads

and the whole molecule (LCDr) show slow decrease with the increase of the strength of

nematic like aligning field. Decrease in radius of gyration highly depends on temperature

and generation number. Higher generation LCDrs contract more than lower generation

LCDrs under low and high temperatures although contraction at lower temperature

is bigger compared to that at higher temperature. Figure 4.11 shows plots of radii of

gyration for inner core beads and the whole molecule of all generation LCDrs at T ∗ = 1.0

and T ∗ = 1.5.

a) b)

c) d)

Figure 4.11 Average Radii of Gyration of LCDrs (a,b) and inner core beads (c,d) versus

nematic like aligning field strength at T ∗ = 1.0 (a,c) and T ∗ = 1.0 (b,d).

To see clear comparison between radius of gyration at low and high temperature

depicted in Fig.4.11, additional figure is presented (see Fig. 4.12).
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a) b)

Figure 4.12 Average radii of gyration of G5D3 LCDrs (a) and its inner core beads (b)

versus nematic like aligning field strength at two temperature values.

In order to identify whether the size of LCDrs are more affected in one direction than

the other, it is needed to take a closer look at the eigenvalues of their corresponding

radius of gyration tensor. According to simulation results, the size of LCDrs are de-

creased in all the three directions as the nematic like field strength increases, specially,

for higher temperature case as shown in Fig.4.13. In the same figure, shape parameters

are also presented. At higher temperature asphericity and shape anisometry show slight

increment up to a certain value of nematic like field strength and then start decreasing,

finally stay constant. However, acylindricity does not show any significant change with

the field. At low temperature, shape parameters are hardly changing with the field.
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a) b)

c) d)

Figure 4.13 Average eigenvalues of radius of gyration tensor (a,b) and shape parame-

ters (c,d) as the function of nematic like field strength for G5D3 LCDr at

T ∗ = 1.0 (a,c) and T ∗ = 1.5 (b,d). κ2 is magnified by 5.

4.2.2.2 Under smectic like aligning potential

Smectic like aligning field brought a considerable change on radius of gyration of an

LCDr at lower temperature (T ∗ = 1.0) and has moderately affected at higher temper-

ature (T ∗ = 1.5). At lower temperature, the higher generation LCDrs undergo abrupt

configurational phase changes. Their R2
g stay more or less constant until field strength

reaches a certain critical value at which it drops too fast to a new value and nearly keeps

that value for the rest of field strength values. Average radius of gyration for both high

and low temperature cases are shown in figure 4.14.
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a) b)

c) d)

Figure 4.14 Average Radii of Gyration of LCDrs (a,b) and inner core beads (c,d) versus

smectic like aligning field strength at T ∗ = 1.0 (a,c) and T ∗ = 1.5 (b,d).

Radius of gyration of G5D3 LCDr and its core beads is presented in Fig.4.15 in order

to visualize clear difference between these values at low and high temperature.

a) b)

Figure 4.15 Average radii of gyration of G5D3 LCDrs (a) and its inner core beads (b)

versus smectic like aligning field strength at two temperature values.

An LCDr in low temperature contracts in all the three directions. However, con-
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traction is not the same in all directions. This is clearly illustrated in figure 4.16. The

deviation of spherical symmetry changes irregularly around its mean value of approxi-

mately 0.15 for lower temperature and slowly increase in the case of higher temperature.

The acylindricity is hardly changing as the field strength increases at low and high tem-

peratures (see bottom row of Fig. 4.16).

a) b)

c) d)

Figure 4.16 Average eigenvalues of radius of gyration tensor (a,b) and shape parame-

ters (c,d) as the function of smectic like field strength for G5D3 LCDr at

T ∗ = 1.0 (a,c) and T ∗ = 1.5 (b,d). κ2 is magnified by 5.

4.2.3 Orientational Order

The effect of nematic and smectic like aligning fields on the average orientation of

mesogenic units has been explored in this subsection. As it is mentioned in previous

sections, the fields were mainly supposed to alter the orientations and the positions of

mesogenic units. The position change(number density) has already been well stated in
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subsection 4.2.1. The general expression for orientational order tensor of mesogens is

defined as(57):

Qαβ =
1

2Nm

〈
Nm∑
i=1

3(ûi,α · ûi,β)2 − δαβ

〉
(4.13)

where ûi,α is the αth component of the unit vector along the long axis of a mesogenic unit

and Nm is the total number of mesogens. Equation 4.13 gives rise to orientational order

parameters along the direction of the applied aligning field and the two other directions

as:

Sx =
1

2Nm

〈
Nm∑
i=1

3 cosφi sin θi − 1

〉
, (4.14)

Sy =
1

2Nm

〈
Nm∑
i=1

3 sinφi sin θi − 1

〉
(4.15)

and

Sz =
1

2Nm

〈
Nm∑
i=1

3 cos2 θi − 1

〉
. (4.16)

Here, θi is the angle between the z − axis and the unit vector along the long axis of the

mesogen i, φ is the angle between the component of ui projected on xy plane and the

x− axis. These angles are shown in figure 4.17.

Figure 4.17 Coordinate system showing the direction cosines of ui
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The effect of nematic like field on orientational order parameters seems generation

independent at low and high temperatures. The variation of these parameters as the

function of field strength is the same for all generation LCDrs as shown in Fig.4.18.

a) b)

Figure 4.18 Average orientational order parameter versus nematic like field strength for

G2−5D3 LCDr at T ∗ = 1.0 (a) and T ∗ = 1.5 (b).

However, the change at each temperature varies. It grows fast and attains higher value

at low temperature compared to that of high temperature as expected. This comparison

is presented in Fig.4.19 for G5D3 LCDr.
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Figure 4.19 Comparison of average orientational order parameters at two different tem-

peratures as the function of nematic like field strength for G5D3 LCDr.

On the other hand, unlike nematic like aligning field smectic like aligning field stimu-

lates slightly generation dependent effect on the orientational order parameter of LCDrs

at both high and low temperatures. Their value increases with generation number (see

Fig.4.20).

a) b)

Figure 4.20 Average orientational order parameter versus smectic like field strength for

G2−5D3 LCDr at T ∗ = 1.0 (a) and T ∗ = 1.5 (b).

The impact of temperature is directly apparent from the same figure (Fig.4.20). At
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higher temperature orientational order parameters grow slower than that of lower tem-

perature. Simple comparison is made about the behavior of this parameter between low

and high temperatures in the Fig.4.21.

Figure 4.21 Comparison of average orientational order parameters at two different tem-

peratures as the function of smectic like field strength for G5D3 LCDr.

Cross checking between orientational order parameters under nematic like and smectic

like aligning fields are also made. Figure 4.22 shows this parameter under these aligning

fields. In this figure, it can be clearly noticed that the nematic order parameter started

increasing quickly as the response of nematic like field. On the other hand, smectic order

parameter stays close to zero for the first few values of field strengths, then starts growing

slowly and finally it catches nematic order parameter at a certain value of field strength.

In general, nematic order parameter grows faster but saturates sooner; however, smectic

order parameters grow slower and saturate later.
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a) b)

Figure 4.22 Average orientational order parameter versus nematic/smectic like field

strength for G5D3 LCDr at T ∗ = 1.0 (a) and T ∗ = 1.5 (b).

In conclusion, nematic and smectic like field introduced here could affect the structure

and alignment of LCDrs depending on the generation number and temperature of the

system. Nematic like field at low temperature affected the size and shape of LCDr and

orientational order of mesogenic units. Nevertheless, only orientational order parameters

are altered at higher temperature as the response of nematic like field. On the other hand,

smectic field has stimulated variations in size, shape and orientational order parameters

of LCDrs at high and low temperatures.
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CHAPTER 5. SURFACE ALIGNMENT OF LIQUID

CRYSTALLINE DENDRIMERS

This chapter deals with the investigation of structural and alignment properties of

varying generation LCDrs confined in a flat impenetrable substrate. The confining sub-

strates are treated in such a way that they could induce a certain type of mesogen-surface

alignments depending on the temperature and anchoring strength. Three basic anchor-

ing conditions are assumed; homeotropic, random planar and unidirectional planar. In

each anchoring conditions, shape, size and alignment properties of LCDrs are calculated.

This study is based on the coarse-grained models introduced in chapter 3 and using com-

putational simulation method whose detail is given in chapter 2. Part of this chapter is

published in Polymers journal.

5.1 INTRODUCTION

Confinement of the LC molecules in bounding surfaces is the primary task for nearly

all LC device technologies. This confinement can be achieved in several forms, but it can

be generally classified as either planar or non-planar confinements. Confined LC exhibit a

rich variety of different structures, which strongly depend on the delicate balance between

elastic, surface and external field forces. Varying the temperature, external field, surface

boundary conditions, and geometry can induce transitions among these structures.

Liquid crystal molecules confined by the solid substrates form substrate induced layers

therein breaking symmetry of the bulk system. This stratification does not occur in bulk
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liquid crystal systems from which one can anticipate, that confined liquid-crystalline

phases may exhibit molecular structures which have no counterpart in the bulk phase

under identical thermodynamic conditions. The bulk is defined as the region of a sample

in which the molecular structure depends only on the thermodynamic conditions and is

not influenced by any boundaries.

A decade a go, it was observed that substrates may dictate the alignment of liquid-

crystalline molecules(157). According to the reference, LC molecules adjacent to a sub-

strate orient themselves parallel to the surface of the substrate with small tilt angle

between the molecule’s long axis and the optical axis of the substrate(158). The phe-

nomenon that particles assume a substrate induced specific orientation to minimise the

interfacial energy is called anchoring and the preferred orientation is termed anchoring

direction. Planar and homeotropic anchoring conditions are among several different

anchoring scenarios. In heterogeneous planar anchoring the molecules long axes pref-

erentially align parallel to the wall surface but can have any azimuthal orientation, as

can be seen in Fig. 6.1(a). If the molecules align parallel to the wall surface but in a

specific in-plane direction it is said to be uniform or homogeneous planar anchoring (see

Fig. 6.1(b)). The anchoring is homeotropic if the molecules long axes are preferentially

orthogonal to the wall surface, as depicted schematically in Fig. 6.1(c).

a) b) c)

Figure 5.1 Schematic diagrams of anchoring scenarios introduced by various surface

treatments. Molecules adjacent to a substrate with random planar anchoring

(a) are allowed to rotate freely in-plane whereas they are fixed to a specific

direction for uniform planar anchoring (b). In homeotropic anchoring (c)

the molecules are preferentially oriented orthogonal to the substrate surface
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Experimentally, there are three common methods of introducing uniform anchoring

at a substrate along a specific anchoring direction. These are treatment by mechanical

work, the deposition of a thin layer of surfactant on the substrate, or the application of

an external electric or magnetic field(159; 160; 161). Homeotropic anchoring is achieved

in most cases by using monolayer deposited surfactants (amphiphilic molecules) on sub-

strates. The polar heads of surfactant generally attached or bonded to the substrates;

the hydrocarbon tails form a compact assemblage and point away from the surface. A

steric interaction between the hydrocarbon tails and the LC molecules promotes the

homeotropic anchoring conditions(159; 161; 163). On the other hand, polymeric materi-

als, such as polyimide, generally promote the planar alignment of LC molecules on the

surfaces. However, in order to achieve a unidirectional alignment the surface must be

rubbed by a cloth/photo-rubbing to create grooves in the nano-scale(162; 163). Dur-

ing rubbing, aligning polymer chains can be reoriented in the rubbing direction thereby

creating surface anisotropy. In addition to surface topology, microscopic interactions

between these reoriented chain molecules and LC molecules are basic contributors of LC

molecules-surface alignment(164; 165).

The ability to control the macroscopic alignment of these anisotropic materials is a key

factor for many of their potential applications. For low molar mass LCs, robust and well

established techniques/materials are available for precise alignment of the LC medium

through surface mediated interactions. Through controlling the surface-LC interactions,

usually by means of chemical and/or mechanical treatment of the substrate, a variety

of alignments (homeotropic, planar, tilted, etc) of the LC medium with respect to the

substrate are possible. In the case of LC dendrimers, however, the mechanism behind

surface alignment does not involve only the orientational restrictions imposed by the

substrate to its surrounding mesogens but also the positional/orientational correlations

among mesogens that belong to the same dendrimer.

Several different models for common dendrimers (isolated and confined)(166; 167; 168;
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169; 170), liquid crystal dendrimers(171; 172; 173; 174; 175) and dendronized polymers(176;

177; 178) have been proposed for computer simulation studies of their properties. These

models range from detailed atomistic to coarse grained ones. In atomistic models, de-

tailed interaction potentials between individual atoms (molecules) should be considered

rendering them as computationally expensive models. Alternatively, in coarse grained

models groups of atoms are represented as united interacting sites, preserving at the

same time the architectural characterstics of the dendrimer.

In this chapter the effect of the surface on the shape, size and alignment properties

of single LCDr of varying generation as the functions of temperature and generation

number is reported based on the coarse grained model defined in Chapter 3. Based on

this model,the properties of LCDr near the surface are examined for three main anchoring

conditions (homeotropic, random planar and unidirectional planar alignments). In each

cases, different generation LCDrs are used to study the effect of generation number on

simulated average properties. Inter-particle and particle-surface interaction potentials

used here are well stated in Chapter 3.

Standard Metropolis Monte Carlo (MC) computer simulations are used to investigate

structural behaviour and the possibility of alignment of the model LCDr adsorbed on

flat surfaces. At a given reduced temperature T ∗ = TkB/ε0mm a MC cycle consists of one

random displacement for each molecular segment and one random reorientation for each

mesogenic segments. The random translations/reorientations are tuned to give an overall

acceptance ratio of the random moves of about 30%. We start with a well equilibrated

state, at a relatively high temperature T ∗, of the LCDr located initially well above the

substrate. The dendrimer is then brought gradually close to the surface with the help

of an auxiliary gravitational-like force applied to the core segment of the dendrimer.

During this procedure the conformation of the dendrimer is allowed to change, taking

into account the dendrimer-surface interactions. Once the LCDr is close to the surface we

cool the system gradually to a low enough temperature, at which spontaneous thermal
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detachment of the adsorbed dendrimer is not possible. Long simulations (O(106) MC

cycles) are performed afterwards for the calculation of the equilibrium properties of the

system in heating and cooling series. During the heating we heat the system gradually

up to the temperature, TD, at which the dendrimer spontaneously detaches from the

surface. Heating and cooling runs were performed to ensure that the studied systems

are not trapped in metastable states. The absence of any noticeable hysteresis, during

the heating and cooling runs, for all the studied properties, suggests that the simulated

systems were brought to thermodynamic equilibrium.

5.2 RESULTS AND DISCUSSION

Mass distribution of beads and mesogens as the function of distance from the central

bead and from the surface, the size, shape and orientational order parameter of LCDrs as

the function of temperature are some of the properties whose calculated average values

are reported in detail in this chapter. The shape and size of an LCDr as the function of

temperature could be addressed through the manipulation of radius of gyration tensor.

The mass distribution functions of beads and mesogens about the center of mass can

be expressed as,

ρb(r) =

〈
Nb∑
i=1

δ(r − ri)

〉
(5.1)

and

ρm(r) =

〈
Nm∑
i=1

δ(r − ri)

〉
, (5.2)

respectively. Where, ri is the magnitude of position vector difference between center of

mass and bead (or mesogen) i, Nb and Nm are total number of beads and mesogens,

respectively. These quantities tell us how beads and mesogens are distributed around

the center of mass of LCDr. With these descriptions, whether monomers of specific

generation are locked to their concentric region or distributed throughout the available

space regardless of their generation number would be addressed.
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It is confirmed that unconfined LCDrs are nearly spherically symmetric molecules,

specially, when they are larger generation and at higher temperature. However, when

they get closer and closer to the flat surface, they become flatter and flatter in case of

planar aligning situation and a different kind of conformation in homeotropic aligning

case. These substrate mediated structural change can be elucidated by both from typical

snapshots at different temperatures and average shape parameters extracted from radius

of gyration tensor.

Squared radius of gyration tensor component, Rgαβ, of a given LCDr has been shown

in equation 4.6 as,

Rgαβ =

〈∑N
i=1(riα −R)(riβ −R)

Nb

〉
. (5.3)

Where, riα is the αth component of monomer i’s center of mass position vector. R is the

position of the center of mass of an LCDr. The value squared radius of gyration is defined

as the trace of the tensor (R2
g = Tr (Rg)). The eigenvalues and their corresponding shape

parameters (asphericity, acylindricity and shape anisometry) can also be extracted from

the radius of gyration in the similar way as the case in Chapter 4.

In addition to mass distributions and shape parameters, the order parameters are

also investigated as eigenvalues of orientational order tensor,

Qαβ(z) =
1

2Nm

〈
Nm∑
i=1

3(ûi,α.ûi,β)2 − δαβ

〉
. (5.4)

This function together with the distribution of mesogens as the function of distance

from the surface tells us whether only a monolayer of mesogens is formed or more than

one layers of mesogens are formed along the direction perpendicular to the plane of the

surface.

5.2.1 Unidirectional Planar Anchoring Condition

Unidirectional planar anchoring conditions is usually achieved by mechanical rubbing

of polymer treated planar surfaces. To model this type of anchoring, the phantom
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ellipsoids are assumed to be parallel to the plane and in addition their symmetry axis is

oriented along the macroscopic x-axis (rubbing direction). Representative snapshots of

simulated LCDrs under this anchoring condition are shown in Fig. 6.2 and Fig. 6.3.

Figure 5.2 Snapshots taken at different temperatures for different generation LCDrs in

unidirectional aligning condition. The row (from left to right) is in increasing

order of temperature (0.4, 1.0 and 3.6) and the column (top to bottom) is

in the increasing order of generation (2, 3, 4 and 5)
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Figure 5.3 Snapshots of only LC molecules of generation 5 LCDr at T ∗ = 0.4 (a) and

T ∗ = 1.0 (b)

The effect of temperature on surface anchoring and alignment of LCDrs can be di-

rectly observed from the snapshots. The significance of surface on the conformation of

LCDrs gets weaker as the temperature grows. For temperature, T ∗ ≥ 3.0 LCDrs deattach

from the surface. Deattachment temperature slightly depends on the generation number;

smaller generation LCDrs deattach faster compared to larger generation LCDrs.

The distribution of beads and mesogens about the center of mass as the function of

the distance from the center of mass for LCDrs far away from the surface is the same as

that of figure 4.2 in chapter 4. However, as the LCDrs get closer to the surface due to

the decrease of the temperature the mass distribution of beads and mesogens alters (see

Fig. 5.4).
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a) b)

c) d)

Figure 5.4 Distribution of beads(a and b) and mesogens(c and d) from the central bead

for LCDrs of generation 2−5 at T ∗ = 1.0 temperatures (near the substrate).

a and c are at T ∗ ≥ 3.0 (far away from the substrate) plots.

We have seen from chapter 4 Fig.4.6a, the spatial correlation between the position

of core (central bead/center of mass) and that of successive generation beads is short

ranged correlation when the field was not applied. This correlation is well expressed

through the strong peak at the distance equals to average bond length (l0 = 1.7σ0mm)

and is completely disappeared for beads farther away from the central bead (all beads

of G1≥D3). All beads beyond 0th generation are not spatially correlated with the central

beads and free to span all the available spaces within the molecule. This holds for the

mass distribution function of beads and mesogens of an LCDr far away from the surface

(LCDrs at high temperature).

However, unlike the high temperature bead distribution, the positions of all beads

are correlated with that of the central bead in case of low temperature distribution. The
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spatial correlation at low temperature is long ranged. In this case, in addition to temper-

ature, the generation of an LCDr affects the spatial correlation. As generation increases

the correlation also increases. This dependence is clearly spotted in the Fig. 5.4(b). Just

like the case at higher temperature, the first peak is at the distance l0 = 1.7σ0mm where

the magnitude of the peak is nearly twice that of high temperature case. The second

peak is at the distance of 2l0, which tells us the average bond length between 0th and

1st generation beads is equals to the average bond length between the central bead and

the 0th generation beads; and is in its highest possible stretched state. Nevertheless,

the distances at which successive peaks are observed are no more integral sums of l0

after the second peak. The average bond lengths between successive generation beads

are becoming shorter and shorter as the generation number increases. For instance, for

G5D3 LCDr at low temperature, the first two successive bond lengths are equal to l0,

the next is 1.5σ0mm, the next is 1.4σ0mm and the last is the lowest possible bond length,

1.2σ0mm. With these consecutive bond lengths, the distances at which each successive

peaks are situated can easily be made out.

The distribution of mesogens as shown in the bottom two panels of Fig. 5.4 are

dominant at the outer regions of LCDrs with the possibility of finding small fractions of

mesogens in the interior regions due to open structure of LCDr. From higher temperature

plot (Fig. 5.4c), one can conclude that mesogens are distributed all over the space with

their peak at the outer region. At lower temperature, the case is a slight different. Even

though the graph (Fig. 5.4d) indicates that mesogens are distributed through out the

available space within the molecule, the information should not be interpreted in that

way. The non-zero values of this function at shorter distances are due to mesogens

aligned to the surface just beneath to the central bead. This could be realized from the

snapshots given in Fig. 6.2. This plot wouldn’t give us exact information whether beads

and mesogens are mixed up. The right quantity to address this issue is mass distribution

of both beads and mesogens along the direction perpendicular to the surface (Z − axis)
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as the function of distance from the surface, which is given in Fig. 6.23.

a) b)

c)

Figure 5.5 Distribution of beads (a) and mesogens (b) from the central bead along

Z − axis for LCDrs of generation 2 − 5 at low temperature. The bottom

panel is for both beads and mesogens for G4D3 LCDr.

From Fig. 6.23(c) it can be clearly inferred that due to the repulsive surface potential,

beads are distributed above the mesogens with respect to the surface. The surface

favors mesogens sufficiently get closer to it and avoids beads from the region reserved

to mesogens. No significant overlap between bead and mesogen distribution curves are

noticed from the bottom panel of the same figure. So, bead and mesogen population

regions are well separated with respect to the surface.

The area under the curves yields corresponding total number of beads or mesogens

in a given generation LCDr. For instance, area under the bead and mesogen distribution
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curves of generation 4 LCDr give Nb = 46 and Nm = 48, which is

1 +

∫ ∞
0

ρb(r)dr = Nb (5.5)

and ∫ ∞
0

ρm(r)dr = Nm (5.6)

respectively.

As it can be clearly seen in the snapshots in Fig. 6.3, the mesogenic units of the LCDr

form two-dimensional (2D) smectic-like layers. This layering becomes more pronounced

at low temperatures. In order to confirm this observation and to quantify the layer

spacing of these 2D smectic layers we have calculated the average mass distribution

along the rubbing direction of both junction and mesogenic units through the density

profiles:

ρm(x) =

〈∑
i

δ(x− ri · x̂)

〉
, (5.7)

where, ri is the position vector of site i with respect to the center of mass of the LCDr.

The calculated density modulation suggests that, at low temperatures LCDrs form well

defined smectic-like structures with the layer normal along the rubbing direction and

with layer spacing close to the mesogenic length. As temperature increases the density

modulation becomes weaker and at high temperatures the 2D smectic organization trans-

forms to a 2D nematic ordering with the mesogenic units oriented on average along the

rubbing direction. The range of the thermal stability of the smectic-like dendritic organ-

isation is connected with the generation of of the LCDr. Sample plot of this distribution

function for G5D3, at different temperatures is given in Fig. 5.6
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Figure 5.6 Mass distribution of mesogenic units along the rubbing direction, x−axis as

the function of distance for G5D3 LCDr. Distributions for other generation

LCDrs are similar to this one and are omitted.

The information gained from the above plot is supported by 2D contour and 3D

surface plots (Fig. 5.7 and Fig. 5.7) at two different temperature values. For T ∗ < 0.5

mesogens have formed solid like structure. In the range of temperature 0.5 < T ∗ < 1.2

smectic-like structure is apparent with significant positional and orientational order.

After T ∗ > 1.2 still mesogens are aligned to the rubbing direction but with no positional

order. This nematic like phase spans wider range of temperature.
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a) b)

Figure 5.7 3D surface (a) and 2D contour (b) plots of mesogen distributions at T ∗ = 0.4

for generation 5 LCDr.

a b

Figure 5.8 3D surface (a) and 2D contour (b) plots of mesogen distributions at T ∗ = 1.0

for generation 5 LCDr.

In addition to mass distribution functions, the following one dimensional mixed po-

sitional/orientational correlation function defined as

g1(x) =
〈
∑

i (x̂ · ûi)δ(x− (ri − rcm) · x̂)〉
〈δ(x− (ri − rcm) · x̂)〉

(5.8)

provides significant information on the positional dependence of the mesogenic polar

order with respect to the rubbing direction. According to the plots in fig. 5.9(a) the

smectic layers, with the exception of the central one at x = 0, are polar (g1(x) 6= 0) with
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g1(x) = −g1(−x). In the central layer the number of mesogens pointing at the +x̂ and at

the −x̂ directions are equal on average. Clearly, LCDrs under uniform planar alignment

consist of two structurally symmetric parts of opposite polarity, rendering, therefore, the

whole LCDr apolar.

a) b)

Figure 5.9 Correlation function g1(x) for G5D3 (a) and average orientational order pa-

rameter as the function of temperature, T ∗ for fixed fc = 3 and G = 3 − 5

(b).

In unidirectional aligning condition, the orientational order parameter assigned to

the largest eignvalue of the order tensor is denoted with Sx and is measure of the degree

of ordering of the mesogenic units along the x-direction. In this case the orientational

order develops continuously with temperature (see Fig. 5.9(b)).

The average squared radii of gyration for generation 2 − 5 LCDrs are shown in

Fig. 5.10. These values of R2
g are measures of the sizes of each LCDrs. The effect

of surface on the size of the dendrimer does depend on the generation of an LCDr.

Smaller generation LCDrs do not respond well to the effect of the surface in all range of

temperature. The response grows as the generation of an LCDr increase.
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Figure 5.10 Mean squared radii of gyration as the function of temperature for LCDrs

of generation 2 to 5

At first, R2
g grows very slowly up to a certain temperature at which it stays more or

less constant for very short range of temperature and then starts decaying, and finally gets

nearly constant. This might be explained as at lower temperature monomers are closer

to each other and not strongly feeling the effect of nearby surface. As the temperature

increases, monomers start to relax and start experiencing the effect of the surface. After

certain temperature, they become too relaxed even not to feel the presence of the surface

again and retain their globular structure. In general, LCDrs gain their largest possible

size when the temperature is in between 0.6 and 1.5, specially, larger generation LCDrs.

This explanation can also be supported by independent plot of components of Rg along

the X, Y and Z axes and the three eigenvalues of the tensor as shown in Fig. 6.10.
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Figure 5.11 Average diagonal components of R2
g (left) and its eigenvalues (right) as the

function of temperature for generation 4 LCDr

After T ∗ = 0.6, R2
gxx and R2

gyy decrease as the temperature increases. On the other

hand R2
gzz increases with temperature. After an LCDr becomes in its globular structure,

all the three components of R2
g converges to nearly a single value. The profile of the

eigenvalues of R2
g plot do look like that of its components but doesn’t converge to a

single value at higher temperature.

The effect of surface on the symmetry (shape) of a given LCDr is also shown in terms

of asphericity and acylindericity plots demonstrated in Fig. 5.12.
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Figure 5.12 Average asphericity (left) and acylindricity (right) as the function of tem-

perature for 2− 5 generation LCDrs

From Fig. 5.12, atleast two basic conclusions can be made. First, larger generation

LCDrs are more spherically symmetric than the smaller generation ones. Second, the

change in temperature together with the effect of surface breaks the symmetry of LCDrs.

5.2.2 Random Planar Anchoring Condition

The alignment of the mesogenic units under random planar anchoring conditions

favour mesogenic orientations parallel to the substrate. In this case, all the in-plane

directions are equivalent. As we can observe from the typical snapshots presented in

Fig. 6.12 and Fig. 5.14 the adsorbed mesogens at low temperatures are distributed ra-

dially and they do dot seem to align along any particular direction. In addition, the

junction beads are well separated from the mesogens forming a thin layer above them.
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Figure 5.13 Snapshots taken at different temperatures for different generation LCDrs

in random planar aligning condition. The row (from left to right) is in

increasing order of temperature (0.4, 1.0 and 3.6) and the column (top to

bottom) is in the increasing order of generation (2, 3, 4 and 5)

A snapshot of generation 5 LCDr at T ∗ = 0.4 and T ∗ = 1.0 is shown in Fig. 5.14.

In this snapshot beads are removed to have clear vision of mesogens arrangement on the

surface.
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Figure 5.14 Snapshots of generation 5 LCDr at T ∗ = 0.4 (a) and T ∗ = 1.0 (b), only

mesogens are displayed

The radial topology of the mesogenic units of the LCDr under random planar an-

choring conditions is nicely confirmed with the calculated radial mass distribution of the

dendritic units with respect to its centre of mass, ρ(w)(r) = 〈
∑

i δ(r − |ri − rcm|〉, with

w denoting either junction or mesogenic units. This distribution is calculated using the

projections of the position of dendritic units on the x − y plane instead of their actual

positions. Calculated results at various temperatures are given in fig. 6.18. From these

plots and with the help of the visual inspection of snapshots, the following important

conclusions can be drawn; i) both the junction and mesogenic units are nearly symmet-

rically distributed around the center of mass of the LCDr, ii) the outer mesogenic units

form a well defined layer with radial (along their position vector) orientation iii) there

is a tendency to form secondary internal radial layer by the mesogenic units, specially,

for larger generation LCDrs and iv)the junction units exhibit a well defined modulated

mass distribution along the radial direction see Fig. 6.18.
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Figure 5.15 Radial distribution of monomers about the center of mass of LCDrs. (Left)

beads and (right) mesogens for G5D3 LCDrs. For junction points (beads)

and mesogens, graphs at each temperature values are shifted by 3 and 1,

respectively, for clarity.

Interestingly, the number of peaks in fig. 6.18(left) corresponds to the generation

number. The first peak stands for zeroth generation beads, second peak is for generation

one and so on. In the range of temperature at which LCDrs are adsorbed to the surface,

radial mass distribution of junction points do not show significant difference between at

high and low temperatures. The spacing between the peaks slowly decreases as we go

from the center to the periphery. For instance, spacing between the first peak and the

center of G5D3 is nearly equals to the maximum stretched bond length (lmax), (lmax−0.2)

between the first peak and second peak,...(lmax− 0.6) between last peak and forth peak.

To study in more detail the orientational order of the mesogenic units several orienta-

tional dependent radial distribution functions have been calculated. These distributions

reveal how mesogens are oriented with respect to the projection on the x − y plane of

their position vector (calculated with respect to the center of mass of the LCDr) and are

defined as

gl(r) =
〈
∑

i Pl(r̂i · ûi)δ(r − ri)〉
〈δ(r − ri)〉

, (5.9)

with Pl(x) the Legendre polynomial of rank l. Here ri denotes the distance of the ith
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segment from the center of mass of the LCDr. The function g1(r) takes explicitly

Figure 5.16 Calculated radial correlation functions, g1(r) and g2(r) for G5D3 at various
temperatures. In all plots, the traces are offset for clarity; horizontal dashed
lines show zero levels for corresponding correlation functions.

into account the non-equivalence of +r̂ and −r̂ orientations of the mesogenic units. This

asymmetry stems from the fact that the apolar (by construction) mesogenic segments

become polar since one of their ends is bonded to the outer junction beads of the den-

drimer. The plots of Fig. 5.16(a) indicate clearly that the more distant outer mesogens

have orientations which practically coincide with the direction of their position vector,

i.e. g1(r) ≈ +1. However moving towards the center of the LCDr g1 decreases gradu-

ally and near to the center it vanishes indicating the absence of any polar correlations.

The non-vanishing g2(r) for distances close to the center of the LCDr indicates that the

densely packed inner mesogens have developed a small degree of persisting nematic like

orientational order. The degree of the orientational order remains practically constant

for the inner mesogens for temperatures above T ∗ = 0.8 (see Fig. 5.16(b)). At lower tem-

peratures the modulation of both g1(r) and g2(r) at distances smaller than the radius of

the outer shell is attributed to the formation of frozen and practically immovable groups

of mesogens. The overall picture of the LCDrs under random planar anchoring condi-

tions resembles a two dimensional analogue of nematic droplets with radial boundary

conditions (179).
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Distribution of beads and mesogens about the central bead along the Z − axis is

also plotted in Fig. 5.17 just for completeness. It has the same profile and got the same

explanation as the unidirectional planar alignment.

Figure 5.17 Distribution of beads (left) and mesogens (right) from the central bead

along Z−axis for LCDrs of generation two to four at T ∗ = 1.0 in Random

Planar Alignment.

The average squared radii of gyration in this aligning case follows the same experience

of the effect of temperature and the surface as that of unidirectional planar condition with

a bit bigger stretching of LCDrs at the temperature where the surface effect is relevant.

As an illustration, let’s compare R2
g of G5D3 both in unidirectional and random planar

alignment; R2
gmax = 42.1 in unidirectional and R2

gmax = 46.4 in random planar aligning

conditions. Once the effect of surface is lost at higher temperatures, R2
g = 33.6 becomes

the same for both cases (see Fig. 5.18).
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Figure 5.18 Average squared radii of gyration (left) and its eigenvalues (right) as the

function of temperature for LCDrs of generation 2 − 5 in random planar

aligning case

The asphericity and acylindericity plots are given in Fig. 5.19 in this anchoring condi-

tion. These properties are are far different from those of unidirectional planar anchoring

conditions. Temperature dependence of deviation from spherical or cylindrical symmetry

revealed in Fig. 5.18 is apparent here as well.

Figure 5.19 Average asphericity (left) and acylindricity (right) as the function of tem-

perature for 2− 5 generation LCDrs

In the absence of any preferable in-plane alignment the two largest eigenvalues of the
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ordering tensor, Q, should be, on average, equal leading to a vanishing order parameter

∆S = |L1| − |L2|. However, this is not the case at lower temperatures where LCDrs

develop some orientational order as a result of the intra-dendritic interactions. This

order increases as the number of mesogens in the dendrimer increases either with core

multiplicity or with generation number.

5.2.3 Homeotropic Anchoring Condition

Fig. 5.20 depicts a table of characteristic snapshots from equilibrated states of G =

2–5 LCDr with core multiplicity fc = 3 at various temperatures bellow the detachment

temperature TD ≈ 2.5. From the visual inspection of the snapshots, it is clear that at low

enough temperatures the mesogenic units align, as expected, normal to the substrate.

However, above a certain generation, due to geometrical and packing restrictions, a

fraction of mesogenic units are not allowed to be in contact with the substrate even at

lower temperatures. This is clearly demonstrated in the snapshots of G5D3 LCDrs in

Fig. 5.20.
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Figure 5.20 Snapshots taken at different temperatures for different generation LCDrs in

homeotropic aligning condition. The row from left to right is in increasing

order of temperature (0.3, 0.6 and 1.2) and the column (top to bottom) is

in the increasing order of generation (2, 3, 4 and 5)

Further analysis of distribution of mesogenic units can be made by avoiding spherical

beads from the snapshots of a given generation LCDr and looking closer to mesogenic

units only. Fig. 5.21 shows snapshots of mesogenic units of generation 5 LCDr at T ∗ =

0.3 and 0.6. At lower temperature (T ∗ = 0.3), in addition to orientational ordering,

mesogens form unique positional structure. It is clearly apparent that planar (xy−plane)

distribution of mesogens seems to form 2D body centered hexagonal structure. This

structure is not lasting longer as temperature grows.
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Figure 5.21 Snapshots of generation 5 LCDr at T ∗ = 0.3 (a) and T ∗ = 0.6 (b), only

mesogens are displayed

It can also be easily noticed from this figure (see 5.21) that mesogens have formed

planar layers with a layer spacing, somehow, equals to the diameter of a mesogen. The

direction of the layer is not in X − axis or Y − axis but it is deviated by a certain

angle from these axes. In addition to layer formation, at low temperature region, all

the mesogens in all generation LCDrs, except G5D3, are populated at z0 ≈ 2.7 distance

from the surface. This distance would have to be z0 = 3.0 as the length of wall ellipsoids

were chosen to be the same as that of mesogens. This reduction in distance is due to the

factor ( 2
15

) multiplying the repulsive part of anisotropic 9 − 3 Lennard-Jones potential

energy used to model mesogen-surface interaction potential. As the wall ellipsoids are not

explicitly seen, both the snapshots and distribution plots are shown by lowering vertical

distance by a factor of 1.0 (z − 1.0); that is why the highest population of mesogens is

at z = 1.7 in Fig. 5.22.
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Figure 5.22 Distribution of beads (top left) and mesogens (top right) from the central

bead along Z−axis for LCDrs of generation 2−5 at T ∗ = 1.0. The bottom

panel is for both beads and mesogens.

A small number of mesogens and beads in G5D3 LCDr are far away from the surface

and couldn’t feel the effect of the surface in all range of temperatures. This might be

because of two main reasons. First reason would be the chain size (chain length from

central bead to the last generation bead/mesogen) of larger LCDr, which created wider

gap between the far most beads/mesogens and the surface, making them scarcely feeling

the surface. The second reason might be large number of mesogens in bigger generation

LCDrs. Even if mesogens felt the surface and want to come closer to it, they wouldn’t
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get free available space as it was occupied by first comer mesogens. The latter reason

was validated by using generation four LCDr, but with a bit larger core functionality

(G4D5). In G4D5 (shorter chain length) more beads and mesogens couldn’t come closer

to the surface compared to G5D3 (longer chain length).

The average squared radii of gyration for generation 2 − 5 LCDrs in a homeotropic

aligning case are shown in Fig. 5.23. The sizes and shapes of LCDrs in a homeotropic

aligning situation are responding to temperature change and surface effect in a slightly

different way compared to that of unidirectional and random aligning situations. First

of all, all generation LCDrs are responded in a similar mode to these stimuli unlike

in two previous aligning situations where smaller generation LCDrs were not actively

responding. Secondly, for temperatures below T ∗ = 0.4, R2
g has been kept at the lowest

constant value for all generation LCDrs. In the temperature range, 0.4 ≤ T ∗ ≤ 1.8,

R2
g grows as the linear function of temperature and finally, it saturates at its maximum

value. In the region where it grows linearly with the temperature, the slope for each

generation LCDrs are not the same rather it increases with the generation number. As

a result, average squared radius of gyration tends to be function of both generation and

temperature in 0.4 ≤ T ∗ ≤ 1.8 region, R2
g ≡ R2

g(G, T
∗) .
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Figure 5.23 Mean squared radii of gyration as the function of temperature for LCDrs

of generation 2− 5

Elements of R2
g along the X, Y and Z axes are also plotted together with its eigen-

values in Fig. 5.24. From this figure one can infer that in which direction R2
g increase

or decrease as the function of temperature. According to Fig. 5.24(left) the size of an

LCDr showed dramatic changes in the direction perpendicular to surface as the function

of temperature.
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Figure 5.24 Mean squared radii of gyration components along each directions (left) and

three eigenvalues of R2
g (right)as the function of temperature for generation

4 LCDr

Both asphericity and acylindricity together with shape anisotropy have showed their

peaks at a temperature where the system is in a state of feeling the surface at most as

shown in Fig. 5.25. As it was stated in the previous sections, the conclusion made out of

this figure would be bigger generation LCDrs are spherically symmetric and their sym-

metry breaks when the system comes closer to the surface at appropriate temperatures.

The open nature of smaller generation LCDrs wouldn’t give accurate information about

the effect of surface and change in temperature on their symmetry. This can be seen

from the asphericity and acylindricity of G2D3 from the same figure (Fig. 5.25). They

kept constant after attaining their maximum unlike the case in other generation LCDrs.
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Figure 5.25 Average asphericity (left) and acylindricity (right) as the function of tem-

perature for 2− 5 generation LCDrs

The orientational order of the mesogenic units of the LCDrs has been quantified

by calculating their order parameter through, Sz = 〈P2(cos θ)〉, where P2 is the second

Legendre polynomial and θ the angle between the direction of the mesogenic segment

and the normal to the substrate. The temperature dependence of the orientational order

for homeotropic anchoring is shown in Fig. 5.26. From this figure it is clear that at

temperatures below T ∗ ≈ 0.9 the LCDr develops substantial orientational order. The

LCDrs become highly oriented, Sz > 0.9, for T ∗ < 0.6. However, in the case of G5D3

LCDrs Sz stays below unity even at very low temperatures. This, as discussed above,

happens because a number of mesogens stay well above the substrate in high generation

LCDrs. Clearly, these distant mesogens do not feel the aligning effects of the substrate.

Taking into account that the detaching temperature for all the studied systems is

higher than T ∗ = 2 it becomes clear that the adsorbed LCDrs under homeotropic an-

choring can be found in two discrete states on the substrate. An orientationaly ordered

state with Sz > 0 and an ”isotropic” state with Sz ≈ 0. The transition between the two

states takes place at T ∗ ≈ 0.8 and has the features of a continuous order-disorder phase

transition, associated with substantial conformational changes of the LCDr. We note

that simulations of isolated (not-confined) LCDrs do not indicate any significant con-

formational change at this particular temperature. This kind of temperature activated
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surface anchoring transition has been observed recently in systems of organo-siloxane

tetrapodes (180) under homeotropic alignment. Extrapolating the behaviour of a

Figure 5.26 Average orientational order parameter as the function of temperature, T ∗

for LCDrs with fixed fc = 3 and G = 2-5 and.

single LCDr under homeotropic anchoring conditions to a system of LCDrs confined by

such a surface, we believe that the transmission of the allignement from the adsorbed

layer to the bulk, if any, will be mainly due to the submolecular partioning, favouring

thus smectic or columnar like ordering close to the substrate.
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CHAPTER 6. LIQUID CRYSTALLINE DENDRIMERS

UNDER NANO-CONFINEMENT

When LCDrs are subject to a geometrical constraint, such as being confined to a pore,

there may be a loss in configurational entropy. In this chapter structural and alignment

properties of model LCDr system confined in a slab and cylindrical geometries are in-

vestigated. In each confining boundaries three different surface anchoring conditions,

introduced and explained in chapter 5, are imposed to the system lCDrs. Confinement

facilitates molecular segregation between core dendritic segments (beads) and mesogens,

surface perpendicular distribution of dendritic segments and alignment transmission from

the surface to the bulk region are few properties studied and discussed in this chapter.

6.1 INTRODUCTION

The interplay between the tendency of maintaining spherical symmetric conformation

due to flexible core segments and tending towards anisotropic conformation as the result

of peripheral mesogenic units determines the overall structural and dynamic properties of

bulk LCDr systems. Strong competition between these two factors could be influenced by

the kind of pair interaction potential energies of dendritic segments and thermodynamic

conditions on which the system is imposed. Mark Wilson and coworkers have proved

that bulk LCDr system exhibits isotropic, nematic and smectic phases depending on the

length of mesogenic units and the temperature(170; 169). According to their findings,

single LCDr molecule could be changed from spherical shape to either rod-like or disc



116

like shapes.

The study of ordered stable structures for a system of particles interacting through

a specific kind of interactions is an interesting problem both from the scientific and

technological point of views. This problem is still active research curiosity. The search

for its comprehensive and satisfactory solution poses a formidable challenge of academical

and technological interests. Looking for these ordered equilibrium structures becomes

more intricate when their system is under a certain geometric constraints due to an

external confinements(184). Even the simplest problem, hard spherical systems confined

in a slab, is not yet to be solved sufficiently enough.

The problem becomes more complicated when it comes to liquid crystalline dendrimer

systems under external factors imposed by the electric/magnetic or by a confining geom-

etry. Confinement of molecular phases in a porous medium usually modifies their overall

properties, in terms of structure, phase behavior and molecular dynamics (185; 186).

One of the reasons behind these all changes of properties arises from delicate energetic

balance between adhesive(LCDr-surface interaction) and cohesive(inter/intra dendritic

interaction) forces, in addition to thermodynamic conditions (pressure and temperature).

The global and local structural and alignment properties of confined LCDr system can

be enormously affected by the strength of surface anchoring potential. Confining surface

with weaker adhesive force could affect positions and orientations of only few molecules

which are in the first vicinity. On the other hand, those with strong adhesive force can

induce long ranged effect on the system.

Liquid Crystals (LCs) are elastically soft materials with long range translational

and orientational orders that may directly couple to the surface of the porous medium

(187; 188). The various possible arrangements adopted by LC systems of micro or macro

scales with different shapes of confining pores and surface interactions have been widely

investigated experimentally and quite well understood in the frame of continuum elastic

theories, including the occurrence of director distortions or topological defects (189; 190).
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Through controlling the surface-LC interactions, usually by means of chemical and/or

mechanical treatment of the substrate, a variety of alignments (homeotropic, planar,

tilted, etc) of the LC medium with respect to the substrate are possible. However,

in the case of LCDrs, the mechanism behind surface anchoring and alignment do not

involve only the translational and orientational restrictions imposed by the substrate to

its vicinal beads/mesogens but also the positional/orientational correlations among the

dendritic segments. The stability of ordered mesophases could be enhanced or reduced by

the presence of confining pores and it strongly affects the nature of the phase transitions

(191; 192; 193; 194; 195). Computer simulation methods are unique tools to investigate

the structure of nanoconfined LCs (196; 197; 198; 199; 200; 201; 202). They provide

direct insight into the interfacial properties and the inhomogeneous nature of the confined

phase.

Managing the macroscopic alignment of these anisotropic materials in a confinement is

a key factor for many of their potential applications. The confinement of these materials

to a pore of radius R exhibits two different spatial regions. At points sufficiently far

removed from any confining wall, the microscopic structure of liquid crystal molecules

is exclusively dictated by the thermodynamic state. This is defined as the bulk region.

The bulk region may be anisotropic or isotropic depending on whether or not a preferred

molecular orientation exists. Positional or orientational ordering of these molecules gives

rise to certain bulk mesophases. On the other hand, if one approaches a confining wall

sufficiently closely, the symmetry of the molecule is dictated by the wall which represents

a permanent solid interface or, may be viewed as an external field to which the molecules

are exposed. In other words, in the immediate neighborhood of a wall a thin vicinal layer

exists whose microscopic structure is not completely determined by the thermodynamic

state but also by the nature of the wall. For an isotropic bulk phase the thickness of

a molecular film is related to the range of the potential characterizing the interaction

between film molecules and the wall and is therefore microscopic in size, not exceeding a
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few molecular diameters. For macroscopic R, the impact of the wall on the bulk property

of the system under confinement can be ignored.

On the contrary, R can be quite small to the extent that the distance between the

walls in one or more dimensions becomes comparable to the range of the molecule-wall

potential so that a bulk phase in this case is absent. Properties of molecular films un-

der this condition would then be expected different from those of corresponding bulk

molecules under identical thermodynamic conditions. The condition would even be in-

teresting when part of the walls of the confining volume is designed in such a way that

they induce a unique molecule-wall alignment.

Furthermore, in a system of confined liquid crystals, the first layer in the vicinity of

the wall would be used as the template to induce the next layer so that alignment could

propagate through out the range of the confined film depending on the temperature and

the density of the system. However, in LCDrs, that seems unlikely due to the fact that

the first layer of mesogenic units in the vicinity may be shielded by the core spherical

beads under bead-wall repulsive potential circumstances. In this case, for the reason of

chemical incompatibility, mesogens will avoid to come closer to the layer of beads above

the vicinal layer of mesogens. This breaks alignment correlations between the vicinal

and the next layers of mesogens. However, this might be resolved by making the wall

attractive to both mesogens and beads. In this case, bead layer and mesogen layer would

be formed in the vicinity, not one over the other but in parallel. Thus, vicinal layers

of each type could be templates to induce further layers. This situation is different for

different anchoring conditions. For instance, in homogeneous planar anchoring condition

beads form layer in between two layers (one at the left and the other at the right) of

mesogenic units in the vicinity. These layers in the vicinity of the wall are capable of

inducing further layers one over the other. The extent of layer propagation from the

wall surface to the bulk region depends not only on the kind of anchoring conditions,

it also depends on anchoring strength, monomer-monomer interaction potential and the
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thermodynamic conditions.

The situation in confined liquid crystal dendrimer (LCDr) system is different from

that of common low molar mass liquid crystals. In LCDrs, atleast, there are two symmet-

rically different molecules; spherical beads and mesogenic units. These molecules interact

with the confining wall differently. For instance, appropriate chemical treatment of the

surface of the wall might be made to ”love” (attract) spherical beads and ”hate” (repel)

mesogenic units or vice versa, or it may love both or hate both. In liquid crystals, the

first layer in the vicinity of the wall would be used as the template to induce the next

layer and alignment propagates through out the range of the confined film. However, in

LCDrs, that seems unlikely because the first layer of mesogenic units in the vicinity may

be covered by the core spherical beads under bead-wall repulsive potential circumstances

as it has been seen in Chapter 5. In this case, due to chemical incompatibility, mesogens

will avoid to come closer to the layer of beads above the vicinal layer of mesogens. This

breaks alignment correlations between the vicinal and the next layers of mesogens. How-

ever, this might be resolved by making the wall attractive to both mesogens and beads.

In this case, bead layer and mesogen layer would be formed in the vicinity, not one over

the other but in parallel. This situation is different for different anchoring conditions.

For heterogeneous planar, LCDrs closer enough to the wall gets flat distributing their

mesogenic units at the outer most part. Beads in this anchoring condition would be dis-

tributed encircled by the mesogens. So, the inner (beads) layer and the outer (mesogens)

layer could be formed (see Fig. 6.1a).
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a) b)

Figure 6.1 Schematic diagram of heterogeneous (a) and homogeneous (b) planar wal-

l-LCDr couplings .

The transmission of heterogeneous planar arrangement(if any)to the bulk leads to

columnar phases and that of homogeneous arrangements favors lamellar phases.

In homogeneous planar anchoring condition (Fig. 6.1b), beads still form layer in

between two layers (one at the left and the other at the right) of mesogenic units in the

vicinity. For both homogeneous and heterogeneous planar alignments, the layering style

in the vicinity of the wall is capable of inducing further layers one over the other. The

extent of layer propagation from the wall surface to the bulk region does not depend only

on the kind of anchoring conditions, it also depends on anchoring strength, monomer-

monomer interaction potential and the thermodynamic conditions.

In this Chapter two types of confining boundaries has been considered. The first

one is the slit pore made by two parallel planar walls at z = 0 and z = Lz. This

confinement has also been classified in two three anchoring conditions; homogeneous

planar, heterogeneous planar and homeotropic ones. The second confining boundary is

cylindrical pore with height L and radius R. Two anchoring conditions (homogeneous

planar and homeotropic) are taken in to consideration under cylindrical confinement. The

results and discussions in each anchoring situations under every confining boundaries will
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be presented in the next couple of subsections.

6.2 LCDr SYSTEM CONFINED IN A SLIT-PORE

We considered N = 75 (Nb = 75× 10 = 750 and Nm = 75× 12 = 900) G2D3 LCDrs

confined in a slit pore made of two parallel walls one at z = 0 and the other atz = Lz.

Initially, generation, G = 2 and core functionality, fc = 3 (G2D3) LCDr is prepared in

its relaxed state at higher temperature. Then, the copies of G2D3 are distributed across

the volume, V = L2Lz, of the box; with L be the size of the box in x and y directions

and Lz be the size of the box in z direction. The distribution is made according to the

(100) configuration of the face-centered cubic (fcc) lattice (Fig. 6.2).

Figure 6.2 Initial fcc lattice configuration of 75 G2D3 LCDrs in between two parallel

walls .

Initial distribution should guaranty that the total potential energy of the system

be nearly the product of number of LCDrs and the potential energy of a single LCDr,

NUi =
∑N

i Ui. This means, LCDr-LCDr interaction potential is negligible or the system

is an ideal at its initial state. The slit is comprised of two parallel flat walls placed at
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z = 0 and z = Lz on the xy − plane. The walls interact with the monomers (beads or

mesogens) through Gay-Berne or modified Gay-Berne anisotropic(145) potentials given

in equations 3.3 and 3.14. Each beads or mesogens see their partner wall ellipsoids, called

as phantom mesogens, with whom they effectively interact, placed at the inner surfaces

of the two walls. The relation between the positions of two phantom mesogens on the

surfaces of the walls and a partner interacting mesogen is set to,

r1 = xx̂ + yŷ + 0ẑ (6.1)

r2 = xx̂ + yŷ + Lzẑ, (6.2)

where, indexes 1 and 2 refers to bottom and top walls, respectively. The x and y

components of phantom mesogens are made to be exactly the same as that of real mesogen

whose position vector can be given as r = xx̂ + yŷ + zẑ.

The orientation of these phantom mesogens depends on the kind of anchoring con-

ditions we are interested in. For unidirectional(homogeneous) planar the orientation of

the phantom mesogens is along a specific direction. In this work, the planar aligning

direction is chosen to be in the x− direction. In random planar their orientation is par-

allel to the plane but random in-plane. They are set to orient orthogonal to the plane

of the wall (z − axis) for homeotropic aligning situations. Graphical representation of

mesogen-wall coupling is shown in Fig. 6.3 for unidirectional alignment case. With this

set up, we employed the same interaction potential energy used in Chapter 5 to model

bead-bead, mesogen-bead and mesogen-mesogen interaction potentials for both inter and

intra-LCDr interactions.
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Figure 6.3 A mesogen and its partner wall ellipsoid in a slit of parallel planes at Z = 0

and Z = Lz. x and y components of mesogen and wall ellipsoids are the

same (rjx = rix, rjy = riy and rjz = 0). Exactly the same wall ellipsoid is

placed at rjx = rix, rjy = riy and rjz = Lz in the inner surface of the upper

wall .

Equilibration and production runs of our confined system have been performed using

NPT ensemble imposing boundary conditions in x and y directions. The change of vol-

ume of the simulation box is made through the change of L while Lz is kept constant.

An attempt to displace the volume by ∆V is made every MC cycle, an MC cycle is

equivalent to N(Nb + Nm) MC steps; N -number of LCDrs, Nb-number of beads and

Nm-number of mesogens. An adaptive scheme for the good choice of maximum displace-

ment for both volume and monomers (∆L and ∆r) is used; if the number of accepted

monomer/volume moves over the last, say, 1000 cycles is below 0.33, decrease ∆L/∆r,

and vice versa. Detailed NPT algorithm is shown in Chapter 2 section 3.

Each monomers are made to select with which wall they have to interact. The

selection is based on the shortest distance between the center of mass of a given monomer
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and the surface of the wall. More precisely, monomers above the half-way slit pore

interact with the upper wall and those below the half-way interact with the lower wall

as,

Upw =

 Ubw(rij, ûj), p = b

Umw(rij, ûj, ûj), p = m
(6.3)

where, ûi and ûj are axial unit vectors of real mesogen i and phantom mesogen j, p

refers to either bead (b) or mesogen (m). Ubw and Umw defined in chapter 3 (equations

3.16 and 3.15) are used to model bead-phantom mesogen and mesogen-phantom mesogen

interaction potential energies, respectively. The corresponding parametrization is also

demonstrated in the Table 3.2.

6.2.1 Unidirectional Planar Anchoring Condition

The distribution of beads and mesogens along the direction of z-axis (perpendicular

to surface) and along the aligning direction (x-axis), orentational order parameters are

some of the quantities calculated to predict the structural change induced by the confining

surfaces. At initial pressure and temperature (T ∗ = 1.0 and P ∗ = 0.0) all the LCDrs were

well-removed from the surfaces of the walls. Then the whole system is being compressed

at this temperature with pressure increment of 0.05 up to P ∗ = 0.9. At each pressure 106

equilibration and 106 production runs have been performed at NPT statistical ensemble.

At lower pressures (0.1) almost all LCDrs get closer to the substrate. They do not

only come close to the surface but also align their mesogens according to the anchoring

condition imposed on the substrate. As the pressure grows slowly, some beads and

mesogens are forced to leave the surface and form another layer over the vicinity layer.

Further increase in pressure, decrease in volume, forces more monomers to leave the

surface and form further layers one over the other. This surface normal layer formation

propagates both from the upper and lower substrates towards the middle region. The

layer formation is not uniform after certain distance from the upper and bottom walls.
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Around the middle the system looks to adapt bulk property, property under which the

wall has no more effect.

The equation of state and orientational order parameter as the function of pressure

are plotted in the figure 6.4. The system goes from twolayers (one in the vicinity of

each walls) state to several layers (decaying magnitude with distance from both walls)

states smoothly. However, at pressure of P ∗ = 0.55 abrupt density shift is observed

indicating that the state with empty space around the middle of the slit is changed to

filled state. Once the whole volume is filled the density of the system hardly changes

with the pressure. Similar information can be inferred from the plot of orientational

order parameter (see Fig.6.4 b). Due to disorder state of mesogens after some distance

from the surface the overall orientational order parameter decreases with an increase of

pressure.

a) b)

Figure 6.4 Equation of state (a) and orientational order parameter (b) of mesogenic

units LCDrs confined in a homogeneous planar aligning slit pore at T ∗ = 1.0.

Typical snapshots shown in the figure 6.5 reveal what has been stated here above.
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a) b)

c) d)

Figure 6.5 Side view, snapshots of LCDrs confined in a box whose two sides are impen-

etrable flat walls inducing unidirectional planar anchoring condition. a) at

P ∗ = 0.1, b) P ∗ = 0.3, c) P ∗ = 0.5 and P ∗ = 0.8.

In order to have clear vision on what does the arrangement of beads and mesogens

exactly look like on the surface, the same snapshots but from the other perspective are

given in Fig. 6.6. In this figure only monomers on the surface can be viewed from the

back side of either lower or upper walls.
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a) b)

c) d)

Figure 6.6 Back view, snapshots of LCDrs confined in unidirectional planar walls. a)

at P ∗ = 0.1, b) P ∗ = 0.3, c) P ∗ = 0.5 and d)P ∗ = 0.8. In these snapshots

the wall is removed in order to have direct view of monomers.

As clearly depicted in figure 6.6, due to volume compress the number of layers along

the rubbing direction decreases. Monomers leaving layers along the rubbing direction

form other layers along the direction perpendicular to the surface up to certain distance

from the surface.

The mass distribution of mesogens and beads along the direction perpendicular to

the plane of the surface described in equation 6.4 is in agreement with what is seen in

the snapshots.

ρq(z) =
1

〈Vz〉

〈
Nq∑
i=1

δ(z − zi)

〉
(6.4)

with q referring to mesogen or bead and Vz be the instantaneous volume of the slice. In

order to calculate the mass distribution of monomers along a certain direction, the box

has been divided in to slice of width δLz. Thus, Vz = L2δLz is the volume of the slice

along the z-direction. This function oscillates at a wavelength equals to the diameter
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of a mesogen/bead. The oscillation is dumped like with its peaks keep decreasing as it

goes far away from the upper and lower surfaces. The dump rate decreases with increase

of pressure showing that further layers are being formed over the other as the pressure

grows. Therein indicating that alignment transmission is pressure dependent (see Fig.

6.7(a,b,c))
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a) b)

c) d)

e) f)

Figure 6.7 Mass distribution of beads and mesogens as the function of perpendicular

distance (a,c,d) from the surfaces and along the aligning direction (b,d,f) at

the pressure values, P ∗ = 0.2, 0.5 and 0.8 at fixed T ∗ = 1.0.

Micro-segregation between beads and mesogens which could be realized from figure

6.6, can also be confirmed by mesogen/bead mass distribution functions along the align-

ing direction. The mathematical expression to describe such distribution function is
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similar to that of eq.6.4 except the direction is along the x− axis (aligning direction).

For completeness, this expression is shown below (eq. 6.5).

ρq(x) =
1

〈Vx〉

〈
Nq∑
i=1

δ(x− xi)

〉
, (6.5)

where, Vx = LzLδL. This function at several pressure values is plotted in Fig.6.7 (d,e,f).

The number of layers we have seen in the snapshot depicted in figure 6.6 are interestingly

reflected with the number of peaks in this plot (fig.6.7).

In unidirectional aligning condition, the orientational order parameter assigned to

the largest eigenvalue of the order tensor at a given slice per number of mesogens in that

slice is denoted by Sx(z) and is measure of the degree of ordering of the mesogenic units

along the x-direction (see eq.6.6). In this case the orientational order gives us additional

information on the transmission of alignment from the surface to the bulk region as the

function of pressure.

Sx(z) =
1

〈
∑

i δ(z − ri · ẑ)〉

〈
Nm∑
i

P2(u
2
i,x)

〉
, (6.6)

where, ui,x is the x component of a unit vector ûi of mesogen i and P2 is second order

Legendre Polynomial. The second largest or third eigenvalues of orientational order

tensor (which are almost equal, in fact) can be defined in a similar way as equation 6.6.

Orientational order parameters along the aligning and surface perpendicular directions

are demonstrated in Fig.6.8.
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a) b)

c) d)

e) f)

Figure 6.8 Average orientational order parameter as the function of distance, z, from

the surfaces of the substrates at various pressures. In the x-direction (a,c,e)

and in the z-direction (b,d,f) the pressure values, P ∗ = 0.2, 0.5 and 0.8 at

fixed T ∗ = 1.0 .

One can clearly notice that orientational order parameter along the x-axis drops as it
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goes far away from the substrates. Around the middle of the slit, its value becomes zero

at lower pressure case due to either no mesogens are in that region or they (if any) are

oriented randomly. For the higher pressure cases, the alignment of mesogens along the

x-axis gets stronger even in the middle region of the slit. That shows surface induced

alignment propagation depends on pressure.

In addition to system response to the external field induced by the confining bound-

ary, individual LCDrs have also responded to the stimuli by different ways. One way is

changing their shape from spherical symmetry to rod or rectangular planar like shape,

specially, in the the neighborhood of the surface. Fig.6.9 illustrates that structural change

of individual LCDrs in different regions of the confined system at a certain thermody-

namic conditions (P ∗ = 0.6, T ∗ = 1.0).

Figure 6.9 Structure of single LCDr in the vicinity and the middle of the slit pore in a

system at P ∗ = 0.6 and T ∗ = 1.0.

The transittivity of mesogen alignment to the bulk region and molecular micro-

segregation could be augmented or worsened depending on the variation of temperature

at fixed pressure. In order to explore the impact of temperature on over all structure and

alignment propagation, additional simulations at several isotherms with fixed pressure

has also been conducted. Positional and Orientational configurational data has been

taken from previously simulated system at P ∗ = 0.6 and T ∗ = 1.0 as initial for the next
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simulations at various temperatures. Figure 6.10 shows snapshots of confined, LCDrs,

mesogens and beads at three different temperature values. At very low temperature

mesogens and beads are well-separated from one another forming parallel xz planes one

after the other.

Figure 6.10 Snapshots of LCDrs, mesogens and beads under uniform planar anchoring

conditions. Upper row at T ∗ = 0.2, second row at T ∗ = 1.0 and second

row at T ∗ = 1.8 at fixed P ∗ = 0.6.

Besides micro-separation between mesogens and beads, alignment transmission is

highly enhanced by the decrease of temperature. On the other hand increasing tempera-

ture destroys molecular separation between mesogens and beads except in the neighbor-

hood of the surface (2− 3 mesogenic diameter distance from the surface). Similarly, the



134

promulgation of mesogen alignment to the bulk is very short ranged at high temperature.

The effect of the wall is minimal at higher temperature so that the whole system (except

in the vicinity) is more or less governed by bulk thermodynamic conditions. In order to

see clear boost up or downhill of alignment propagation and positional ordering, mass

distribution modulations for beads/mesogens along the surface normal and orientational

order parameter are given in Fig.6.11 and Fig.6.12, respectively. Fig.6.11 noticeably

agrees with the visual scrutiny grabbed from figure 6.10.

a) b)

Figure 6.11 Mass distribution of beads (a) and mesogens (b) along the surface normal

(z − axis at P ∗ = 0.6 and various temperatures.

a) b)

Figure 6.12 Orintational order parameters of mesogenic units as the function of vertical

distance (z) at P ∗ = 0.6.
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6.2.2 Random Planar Anchoring Condition

Random planar anchoring condition is achieved assuming the phantom mesogens

are oriented parallel to the surface having a random direction (cosφ, sinφ, 0) with φ a

uniformly distributed angle in the range 0 < φ < π. Similar output quantities as uni-

form planar anchoring condition has also been reported here. Those are; representative

snapshots, mass distribution functions along different directions and orientational order

parameters at various thermodynamic conditions. The distribution functions consid-

ered are as the function of perpendicular distance from the surface (exactly the same as

equation 6.4) and as the function of distance on the xy plane which is defined as,

ρq(r) =
1

〈Vr〉

〈
Nq∑
i=1

δ(r − ri · r̂)

〉
, (6.7)

where, r̂ = 1√
2
(x̂ + ŷ) is the unit vector on the xy plane and ri is the position vector of

monomer i. The infinitesimal volume Vr is the volume of the space between two cylinders

with radii r and r + δr and height Lz. Thus, Vr = 2πLzrδr
4

.

In random planar anchoring condition, the state of the system changes smoothly from

low pressure state to high pressure state unlike sudden change in unidirectional planar

case at certain pressure. Figure 6.13 shows equation of state and and orientational order

parameters in this anchoring situation. As shown in the same figure (b), the orientational

order parameter along the three Cartesian coordinates shows sudden change at certain

pressure. At that specific pressure, it is noticed that the system has effectively filled the

space around the middle of the slit which was not fully filled before that pressure.
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a) b)

Figure 6.13 Equation of state (a) and orientational order parameter (b) of meso-

genic units LCDrs confined in a heterogeneous planar aligning slit pore

at T ∗ = 1.0 .

Snapshots at different pressure values are shown in Fig. 6.14 (side view) and Fig.

6.15 (back view).
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a) b)

c) d)

Figure 6.14 Side view, snapshots of LCDrs confined in random planar walls. a) at

P ∗ = 0.3, b) P ∗ = 0.5, c) P ∗ = 0.7 and d) P ∗ = 1.0 at T ∗ = 1.0.

Radial layers of mesogens and beads are formed at the vicinity of the surface. The

number of these layers reduces as the volume of the box decreases. As it was stated in

unidirectional planar case, monomers leave the surface and form layers in the direction

perpendicular to the surface. Layer propagation from both upper and lower surfaces

decays as distance grows as the function of pressure.
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a) b)

c) d)

Figure 6.15 back view, snapshots of LCDrs confined in random planar walls. a) at

P ∗ = 0.3, b) P ∗ = 0.5, c) P ∗ = 0.7 and d) P ∗ = 1.0 at T ∗ = 1.0.

Visual inspections from figure 6.15 show that beads and mesogens are micro-segregated

at least in the vicinity of the surface. Whether this micro-segregation can transmit to

the region far from the surface can not be directly visualized from the snapshots un-

like the case in homogeneous planar anchoring condition in which the micro-segregation

between two chemically incompatible segments can be directly observed from the snap-

shots atleast up to some distance from the surface. In the same way as the unidirectional

case, mass distribution function of beads or mesogens as the function of distance on the

plane of the surface could tells us whether segregated components propagate to the bulk

region or not. If this function modulates with clear separation between two successive

peaks then the two components (beads and mesogens) are well segregated throughout

the volume of the box, if not there must be mix up in the bulk region. As shown in
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equation 6.7 this function takes in to account all beads or mesogens found in the space

between two concentric cylinders of radii r and r+ δr. The plot of this function is shown

in Fig.6.16. At lower pressures, the modulation is regular showing that radial layers

of beads and mesogens are well separated. However, at higher pressures, due to the

mix up of mesogens and beads in the intermediate region, the regularity in the function

disappears.

Figure 6.16 Mass distribution of beads (left column) and mesogens (right column) as

the function of radial distance at pressure values, P ∗ = 0.3, 0.5, 0.7 and 1.0

at T ∗ = 1.0 .

In order to quantify the transmission of surface induced positional ordering in random
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planar anchoring condition, one dimensional mass distribution function can be used.

Mathematical expression for this function is exactly similar to equation 6.4. Nevertheless,

this distribution function versus vertical distance shown in Fig. 6.17 indicates that the

transmission is not similar to the case in unidirectional anchoring condition. Firstly,

the transmission does not span the whole region, it only goes up to 3 − 4 molecular

diameters from both lower and upper walls towards the middle of the slit. Secondly,

the transmission rate is too slow compared to unidirectional planar case. This can be

noticed from the right panel of Fig.6.17 where the difference in number of peaks between

P ∗ = 0.3 and P ∗ = 1.0 is only one. Even though beads or mesogens leave the surface in

the course of compressing, they are not forced to form layers one over the other unlike

in unidirectional planar condition where the surface imposes stronger affinity.
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Figure 6.17 Mass distribution of beads (left column) and mesogens (right column) as

the function of distance from the surfaces of the walls placed at Z = 0 and

Z = Lz at pressure values, P ∗ = 0.3, 0.5, 0.7 and 1.0 at T ∗ = 1.0.

Orintational order parameters defined in equation 6.6 are also plotted in Fig. 6.18

for random planar anchoring conditions. As expected, the smallest eigenvalue of the

ordering tensor, Sz(z) ≈ −0.5 (see Fig. 6.18a) in the vicinity and increases with the

distance from the walls. Around the middle of the slit, it becomes nearly zero due to

either there are no mesogens at lower pressures or random orientation of mesogens at

higher pressures. In the absence of any preferable in-plane alignment the two largest

eigenvalues of the ordering tensor should be, on average, equal leading to a vanishing
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order parameter ∆S = |Sx(z)| − |Sy(z)|.

a b

Figure 6.18 Average orientational order parameter as the function of distance, z, from

the surfaces of the substrates at various pressures. In the z-direction (a)

and in the x-direction (b) .

6.2.3 Homeotropic Anchoring Condition

Unlike other anchoring conditions, in a homeotropic anchoring condition, once the

mesogens are aligned perpendicular to the plane of the wall it is not easy to make them

leave the surface by small increment of pressure. However, at very high pressures there

is the possibility of mesogens leaving the surface and forming a layer/layers around the

middle region of the slit. Figure 6.19 shows plot of equation of states and orientational

order parameter under this anchoring condition. In this case, it is clearly noticed that

there is the phase transition. The system has been maintained at two-layer state for

bigger range of pressure until it suddenly changed to three-layer phase at pressure P ∗ =

5.0.
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a) b)

Figure 6.19 Equation of state (a) and orientational order parameter (b) of mesogenic

units of LCDrs confined in a homeotropic aligning slit pore at T ∗ = 1.0.

After this pressure, (P ∗ = 5.0) further increase in pressure could not change the state

of the system significantly. This phenomenon is well revealed in Fig. 6.19. The density

of the system suddenly jumps from ρ = 0.2 at P ∗ = 4.0 to ρ = 0.3 at P ∗ = 5.0. Similar

information is also reflected by orientational order parameter (see Fig.6.19 b).

Some snapshots of LCDrs and their mesogenic units at three different isobars shown

in Fig. 6.20 are in a very good agreement with the information gained from equation

states plot.
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Figure 6.20 snapshots of LCDrs (left column) and only mesogenic units (right col-

umn) confined in a homeotropic aligning parallel walls. a) at P ∗ = 1.0,

b) P ∗ = 4.0 and c) P ∗ = 6.0 at T ∗ = 1.0.

The number of layers in the intermediate (bulk) region depends on the size of the slit

gap. In bigger slit gap, more than one layers of mesogenic units would be expected. In

our case, in which the slit gap is taken to be Lz = 20σ0mm, only single layer of mesogens

has been observed in the middle of the slit. The size and orientability of of this layer

depends on the pressure. Density profile and orientational order parameters along all

the three Cartesian coordinates as the function of surface normal distance is shown in

Fig.6.21.
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a) b)

c) d)

e) f)

Figure 6.21 Mass distribution of beads and mesogens(left column), and orientational

order parameters of mesogens (right column) as the function of distance

from the surfaces of the walls placed at Z = 0 and Z = Lz at pressure val-

ues, P ∗ = 1.0, 4.0 and 6.0 at T ∗ = 1.0 in homeotropic anchoring condition.
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6.3 LCDr SYSTEM CONFINED IN A

CYLINDRICAL-PORE

The same type but different number of LCDrs with which we used for slit-pore con-

finement have also been used in cylindrical-pore (80 = 2 × 2 × 20 G2D3 LCDrs). The

distribution of G2D3 through out the volume of the cylinder, πR2L, R-radius of the

cylinder and L-the length of the cylinder is made in the same manner as the previous

section (see Fig.6.22).

Figure 6.22 Initial fcc lattice configuration of 80 G2D3 LCDrs in a cylindrical pore

.

Initial total potential energy of the system is the sum over the number of LCDrs of
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a single LCDr potential energy. Mathematically,

Utotal =
N∑
1

ui, (6.8)

where N is the number of LCDrs and ui is potential energy of LCDr i. This is equivalent

in meaning to both inter-LCDr potential energy and wall-LCDr potential energy are

negligible initially. At the beginning, to neglect wall-LCDr potential energy, R has to

be greater enough than ρ, where ρ is the xy − plane radius of the outer most monomer

(ρ =
√
r2x + r2y). The inner surface of the cylinder is decorated by the wall ellipsoids

with which mesogens and beads interact. A given mesogen or bead interacts with one

of several wall ellipsoids with minimum distance between the two. The positions of wall

ellipsoids at the inner surface of the cylinder can be given as,

r1 = Rρ̂+ zẑ. (6.9)

The z component of nearest wall ellipsoid is fixed to be exactly the same as that of

a real partner mesogen/bead whose position vector is defined as, r = ρρ̂ + zẑ and

ρ̂ = cosφx̂ + sinφŷ. Hence, the position vector difference between a mesogen/bead and

partner wall ellipsoid becomes, rij = (R − ρ)ρ̂. The orientation of wall ellipsoids with

respect to the surface of the wall is either orthogonal or parallel to the axis of the cylinder

for homeotropic and unidirectional planar, respectively, anchoring conditions. Schematic

representation of mesogen-wall ellipsoid coupling in a cylinderical confining boundary is

shown in Fig.6.23
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Figure 6.23 Schematic representation of cylindrical coordinate system showing how

mesogens and their partner wall ellipsoids are coupled in a cylinderical

confinement. For homeotropic configuration (left) and unidirectional pla-

nar (right) anchoring conditions. Black ellipsoids represent wall ellipsoids

and blue ones are for real mesogens.

MC simulation in NPT statistical ensemble is performed to equilibrate and calculate

the average structureal properties of the system. As initial state of the system is with

low density, the volume of the cylinder was compressed slowly by increasing pressure.

The pressure change is made with an increment of 0.05. At each pressure, O(106) cycles

equilibration and O(106) cycles production runs have been made. The total MC steps for

each equilibration and production runs become N(Nm+Nb)×106 (N -number of LCDrs,

Nm-number of mesogens and Nb-number of beads in an LCDr) as each MC cycles consist

of ND(Nm+Nb) MC steps. Periodic boundary condition is applied in z− direction, along

the axis of the cylinder. In order to make sure the system is equilibrated, we compared

results from different initial conditions. If the results are the same for all used initial

conditions after some MC cycles then the system is equilibrated.

The volume of the cylinder changes through the change of its length keeping its radius
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constant as,

∆V = πR2∆L. (6.10)

The acceptance or rejection of volume move is depending on both change in potential

energy due to change of volume, P∆V and change in potential energy of LCDr system,

∆U as shown in equation 6.11.

Pacc = Min

[
1,
N (rn

N,Vn)

N (roN,Vo)

]
= Min

[
1, e−β[PπR

2(Ln−Lo)+(Un−Uo)−Nβ ln(
Ln
Lo

)]
]
,

(6.11)

where, Lo and Ln are old and new lengths, respectively, of a cylinder. The derivations

of detailed acceptance criteria for both cylindrical and slit pore confinements are given

in Appendix A.

We performed MC simulation using the Fortran 90 Code developed by our group,

in the isobaric-isothermal NPT ensemble in order to calculate average properties of the

system. Structural properties calculated here include radial distribution of mesogens and

beads about the axis of the cylinder and the components of orientational order tensor as

function of radial distance from the axis of the cylinder. The mathematical expressions

for these quantities are shown below.

ρq(r) =
1

2πrδr

〈∑
i δ(r − ri)
L

〉
(6.12)

where, ri is in-plane distance from the axis of the cylinder usually passing through the

origin (0, 0, 0) with ri be the position vector of bead/mesogen projected on xy-plane. The

orientational order parameters per number of mesogens in a given slice, Sαβ =
Qαβ

〈δ(r−ri)〉 ,

in this confining boundary has also been calculated from the diagonal components of the

order tensor Q;

Qαβ(r) =
1

Nm

〈∑
j 3(ûjα · ûjβ)2 − δαβ

2

〉
(6.13)
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6.3.1 Homeotropic Condition

In Fig.6.24, representative snapshots of model LCDr systems confined in a cylindrical

confining boundary under homeotropic anchoring condition is presented.

a) b)

c) d)

Figure 6.24 Snapshots of LCDrs confined in homeotropic aligning cylinder. a) at

P ∗ = 0.3, b) P ∗ = 0.6, c) P ∗ = 0.9 and d)P ∗ = 1.2.

It was noticed in chapter 3 that interaction potential energy between the surface and

beads have been modeled by soft repulsive potential in case of homeotropic anchoring

conditions. Due to that reason beads are distributed well above mesogens in slit and

cylindrical pores in homeotropic anchoring situations. As is shown in Fig. 6.24, most

of the mesogens are situated at the inner surface of cylinder and aligned perpendicular

to the surface of the cylinder. In addition to visual assessment from the snapshots

shown above, mass distribution of monomers (beads and mesogens) gives a handful of

information on how these dendritic segments are distributed with respect to the axis

of the cylinder (see Fig. 6.25). This figure shows distribution of beads and mesogens
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at several pressure values. At all pressure values above zero (P ∗ > 0) the majority of

mesogens and beads are moved to the region nearby the surface. Increase in population

of mesogens at distance from the surface of cylinder wall, approximately equals to their

length, grows slowly with pressure.

a) b)

c) d)

e) f)

Figure 6.25 Mass distribution of beads (left column) and mesogens (right column) as

the function of distance from the surfaces of the walls placed at Z = 0

and Z = Lz at pressure values, P ∗ = 0.3, 0.6, 0.9 and 1.2 at T ∗ = 1.0 in

homeotropic anchoring condition.
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Similarly, bead number density at distance greater than mesogenic length increases

slowly with pressure. In addition to population growth, tendency of forming second layer

of beads, with separation between the first and the second layer to be the diameter of a

bead, is promoted by increasing pressure (left column of Fig.6.25).

The transmission of alignment from the surface of the cylinder to the interior is not

realized in this confining geometry and anchoring condition. The reason for this could

be, either because of a layer/two layers of beads shielding the first layer of mesogens not

to be the template to induce the next layer or the geometry under which our system is

confined might not be the convenient one to realize such phenomenon. To sort out which

reason is behind the scene, independent simulation has to be performed for a system

of liquid crystal molecules confined in the same geometry and see if there would be

alignment transmission. If there is, the only reason should be alignment transmission is

interrupted by the presence of shielding beads or if not, both reasons could be acceptable.

In this study, independent simulation is not performed for pure liquid crystal systems

confined in a cylindrical pores as it is out of the scope of the work.

The smallest eigenvalue, Sz(r), which is calculated from equation 6.13 is shown in

Fig.6.26. The first two largest eigenvalues of this order tensor are nearly equal indicating

that there is no preferential in-plane mesogen orientation. However, near the surface of

the cylinder where almost all mesogens are oriented perpendicular to the surface Sz(r)

becomes −0.5. As one goes away from the surface to the axis of the cylinder Sz(r)

increases up to zero for lower pressure pointing out that in the regions far away from

the surface mesogens are randomly oriented. This is not the case for higher pressure. At

higher pressures, mesogens far from the surface still prefer to orient at small angles with

respect to xy− plane giving rise to negative orientational order parameter throughout

the distances.
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Figure 6.26 Orientational order parameter as the function of perpendicular distance

from the surface of the wall at different pressure values in homeotropic

aligning situation. At each pressure the plots are shifted by 1 in order to

avoid overlaps between them .

6.3.2 Unidirectional Planar Condition

Unlike homeotropic anchoring condition in cylindrical confinement, for unidirectional

planar anchoring condition mesogens and beads are made to be softly attracted by the

surface. Due to that reason, there would of rings of mesogenic and bead layers on the

surface of the cylinder (see Fig. 6.27). The transmission of these layers to the interior

of the cylinder is weaker. It could transmit up to maximum distance of three mesogenic

diameters from the surface. This has been clearly revealed in figure 6.28.
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a) b)

c) d)

Figure 6.27 snapshots of LCDrs confined in unidirectional planar aligning cylinder. At

P ∗ = 0.3 (a), P ∗ = 0.6 (b), P ∗ = 0.9 (c) and P ∗ = 1.2.

Increase pressure has very small effect on layer formation of beads and mesogens along

the radial direction. From figure 6.28 largest peaks for beads and mesogens distribution

plots in the vicinity of the surface represent the first layer of beads and mesogens. The

next peaks are for the second radial layers. These peaks disappear after two (lower

pressure) three (higher pressure) indicating that radial alignment propagation is very

short ranged compared to unidirectional planar confinement but long ranged compared

to homeotropic cylindrical confining geometry.
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a) b)

c) d)

e) f)

Figure 6.28 Mass distribution of beads (left column) and mesogens (right column) as

the function of distance from the surface of the wall of the cylinder at

pressure values, P ∗ = 0.3, 0.6, 0.9 and 1.2 at T ∗ = 1.0 in unidirectional

planar anchoring condition .

Figure 6.29 enlightens orientational order parameter along the aligning direction and

perpendicular to it. As expected, near the surface of the cylinder almost all of the

mesogens are aligned parallel to the axis of the cylinder giving rise to Sz(r) ≈ 1 and

Sx/y(r) ≈ −0.5. Going from the surface to the interior, Sz(r) keeps decreasing up to
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some distance but still positive and settles itself at nearly constant value in the deep

interior region of the cylinder.

a) b)

Figure 6.29 Orientational order parameters in z−direction (a) and y−direction (b) as

the function of radial distance at different pressure values in unidirectional

aligning situation. At each pressure the plots are shifted by 1 in order to

avoid overlaps between them .
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CHAPTER 7. SUMMARY AND CONCLUSION

This thesis is mainly concerned with Liquid Crystalline Dendrimers(LCDrs) exposed

to external fields. These molecules have proven to be an interesting new family of meso-

genic compounds with dimensions and molecular weights between low molar mass meso-

gens and polymers(74; 75). The absence of entanglements arising from dendritic proper-

ties and the high local concentration of mesogenic groups make them fascinating dendritic

supermesogens sought as potential LC materials with remarkable balance in viscosity and

thermodynamic stability(76). LCDrs typically are derived through functionalization of

common dendrimers with low molar mass liquid crystal molecules (mesogens)(72; 73).

The functionalization could be made either by incorporating mesogenic groups within the

interior body of the dendrimer (Main-chain LCDr) or attaching mesogenic units at the

surface of the dendrimer (Side-chain LCDr)(80). Main-chain LCDr leads to the forma-

tion of calmatic nematic and smectic thermotropic phases(79). However, in Side-chain

LCDr, the distribution of the terminal mesogenic groups rearrange themselves due to the

conformational changes in the dendrimer. Different types of mesophases can be formed

due to these rearrangements of mesogenic units. For instance, Carbosilane Side-chain

LCDrs have been proved to form rods leading to smectic-A phase formation or form

discs which can be assembled to form columns, leading to the formation of columnar

mesophases(81).

In this thesis only side-chain LCDr whose overall structure consists of a flexible

branched network with a branching multiplicity Nb, emanating from a single multivalent

initiator core with a connectivity Nc, and mesogenic units attached terminally at the
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termini of the branches are taken in to consideration. Thus, the number of peripheral

groups, Nm, depends on these two structural parameters (Nc and Nb) as well as the

generation number, G, according to the geometrical law; Nm = NcN
G
b . The general

structure of this supermolecular entities would be influenced by the mesogenic groups

attached to the periphery of the flexible dendritic network, tendency of the dendritic

core to adopt a globular isotropic conformation and also by the chemical and structural

incompatibilities between the dendritic core and the peripheral groups. The structural

organization of LCDrs may have different characteristics depending on the number of

their generations. For example higher generation LCDrs have strong tendency to self or-

ganize into supramolecular columnar mesostructure(85). The strong tendency of the core

to phase separate with increasing number of generation also led to formation of strongly

segregated smectic structure for some LCDrs. These supramolecular organizations of

LCDrs depends also on temperature variation.

In this work we introduced a tractable coarse grain model for simulating the con-

formational properties and the structure of liquid crystalline dendrimers in constraint

geometries. The developed force field is based on modifications of well known interac-

tion potentials that can be used either with MC or with Molecular Dynamics simulations.

LCDrs are modeled using coarse-grained uniform spherical beads for central core and

branching units and uniform ellipsoids for the terminal mesogenic groups. These basic

units are representatives of the parts of LCDr molecule and are interconnected to create

tree-like structures. Beads and ellipsoids along the chain are freely jointed, no constraints

on the angle between the neighboring bonds were imposed. The bonds are between

beads or between beads and ellipsoids. All beads including central one are identical

and indistinguishable except for their position in the molecule. Similarly, ellipsoids of

mesogenic units are all identical except for their position and orientation. LCDrs studied

here have a single core, the common origin of all the branches of the molecule with two

branching points are connected by a rod of different lengths for different pairs. The



159

central (or core) bead is multi-functional allowing the attachment of several dendrons.

Each branching point radiate two more branches to initiate the next generation of the

dendrimer.

Soft attractive potentials have been used to model interactions between bead-bead,

mesogen-mesogen and bead-mesogen pairs. For bead-bead pairs 12 − 6 Lennard-Jones

potential is used and for mesogen-mesogen pairs the well known anisotropic Gay-Berne

potential is applied. Gay-Berne potential energy could be used to model bead-mesogen

pair interaction except that one of the pairs posses zero orientational vector (ui/uj = 0).

As this study is specifically on determining the structural and alignment properties

of LCDrs under external fields induced either by nematic or smectic like fields or surface

fields. In addition to intra-molecular interactions mentioned above UN = −fNP2(ûi · ê)

(for nematic) and US = −fSR(z)P2(ûi · ê) (for smectic) like fields are applied to only

mesogenic units. On the other hand, LCDrs of different generation number are made

to interact with the flat surface through anisotropic 9 − 3 Lennard-Jones type poten-

tial energy which is proposed to model interactions between flat surface and mesogenic

units(150). With these set-ups, three main systems have been investigated; single LCDrs

under Nematic and Smectic Mean like aligning fields, Single LCDrs under surface induced

fields and system of generation 2 LCDrs confined in two confining geometries (slit-pore

and cylindrical-pore).

Monte Carlo Computer Simulation method is used to study properties of our intended

systems. Less complexity of MC codes and fast equilibration of system of such complexity

makes MC simulation technique the first choice. For system of LCDrs confined in a slit-

pore and cylindrical-pore isobaric-isothermal (NPT) MC simulation is performed. In this

ensemble, the volume changes of the pore is performed conserving the main geometrical

elements of the pores.

The size, shape, distribution of dendritic segments and orientational order param-

eter of mesogenic units have been investigated for single LCDrs and system of LCDrs
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under respective external fields. Nematic like aligning fields could affect only the orien-

tation of mesogens therein increasing orientational order parameter as the function of

field strength. The shape, size and mass distribution of monomers (beads and meso-

gens) are hardly affected by the application of this field at higher temperature and for

smaller generation number LCDrs. Bigger generation number LCDrs at lower temper-

ature responded to the aligning field by reducing their size, altering their shape and

distribution of monomers. However, LCDrs under smectic like aligning field showed

significant changes in shape, size and mass distribution of monomers in all generation

number and temperature. As the strength of this field grows both positional and ori-

entational ordering of mesogens(and beads) enhances in addition to contraction in their

size.

The effect of flat non-patterned walls on the alignment and on the statistics of the

conformation of single LCDrs has also been examined. Depending on the anchoring

strength, generation number and the temperature of the system, LCDrs show various

kinds of behaviour based on the imposed anchoring conditions. Homeotropic anchoring

condition enhances perpendicular orientation of mesogens with respect to the plane of

the surface and planar anchoring condition boosts parallel alignment of mesogenic units.

Spherical symmetry of LCDrs adapted at equilibrium is broken when they get closer

to the surface. Instead of spherical symmetry, they attain flat planar structure in case

of planar anchoring condition and short cylindrical shape in homeotropic case. These

structural changes highly depend on the temperature.

Shape parameters calculated from the eigenvalues of radius of gyration tensor agrees

with what is seen from the snapshots of LCDrs at several temperature values in each

anchoring conditions. Mass distribution of beads and mesogens have also been signifi-

cantly affected. These distribution functions about the central bead of an LCDr shows

consistent correlation with the position of the central bead in all anchoring conditions.

Generation dependence of anchoring and alignment of dendritic segments could be easily
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noticed from the fact that some of the beads and mesogens of higher generation LCDrs

are not able to get themselves closer to the surface due to geometrical restrictions.

The third and the last system considered in this thesis is system of LCDrs confined in

two confining geometries. The first confinement is a slit-pore made of two parallel walls

situated at Z = 0 and Z = Lz. The second one is cylindrical-pore with radius R and

length Lz. In a slit-pore the volume of the box is made to change only in x− and y−

directions while the size of the box in the z−direction is maintained. Similarly, cylindrical

volume changes only through change of Lz keeping R constant. With these setups system

of model generation G = 2, core functionality, fc = 3 and branch functionality, fb = 2

(G2D3) LCDr has been explored under various anchoring conditions.

In slit-pore confinement, all the three anchoring kinds have been studied. In unidi-

rectional anchoring condition, the transmission of positional and orientational ordering

from the surfaces to the bulk region depends on so many factors. Some of these factors

are anchoring strength, inter-particle interaction, pressure and temperature. At lower

pressure/higher temperature, almost all of the LCDrs come close to the surfaces therein

aligning their mesogens along the aligning direction. Layers of beads and mesogens on

the surface increase with increasing pressure. At higher pressure/lower temperature,

ordering transmission can span from wall-to-wall (from top wall to bottom wall). Ori-

entational order parameter in the bulk is significantly larger compared to unconfined

system of the same LCDr under the same thermodynamic conditions. Thus, ordered

structures could be easily obtained by confinement. Similarly, in random planar an-

choring conditions, positional and orientational ordering up to few mesogenic diameter

distance from the surfaces have been spotted. At any pressure or temperature, it could

be impossible to have such ordering spanning the whole volume in this anchoring case.

Unlike, in unidirectional and random planar anchoring conditions, in homeotropic an-

choring condition, changing from single layer at each surfaces to several layers as the

function of pressure is not happening easily. It only happens at very pressure. At higher
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pressure, it changes from double layer (one at each surfaces) to multi-layer(depending

on the slit gap) phase abruptly.

In a cylindrical pore under homeotropic alignment, the transmission of alignment

from the surface of the cylinder to the interior is not realized. The reason for this could

be, either because of a layer of beads shielding the first layer of mesogens not to be the

template to induce the second and so on or the geometry under which our system is

confined might not be the convenient one to realize such phenomenon. To sort out which

reason is behind the scene, independent simulation has to be performed for a system

of liquid crystal molecules confined in the same geometry and see if there would be

alignment transmission. If there is, the only reason should be alignment transmission is

interrupted by the presence of shielding beads or if not, both reasons acceptable. In this

study, independent simulation is not performed for pure liquid crystal systems confined

in a cylindrical pores as it is out of the scope of the work.

Unlike homeotropic anchoring condition in cylindrical confinement, increasing pres-

sure has mild effect on layer formation of beads and mesogens along the radial direction.

The first layer of beads and mesogens at distances of their respective radii from the

inner surface of the cylinder is followed by next layers. These layers disappear after

2σ0ss/2σ0mm ( for lower pressure) or 3σ0ss/3σ0mm (for higher pressure) distance for the

inner surface. This indicates that radial alignment propagation is very short ranged un-

like the case in its counter part in a slab geometry where the alignment transmits up

to the middle of the slit. In addition to axis parallel alignment of mesogens, rings of

beads and mesogens are formed at the inner surface of the cylinder showing that they

are nano-segregated in that region as the result of attractive dendritic segment-surface

potential employed.

Finally, the LCDr studied here under different external fields and anchoring conditions

could represent a broader class of polyphilic mesomorphic materials in which separate

building blocks with different types of interaction sites are combined. External field
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induced micro-phase separation in these materials opens up the opportunity to self-

assemble in to well-defined nanostructures for different potential applications. Potential

applications could be molecular electronics, opto-electronics, photonics, nanotechnology,

etc. The CG-simulation method presented here can be used as an inspiration towards

further simulation and experimental studies on these systems. As a result, it could be a

useful tool in helping design confined nanoscale structures for future applications.
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APPENDIX A. NPT-ACCEPTANCE CRITERIA

The general partition function in Isobaric-Isothermal, NPT ensemble is expressed as,

QN,P,T =
βP

λ3NN !

∫
dV V Ne−βPV

∫
drNe−βU(rN), (A.1)

where, N is the number of particles, P is the pressure, V is the volume of the box and

β = 1
kBT

.

System confined in two parallel walls (slit-pore);

In this system the volume change of the box is only due to the change of the length

of the box in x and y directions as shown in Fig.2.3 of Chapter 2. Let’s consider a box

bounded by two parallel walls, one at z = 0 and the other at z = Lz in z-axis. Thus, the

volume of the box becomes,

V = L2Lz (A.2)

where, L is the size of the box in x and y directions. Substituting Eq.A.2 and dV =

2LLzdL in Eq.A.1 gives the partition function of a system confined in two parallel walls

as;

QN,P,T =
βP

λ3NN !

∫
(L2Lz)

N(2LLzdL)e−βPL
2Lz

∫
drNe−βU(rN )

=
2βPLN+1

z

λ3NN !

∫
(L2N+1dL)e−βPL

2Lz

∫
drNe−βU(rN )

(A.3)

The probability densities to find the confined system in a specific state can be de-

noted as N (rN , V ). These probability densities in old and new states, N (ro
N,Vo) and

N (rn
N , Vn) are given as,

N (ro
N,Vo) ∝

[
L2N+1

o e−βPVoe−βU(roN)
]

(A.4)
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and

N (rn
N,Vn) ∝

[
L2N+1

n e−βPVne−βU(rnN)
]
, (A.5)

respectively. The Metropolis acceptance criteria from old to new states becomes:

Pacc = Min

[
1,
N (rn

N,Vn)

N (roN,Vo)

]
. (A.6)

with

N (rn
N,Vn)

N (roN,Vo)
=
L2N+1
n e−βPVne−βU(drnN)

L2N+1
o e−βPVoe−βU(roN)

= e−β[PLz(L
2
n−L2

o)+(Un−Uo)− 2N+1
β

ln(LnLo )].

(A.7)

Putting Eq.A.7 to Eq.A.6 gives an expression for Pacc as

Pacc = Min
[
1, e−β[PLz(L

2
n−L2

o)+(Un−Uo)− 2N+1
β

ln(LnLo )]
]
. (A.8)

System confined in a cylinder

The volume of the cylindrical pore is made to change only due to the change of the

length of the cylinder with fixed radius. Inserting V = πR2L and dV = πR2dL in Eq.A.1

gives partition function for our system in a cylindrical confinement as;

QN,P,T =
βP

λ3NN !

∫
(πR2L)N(πR2dL)e−βPπR

2L

∫
drNe−βU(rN)

=
βPπN+1R2N+2

λ3NN !

∫
(LNdL)e−βPπR

2L

∫
drNe−βU(rN)

(A.9)

The probability densities of finding the system in old and new states, No and Nn will be

No ∝
[
LNo e

−βPVoe−βU(roN)
]

(A.10)

and

Nn ∝
[
LNn e

−βPVne−βU(rnN)
]
, (A.11)

respectively. Acceptance probability for this system becomes

Pacc = Min

[
1,
N (rn

N,Vn)

N (roN,Vo)

]
= Min

[
1, e−β[PπR

2(Ln−Lo)+(Un−Uo)−Nβ ln(
Ln
Lo

)]
] (A.12)
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Figure A.1 Metropolis Monte Carlo Scheme

.

Figure A1 shows internal Monte Carlo move scheme which is exactly similar to that

of NV T ensemble. Once the volume is changed according to the criteria shown in figure

A2, the same internal procedure follows at new volume.
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Figure A.2 Metropolis Monte Carlo Scheme for volume change move through change

of L .
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APPENDIX A. MOMENT OF INERTIA TENSOR OF AN

ELLIPSOID

The general expression for the moment of inertia of an ellipsoid of length, l, width,

w, breadth, b and mass m is given by

↔
I 0=

m

5


l2 + w2 0 0

0 l2 + b2 0

0 0 w2 + b2



=
m

5
b2


b
′2 + w

′2 0 0

0 l
′2 + 1 0

0 0 w
′2 + 1



=
m

5
b2


(w
′2 + νw

′
)2 + w

′2 0 0

0 (w
′2 + νw

′
)2 + 1 0

0 0 w
′2 + 1

 (A.1)

where l
′

= νw
′
+ w

′2 with ν shape parameter. The isotropic part of
↔
I 0 is one-third of

trace of
↔
I 0 multiplied by the identity matrix,

↔
E;

↔
I
iso

0 = 1
3
Tr(

↔
I0)

↔
E, which is given as

↔
I
iso

0 =
2m

15
b2(l

′2 + w
′2 + 1)

↔
E (A.2)
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where the trace of
↔
I 0 is 2m

5
b2(l

′2+w
′2+1). The anisotropic part of the moment of inertia,

↔
Ior=

↔
I0 −

↔
I iso is also given as

↔
Ior=

m

5
b2


1
3
(l
′2 + w

′2)− 2
3

0 0

0 1
3
(l
′2 + 1)− 2

3
w
′2 0

0 0 1
3
(w
′2 + 1)− 2

3
l
′2

 . (A.3)

Equation A.3 can be simplified to;

↔
Ior=

m

5
b2



−2

3
0 0

0 1
3

0

0 0 1
3

+ w
′2


1
3

0 0

0 −2
3

0

0 0 1
3

+ l
′2


1
3

0 0

0 1
3

0

0 0 −2
3


 . (A.4)

For the case of an ellipsoid with the same width and breadth, b = w, w
′

becomes 1 and

the anisotropic part of
↔
I0 simplifies to

↔
I
or

0 =
m

5
b2(
↔
ux +

↔
uy +l

′2 ↔uz)

=
m

5
b2(1− l′2)

[
−1

3
,−1

3
,
2

3

]
diag

(A.5)

with
↔
ux,

↔
uy and

↔
uz be first, second and third diagonal matrices terms, respectively, of

equation A.4. Here, the lengths of ellipsoidal mesogenic units are three times their width

and fixed at L = 3 and T = 1. For these parametrizations and taking m = 1,
↔
I
or

0

becomes

↔
I
or

0 =
8

15


1 0 0

0 1 0

0 0 −2

 . (A.6)
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