
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


이학박사 학위논문

Liquid crystals (LCs) from particles

and molecular aggregates: 

Self-organized films from disk-like LCs

입자와 분자응집체로부터 형성된 액정: 

디스크형 액정의 자기조립으로 형성된 필름

2015년 8월

서울대학교 대학원

융합과학부 나노융합전공

박   지   현





   

Liquid crystals (LCs) from 

particles and molecular 

aggregates: Self-organized films 

from disk-like LCs 

 

지도 교수  김 연 상 

 

이 논문을 이학박사 학위논문으로 제출함 

2015년  4월 

 

서울대학교 대학원 

융합과학부 나노융합전공 

박 지 현 

 

박지현의 이학박사 학위논문을 인준함 

2015년  6월 

 

위 원 장         송  윤  규       (인) 

부위원장         김  연  상       (인) 

위    원         박  원  철       (인) 

위    원        Jun Yamamoto    (인) 

위    원         Giusy Scalia     (인) 





   

Liquid crystals (LCs) from particles 

and molecular aggregates: Self-

organized films from disk-like LCs 

 

Ji Hyun Park 

 

Supervised by 

Professor Youn Sang Kim 

 

A Dissertation Submitted to the Faculty of  

Seoul National University in Partial Fulfillment of  

the Requirements for the Degree of Doctor of Philosophy 

 

August 2015 

 

Program in Nano Science and Technology 

Department of Transdisciplinary Studies 

The Graduate School 

Seoul National University 

 





 

 i 

Abstract 

Liquid crystals (LCs) from particles 

and molecular aggregates: Self-

organized films from disk-like LCs 

 

Ji Hyun Park 

Department of Transdisciplinary Studies 

Program in Nano Science and Technology 

The Graduate School 

Seoul National University 

 

Self-assembly is a powerful means of creation of molecular or particle 

organized structures without the intervention of external forces. Liquid crystals are 

an outstanding example of self-assembled systems exhibiting a large variety of 

assemblies and well known applications like flat panel displays. Liquid crystal is the 

phase that combines fluidity of isotropic liquids with macroscopic anisotropy in the 

properties like solid crystals due to the long-range orientational order. Materials 

forming liquid crystals phases are grouped into two main classes: thermotropic and 

lyotropic liquid crystals. Thermotropic liquid crystals are formed by single or 

multiple-component molecular systems that have liquid crystal phases within certain 

temperature range. Instead lyotropics can be formed by a variety of building blocks 

in aqueous solutions above a certain concentration threshold. For both classes, the 
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building blocks are anisometric with typically rod- or disk-like shape and different 

nature, even formed by nanoparticles of graphene or cellulose. The self-assembly 

behavior of these systems is not trivial to understand but it is relevant for profiting 

from their properties, and find their use in various geometries with attractive optical 

or electrical properties. 

In the framework of exploring liquid crystals and nanoparticle systems, this 

work mainly deals with liquid crystal systems formed by disk-like building blocks, 

more precisely, hexapentyloxytriphenylene (HAT5) discotic liquid crystal molecules 

and graphene oxide or reduced graphene flakes. However, since the assembly of 

HAT5 goes through the formation of rod-like aggregates in solvents, also the self-

assembly of elongated nanoparticles in solvent and during its evaporation has an 

attention here. 

Discotic liquid crystals (LCs) are formed by disk-like molecules that can form 

columnar hexagonal phases. They are attractive materials due to the 1-dimensional 

electrical conductivity along the columns as a result of π-π interaction between 

polycyclic aromatic cores. A key advantage of discotics is their self-organization into 

ordered molecular wires on macroscopic scale with the ability of annealing of defects 

by temperature. We investigate the formation of fiber-like structures of discotics 

deposited from solution, focusing on the factors that influence the wire assembly. In 

particular, the resulting molecular structures are strongly dependent on the 

evaporation rate of the solvent as well as the nature of the substrates. Moreover, the 

molecular structure of the solvent plays an important role in the structural formation 

influencing the morphology of the final assembly and presumably the molecular 

stacking. Aromatic solvents favor the formation of wires that in turn also self-
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organize assuming a common alignment direction. We argue that this process is 

driven by a lyonematic formation during the evaporation process. Our findings 

provide an attractive route for tailoring or changing the geometry of supramolecular 

assemblies not necessarily by changing the discotic molecular structure but by 

simply choosing a solvent with a desired structure. 

We use various deposition methods based on solution for the realization of 

molecular wire thin films and their morphology was investigated by atomic force 

microscopy (AFM) and polarized optical microscopy, for optically detectable films. 

Temperature can induce changes in of the structure even in very thin films, with 

thicknesses of few tents of nanometers, as monitored locally by AFM. Glazing 

incidence X-ray diffraction techniques confirmed that the alignment in our thin films 

is planar, which means that the discotic molecules have an edge-on position on the 

substrates, and columns with a lattice organization perpendicular to the substrates. 

Planar alignment was also confirmed by polarized Raman spectroscopy. We could 

also observe very strong anisotropic response, reflecting the much higher 

polarizability along the molecular wire axis compared to the perpendicular direction 

as a result of a good intra-columnar molecular overlap. The advantage of a structure 

formed by long and well aligned wires was confirmed by electrical measurements 

on isotropic versus macroscopically aligned samples, the latter showing a three time 

increase in electrical conductivity. The self-assembly ability and the promising 

conductive properties are attractive per se but also in view of the integration of these 

self-assembled structures with nanoparticles and nanowires in particular. 

The second liquid crystal system that was studied was based on graphene flakes 

in solvent. Graphene, a monolayer of graphite, is an attractive material for a variety 
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of applications such as in electronic devices either as transparent and conductive 

electrodes or in sensors. Graphene can be produced with different methods such as 

mechanical exfoliation, chemical vapor deposition or chemical methods. The latter 

is interesting for the ease of processability and its versatility. This process goes 

through the formation of an oxidative form of graphene, called graphene oxide (GO). 

One of the greatest advantages of GO flakes is the dispersability in water due to the 

hydrophilic functional groups. In addition, GO can form spontaneously organized 

phases of discotic liquid crystal type, useful for creating long-range orientational 

order that is advantageous for optimizing charge paths in devices. The liquid crystal 

phase appears above a certain concentration of the GO flakes, and the threshold 

concentration is affected by several specific properties of graphene oxide sheets like 

their aspect ratio or flatness. Studying a series of GO suspensions from 1.0 mg/ml to 

0.1 mg/ml, a clear nematic liquid crystal phase, phase exhibiting a certain degree of 

long-range orientational order but not positional, could be observed by polarized 

optical investigations at very low concentrations. The existence of a very low 

threshold, below 0.25 wt%, can be explained with the presence of ultra-large flakes 

of GO in our samples and to the relatively low amount of defects in the flakes which 

gives them flatness. We report the evaluation of GO concentration, especially the 

region of phase coexistence related to the size distribution of the flakes, using UV-

visible spectroscopy, by taking advantage of the Lambert & Beer law.  

Unidirectional alignment of GO flakes can be induced by external electric fields 

from isotropic dispersions showing a very large Kerr coefficient. This behavior 

shows attraction to electro-optical switching devices such as a liquid crystal displays 

(LCDs). Since the electro-optic response is dependent on the particle polarizabiliy, 
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the reduced GO having higher polarizability than GO is a very attractive system for 

improved electro-optic response. However, it is difficult to produce liquid crystalline 

phases with reduced GO (rGO) due to their poor dispersability in water and the 

consequent tendency to aggregate. Herein we induce suggest the LC phase in rGO 

by reducing directly GO suspension with L-ascorbic acid after pretreatment with 

surfactants. The samples were studied by dynamic light scattering and the 

birefringence of both GO and rGO suspensions was studied as a function of applied 

electric field. 

 

Keywords: Self-assembly, Discotic Liquid Crystals, Hexapentyloxytriphenylene 

(HAT5), Graphene, Graphene oxide, 2-dimensional materials 

Student Number: 2011-30754 
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Chapter1 Introduction 

 

1.1 Introduction 

Research in self-assembly field has been progressively expanding due to general 

attention. Self-assembly materials are an interesting class of soft condensed matter 

attractive for their smart behavior being able to produce spontaneously various 

structures by e.g. entanglement or segregation of the components. They are 

efficiently used in many areas including nanoscience, microelectronics, robotics, etc 

[1]. One of the most attractive self-assembly materials are liquid crystals. In 

everyday life, liquid crystals can be found in TV, cellphones screen, electric signs, 

etc. And furthermore, liquid crystals possessing specific and peculiar properties have 

entered into various areas such as organic electronics, wearable technologies, novel 

optical applications [2], and recently these topical areas are significantly developing. 

Molecular self-assembly of disk-shape aromatic cores has been of large interest 

due to the formation of π-stacked columnar structure [3, 4] which is very useful in 

organic opto-electronic applications such as organic light emitting diodes [5, 6], field 

effect transistors [7, 8], and photovoltaics [9, 10]. In all cases, the device properties 

are highly dependent on the structural organization of materials. Macroscopic 

alignment is required in order to obtain good performance from devices. Discotic 

liquid crystals (LCs) spontaneously self-assemble into columns that, in turn, pack in 

hexagonal order. Through the overlap of molecular orbitals the conjugated cores 

form 1-dimensional channels for charge transport [11-13]. A great advantage, 
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compared to inorganic materials, is that defects can be self-annealed as a result of 

temperature treatments. In addition, the possibility of solution-processing the 

material is highly attractive from an application point of view [14]. The alignment 

of discotic LC is usually quite difficult. The origin of the well aligned fiber structures 

obtained in open films [15] is not clear yet, although the formation of a lyotropic 

nematic phases during the film preparation was proposed as mechanism inducing the 

unidirectional organization of the wires. 

In this work, I have used hexapentyloxy-triphenylene (HAT5) discotic LC 

which has triphenylene as a rigid central core with six flexible peripheral alkyl chains 

attached [Figure 1.1a]. An aromatic core allows stacking and the flexible chains give 

the molecule mobility. I have investigated the formation of fiber-like nanostructures 

of discotics focusing on the factors that influence the wire assembly. Films or 

molecular wire structures were prepared form HAT5 solution with various organic 

solvent. It turned out that the properties of the solvents dramatically contribute to the 

resulting assembly by actively entering into the formation of molecular 

superstructures via novel mechanism proposed here, based on the matching of the 

molecular structure of the solvent molecules with similar parts of the discotic 

molecular structures. Also, interactions at the interfaces also affect the formation of 

the molecular structure. Lastly, the electrical properties of well aligned molecular 

wire ensembles are examined compared with isotropic alignment of aggregates and 

with pure HAT5. The aligned structure of HAT5 showed the possibility of the use of 

the wires as a chemical gas sensor. 

It is well known that anisometric particles can form lyotropic liquid crystal (LC) 

phases above a threshold value of concentration. Also carbon-based nanoparticles 
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such as carbon nanotubes, and most recently graphene oxide can form lyotropic 

liquid crystalline phases. The self-organization is very useful for the formation of 

systems with improved properties coming from the macroscopic particle 

organization as evident in the success of the LCD. If the building blocks have 

outstanding properties such as graphene, the use of self-organization is even more 

appealing since outstanding properties are expected also to appear at macroscopic 

scale. Graphene, a single layer of graphite, is a very attractive material due to their 

captivating mechanical, electrical and thermal properties [16]. It can be produced 

with different methods, among all by chemical routes [17]. Graphene oxide (GO) is 

derived from natural graphite, and upon reduction becomes graphene. Hydrophilic 

surface functional groups, such as epoxide, hydroxyl, and carboxyl groups, decorates 

the plane and the edges of graphene oxide flakes to make it possible to disperse GO 

in common polar solvents including water [18] [Figure 1.1b]. Since GO has a very 

anisotropic 2-dimensional structure and is dispersible in water, it has allowed the 

observation of LC phases at low concentrations [19]. The mesogenicity of graphene 

oxide depends on the shape and size of its flakes. In fact, the threshold for LC 

formation strongly depends upon the disk dimensions [20]. 

Here, I investigate the formation of liquid crystalline phase of in-house 

produced graphene oxide with a process, optimized for forming very large flakes. 

The formation of the nematic phase goes through a binary phase region, in which 

isotropic and nematic phases coexist. The concentration threshold for the appearance 

of liquid crystal phase as well as the width of the region of phase coexistence are 

connected to the average size and dispersity of the flakes. Also I have investigated 

methods to obtain liquid crystalline phase with reduced GO (rGO). Optical 
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spectroscopy, viscometer (rheolometer) and polarized dynamic light scattering 

measurements were used for the detail studies of the phase behavior of GO and rGO. 

In addition, I have looked at the electro-optic behavior of GO and reduced GO 

depending on their size and concentration.  

 

 

 

 

 

Figure 1.1 (a) Molecular structure of hexapentyloxy-triphenylene (HAT5), 

(b) structure of graphene oxide (GO) 
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Chapter2 Research background 

 

2.1 Liquid crystals 

2.1.1 Introduction to liquid crystals 

Liquid crystals (LCs) refer to intermediate states between conventional liquids 

and solid. Liquid crystals flow like ordinary liquids at same time possessing 

anisotropic properties like crystals. Liquid crystals can be classified in different ways. 

One of the basic classifications is the division into thermotropic liquid crystals and 

lyotropic liquid crystals depending on the factors controlling the phase formation. 

The induction of LC phase in thermotropics is fundamentally based on temperature. 

Thermotropic liquid crystals are composed by compounds with single- or multiple 

components. As temperature decreases from the isotropic phase, thermotropic liquid 

crystals can exhibit various types of phases like the nematic phase and smectic 

phases. In a nematic phase, molecules have an orientational order aligned along the 

common direction indicated by a director n as shown in Figure 2.1. At lower 

temperatures, smectic phases can be found in certain compounds. This phases have 

both orientation order and positional order with molecules arranged in layers. The 

positional order is perpendicular to the layers while the molecules can flow like 

almost an ordinary fluid within each layer [Figure 2.1].  

Lyotropic liquid crystals share some common characteristics with thermotropic 

liquid crystals, but they have distinct features. In lyotropic liquid crystal phases form 

above threshold concentration of the building blocks even if a dependence on 
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temperature is also present. The elements forming lyotropic liquid crystals can be 

molecules or particles in a solvent, typically water.  

The degree of orientational order of liquid crystals can be expressed by the order 

parameter, S.  

S =  
3

2
<  𝑐𝑜𝑠2𝜃 − 1 > 

where, θ is an angle that represents the fluctuation of molecules away from the 

director n. This expression is the second term of Legendre polynomials. The order 

parameter of crystal is 1 and for isotropic material it is 0. Liquid crystals have 

intermediate value of S, 0 < 𝑆 < 1 [Figure 2.2].  

LCs can be also classified depending on the structural shape of mesogens or 

particles of the system. The shape of the building blocks can be approximated as rod-

like (sometimes called calamitic), disk-like (or discotic) or more complex structures 

such as banana-shapes (or bent-core). [Figure 2.3] 

 

 

  

Figure 2.1 Orders of (rod-like) liquid crystals according temperature. 
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2.1.2 Disk-like liquid crystals 

2.1.2.1 Thermotropic discotic liquid crystals 

In 1977, 70 years after the first report of LCs from Vorländer, when the 

thermotropic liquid crystals of rod-like molecules started to revolutionize 

commercial display technologies, Chandrasekhar, Safashiva and Suresh reported "… 

what is probably the first observation of thermotropic mesomorphism in pure, single-

component systems of relatively simple plate-like, or more appropriately disk-like, 

Figure 2.3 Order parameters for liquid crystals 

Figure 2.2 Example of liquid crystal molecules (a) calamitic; 4-Cyano-4'-

pentylbiphenyl (5CB), (b) discotic; Hexapentyloxytriphenylene (HAT5), (c) 

banana shape; 1,3-phenylenebis[4-(4-n-alkyloxyphenyliminomethyl)-

benzoates], R=CnH2n+1O. 
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molecules" [1]. This study was the first clear observation of liquid crystal phases 

with disk-like molecules even though there have been theoretical predictions [2-5]. 

Soon after this study, a fields of captivating liquid crystal research started.  

Discotic molecules typically comprising a rigid aromatic core and flexible 

peripheral chains have been attracting attention due to their spontaneous self-

organization in columnar structure [Figure 2.3b, 2.4] with charge and energy 

transport properties interesting for applications in organic electronic devices. The 

polycyclic aromatic cores of discotics, possessing rigidity, stacks on each other to 

form columns by overlapping of the π-orbitals allowing 1-dimensional charge 

transportation. The formation of columns is possible thanks to the flexibility of 

attached peripheral chains enabling the movements like a fluid, hence the variations 

of the chains effect the self-assembly properties. Perpendicular to the columnar axes 

the molecules are arranged onto a hexagonal lattice, in the hexagonal columnar 

phases. Both polycyclic aromatic cores and side chains contribute to the quality of 

column alignment and charge transport properties [6, 7]. Also, the charge 

transportation is sensitive to the structural defects that can interrupt or deteriorate the 

path for the charges. Interestingly, in discotic the defects can be annealed simply by 

temperature treatments thanks to the molecular rearrangement and the self-assembly 

properties. Moreover, orbital overlaps between adjacent discotic molecules is much 

larger in discotics than in calamitic system. The band width reaches values up to 1.1 

eV and the larger orbital overlaps of in discotics enable the higher values of charge 

carrier mobility that can be as high as 0.64~1.3 cm2 V-1 s-1 in their mesophases [8-

10]. 
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2.1.2.2 Lyotropic disk-like liquid crystals 

The lyotropic disk-like liquid crystals can be obtained by 2-dimensional 

molecules, molecular aggregates or particles dispersed in solvents. The most 

common lyotropic liquid crystal phases are produced by aggregates of amphiphilic 

molecules but not uncommon are thermotropic mesogens dissolved in solvents [11, 

12]. Besides this, lyotropic liquid crystals can be formed also by anisotropic 

nanoparticles [13-15], DNA [16] and viruses [17]. Recently, it was found that 

graphene oxide flakes can form a nematic liquid crystalline phase in water. [18-21]. 

In the case of graphene oxide, the highly anisotropic shape and hydrophilic 

functional groups surrounding the graphene platelet lead to the formation of a 

lyotropic liquid crystalline phase in water. As the concentration of graphene oxide, 

translational entropy increases for a long-range ordered phase while rotational 

entropy will be reduced. As a result, graphene oxide flakes will have an orientational 

order with the axes perpendicular to the molecular plane molecular plane assuming 

a common orientation as shown in Figure 2.4. The liquid crystal phase then forms 

above a certain concentration. 

Figure 2.4 Orders of (disk-like) liquid crystals according temperature 
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2.1.3 Optical properties of liquid crystals 

Liquid crystals are optically anisotropic media with one or two optical axes 

depending on system symmetry. Here, if we only consider the liquid crystalline 

phases that have one optic axis, so called uniaxial, the optical properties of an 

anisotropic material can be explained with two refractive indices no and ne. 

(corresponding to the ordinary and the extraordinary refractive indices, respectively). 

Light impinging on an uniaxial system can be divided into two rays, the ordinary and 

the extraordinary rays, depending on the direction of the light polarization, the 

direction the electric field of light, with respect to the optic axis. The polarization of 

ordinary wave is perpendicular and the extraordinary wave has parallel polarization 

to the optic axis. In case of isotropic systems, the optical properties are independent 

of light (or fields) penetration direction. The difference between no and ne is defined 

as birefringence (∆n), corresponding to double refraction.   

∆n = 𝑛𝑒 − 𝑛0 

If ∆n > 0,  the LC has positive optical anisotropy and if ∆n < 0, it is optically 

negative [Figure 2.5]. In Figure 2.5, the geometrical representation of the optical 

properties of LCs, the index ellipsoid is shown. The optical axis is along the z 

direction. Many discotic liquid crystals have negative optical anisotropy. The 

magnitude of the optical anisotropy, ∆n , is generally lower for discotics than 

calamitics [6].  

The optical path difference (∆Λ) in liquid crystal is given by the physical 

thickness (d) of materials and the double refraction (∆n).  

∆Λ = d ∆n 
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From this, we can calculate the magnitude of the phase difference 

∆φ = (
2π

λ
)  d Δn 

where λ is the vacuum wavelength of incident light. This phase difference is similar 

to the results of a wave plate that changes the direction of polarization of light. Thus, 

bright and colored optical images can be observed between crossed polarizers.  

 

 

In case of perfect homeotopic aligned discotic liquid crystal (columns vertically 

aligned to the substrate), no birefringence is observed between cross polarizers 

looking at normal incidence since the optic axis is parallel to the direction of 

propagation of light, the incident light seeing the columns as isotropic spheres 

[Figure 2.6a]. On the other hand, planarly aligned structures (columns horizontally 

aligned to the substrate) allow that light passes through crossed polarizers provided 

Figure 2.5 Optical properties of anisotropic materials 
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that the optical axis of the columns is not parallel to one of the polarizers [Figure 

2.6b]. 

 

 

2.1.4 Liquid crystals under electric fields. 

Most of electro-optical responses in liquid crystal are based on the switching of 

the director and thus of their optical properties (switching of the optic axis) by 

external electric fields [Figure 2.7]. The induced polarization of a linear medium by 

electric field is written in the form 

𝑷 =  𝜀0𝜒𝑬 

where, 𝜀0 is vacuum permittivity, 𝜒 is the susceptibility. In isotropic media, 𝜒 is 

a scalar.  

𝜒 = 𝜀𝑟 − 1 

where, 𝜀𝑟 is relative permittivity and the dielectric constant is express as,  

Figure 2.6 Scheme of light penetration by columnar liquid crystals; (a) 

homeotropic alignment and (b) planar alignment. 
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ε =  𝜀𝑟𝜀0 = (1 + χ)𝜀0. 

The anisotropic properties of liquid crystals are also reflected in the dielectric 

properties, also anisotropic, that allow the reorientation of molecules after 

application of electric field.  

The consequence is that for anisotopic media, 

𝑷 =  𝜀0�̃�𝑬 

where, the �̃� is a tensor. 

 The dielectric anisotropy of LCs is defined as ∆ε =  𝜀∥ − 𝜀⊥ and 𝜀∥ and 𝜀⊥ 

refer to the dielectric constants for an electric field oriented parallel and 

perpendicular to the director. In case of positive ∆ε, the dipole moment is parallel to 

the long axis of calamitic and the molecules tend to orient along the electric fields, 

while in the case when ∆ε is negative, the dipole moment is parallel to the short 

axis of molecules and the molecules reorient perpendicular to the applied electric 

field.  

In the standard geometries LC films are aligned by suitable coatings of 

substrates that provide molecular anchoring at the interfaces. The molecular 

reorientation induced by electric fields is counteracted by viscous and elastic torques 

and reorientation occurs only above a threshold voltage value, the Frederiks 

threshold.  

In addition, there are other electro-optical effects. When an optically isotropic 

medium is placed in electric fields, the applying field induces birefringence with 

optic axis parallel to the field. It is called the Kerr effect [22]. It is a nonlinear 

phenomenon since the polarization is not linearly dependent on the applied electric 
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field. The general form for the induced polarization, including also the nonlinear 

terms can be written, 

𝑷 =  𝜖0(𝜒1𝐸 + 𝜒2𝐸2 + 𝜒3𝐸3 +  ⋯ ) 

In Figure 2.7, P as function of E including the non-linear term (red curve). 

 

 

The Kerr effect is a third-order electro optic effect and the related terms for the 

polarization is, 

𝑃3 =  𝜖0𝜒3𝐸3 

The induced birefringence can be written as 

∆𝑛 = 𝐾𝐸2𝜆 

where, K is Kerr constant and 𝜆  is the light wavelength. This means that the 

birefringence has a quadratic dependence on the applied electric field. 

  

Figure 2.7 Linear (blue) and non-linear (red) response of polarization P to the 

electric field E. 
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2.2 Graphene and graphene oxide: structure and properties 

Graphene and graphene oxide are excellent examples of 2-dimensional 

materials receiving much attention in the global electronic markets such as the 

semiconductor, electronics, battery energy and composites industries [23]. Briefly, 

looking at the characteristics, graphene flakes have a theoretical specific surface area 

of 2630 m2/g. This value is much higher than carbon (900 m2/g) or carbon nanotubes 

(CNTs; 1000 m2/g) [24]. In general, this is a crystalline allotrope of carbon with 

carbons bonded together in single sheets packed in a regular hexagonal arrangement 

packed in a regular. Graphene's hexagonal structure is formed by two interleaving 

triangular lattices. Each atom has four bonds, one σ bond with each of its three 

neighbors and one π-bond that is oriented out of plane. The distance of carbon atoms 

are about 1.42 Å  [25] and the thickness of graphene is around 0.3nm as monolayer. 

The graphene is a zero-gap semiconductor, because its conduction and valence bands 

meet at the Dirac points [26]. Graphene's stability is due to its tightly packed carbon 

atoms and a sp2 orbital hybridization, which are a combination of orbitals s, px and 

py that constitute the σ-bond. The final pz electron makes up the π-bond. The π-bonds 

hybridize together to form the π-band and π∗-bands. These bands are responsible for 

most of graphene's notable electronic properties, via the half-filled band that permits 

free-moving electrons [27]. 

The graphene oxide as the single-layer form of graphite is a compound of carbon, 

oxygen, and hydrogen in variable ratios, obtained by treating graphite with strong 

oxidizers. Thus, the physical and electrical properties of graphite oxide depend on a 

particularly synthesis method and degree of oxidation. This usually formed the 
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oxygen epoxide groups (bonded oxygen atoms), carbonyl groups (C=O), hydroxyl 

groups (-OH), phenol, for graphite oxides prepared using sulphuric acid (e.g. 

Hummers method) also some impurity of sulphur is often found [26]. The structure 

and stability of graphene oxide are similar to graphene, but layer thickness is about 

1.1 ± 0.2 nm thick due to various combinations including epoxide, carbonyl and 

hydroxyl group [28]. Consequently, graphene and graphene oxide sheets have been 

fabricated to prepare a strong 2-D material, and have recently attracted substantial 

interest as a possible intermediate for the manufacture of electronic components. 

However, the application of graphene oxide to mass production for 

commercialization, still remain a challenge due to the limited chemical stability and 

structural defects. 
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Chapter 3. Molecular wire formation of discotic liquid 

crystal 

 

3.1 Materials 

3.1.1 Hexapentyloxytriphenylene (HAT5) 

Hexapentyloxytriphenylene (HAT5) is one of the simple discotic molecules 

which aligns quite easily with columns perpendicular to the substrates [Figure 2.3b]. 

It is composed of rigid aromatic core and flexible peripheral alkoxy side chains 

which is known to self-assemble into ordered systems with hexagonal columnar 

symmetry. The transition from the crystalline phase to hexagonal columnar phase 

takes place at 69°C and from the mesophase to the isotropic phase at 122°C [1, 2], 

[Figure 3.1 and 3.2]. The columns stack of HAT5 allows anisotropic electrical charge 

transport along the columns with overlaps of pi-orbitals. The mobility of HAT5 for 

both positive and negative carrier is on the order of 10-3 cm2/V·s in the mesophase 

[2-4]. On the other hand HAT5 has low intrinsic charge carrier concentration due to 

fairly large band gap in the materials. Thus, to avoid the greater decrease of mobility 

due to contaminants acting as a trap and can accelerate the decomposition in organic 

materials, purification becomes an essential step. 
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Figure 3.1 The phase transition of HAT5 under the optical microscope. 
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Figure 3.2 OM images at transition temperature. (a) Crystal to LC phase, (b) 

LC to isotropic phase, (c) isotropic to LC phase and (d) LC to crystal phase. 
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3.1.2 Purification of HAT5 

HAT5 was purchased from Synthon Chemical (ST01612) and it was purified by 

column chromatography (silica gel; toluene, Rf = 0.57) and further purification by 

recrystallization from ethanol to give HAT5 as white solid. The column 

chromatography is a very useful method to purify individual compounds from 

complex mixtures [Figure 3.3a]. The contaminated part can easily be separated by 

selection of proper solvents considering the retardation factor (Rf). The Rf is simply 

calculated from thin layer chromatograph (TLC) [Figure 3.3b]. After test material 

applied on the plate as a spot, a solvent is drawn up the plate by capillary force and 

the separation is achieved by different flow rate of each compounds. For instance, if 

the flow rate of the material is very high or low the separation would not happened 

which means the solvent used for TLC is a poor solvent. Choosing a good solvent is 

important for effective selection. As separation of the spot completes on a TLC plate, 

the Rf is obtained as the ratio of the distance traveled by sample to the distance 

traveled by solvent front. For HAT5 compounds, TLC was performed in a sheet of 

aluminum foil which coated with a thin layer of silica gel. The Rf of pure HAT5 was 

0.57 and the Rf of impurity in HAT5 compounds was 0.8. The impurity traveled 

faster than pure HAT5. In common with TLC, column chromatography is a method 

using flow rate difference of individual material in mixture compound. A glass 

column was filled with silica gel and toluene poured into the column until the full. 

When the toluene drained until the silica gel line, HAT5 compounds were was set on 

the silica gel. By adding toluene continuously, the impurity was detected in advance 

since it mobiles faster than pure HAT5 though the columns. After removing the 



 

 26 

impurity, the pure HAT5 was drained with toluene. The removal of impurity and the 

purification of HAT5 was confirmed with TLC as comparison of original HAT5 

compound. The yield of pure sample was around 70%. The final purified HAT5 had 

pure white color while the original one had little white pinkish color. 

 

 

3.1.3 Time of flight measurement for HAT5 

Improvement of purity confirmed by time of flight (TOF) technique. TOF 

technique is a method used for measurement of the carrier mobility through transient 

photocurrent generated by strongly absorbed laser pulse [1, 3]. The schematic 

diagram of TOF is in Figure 3.4. A sample was sandwiched between two planar ITO 

electrodes. A short flash of laser pulse was absorbed into the first electrode and 

created hole-electron pairs near the electrode. A fraction of the pairs separated and 

drifted by potential difference across the sample under electric field. The transient 

photocurrent was recorded by oscilloscope, and the transit time was measured from 

Figure 3.3 Scheme of column chromatography and thin layer chromatograph. 
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the signal. The mobility 𝜇  was obtained from the transit time, 𝑡𝜏 , a sample 

thickness 𝑑 and an applied bias voltage 𝑉.  

μ =  
𝑑2

V∙ 𝑡𝜏
                         (3.1) 

 

 

For HAT5 injection into the ITO sandwich cell [Figure 3.5], cell was placed on 

the hot plate in the vacuum chamber and sample positioned on the edge of the one-

sided cell entrance. To avoid oxidation of the sample, making a vacuum and filling 

argon gas several time repeatedly, and start to heat under the vacuum. After sample 

filled the cell, the sample was slowly cool down to get highly ordered homeotropic 

alignment in case of discotic liquid crystals. If needed, repeat more heating and 

cooling processes for better alignment. Then the TOF measurement performed in the 

cell region where ITO overlapped, as shown in Figure 3.5. In addition, Figure 3.6 

presents excellent homeotropic alignment which corresponds to the area measured 

for TOF. 

 

Figure 3.4 Scheme of time of flight (TOF) measurement. 
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Figure 3.6 Scheme of the ITO patterned cell for TOF measurement. 

Figure 3.5 OM images of HAT5 corresponding to the selected area for TOF 

measurement.  
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According to TOF results, the transit time was clearly distinguishable and it had 

slightly higher mobility after purification. The mobility had less noise from ionic 

conductivity even though no remarkable difference were noted between before and 

after purification. Temperature dependence of the hole carrier mobility was shown 

in Figure 3.7. In both case, the hole mobility were slight increased with decreasing 

temperature. Figure 3.8 and Figure 3.9 show a transient photocurrent curves of HAT5 

for positive and negative carriers at 100°C under various electric field. Purified 

HAT5 had slightly higher mobility for positive carriers but both of them have a 

mobility in a range of 10-3 cm2/V·s. For negative carriers, there was a slow transit 

which corresponded to ionic conduction and a mobility of 10-4 cm2/V·s in both 

purified and non-purified cases. 
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Figure 3.7 Result of TOF mobility of HAT5 before and after purification 

depending on temperature. 
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Figure 3.8 Photocurrent transient curves of positive carrier according to 

applying field (a) before purification and (d) after purification, (c) result of TOF 

mobility depending on applying field. 

Figure 3.9 Photocurrent transient curves of negative carrier according to 

applying field (a) before purification and (b) after purification. 
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3.2 Methods 

Various organic solvents were used for preparing HAT5 solution which were 

toluene, benzene, chloroform, heptane and dodecane from Sigma-Aldrich. The 

solvent were chosen for their molecular structure and their chemical properties such 

as the vapor pressure, boiling point and surface tension as shown in Table 1. A 

concentration of 6.0 mg/ml was used for all initial solution for deposition. Thin films 

obtained on 1cm x 1cm square substrates: glass, UV/O3 treated glass, 150 nm-thick 

indium tin oxide (ITO) coated glass, SiO2/Si substrates and silane treated SiO2/Si 

substrate. Glass, ITO-coated and silicon substrates were cleaned before deposition 

of solvent. The substrates were cleaned in 4 steps using bath sonication, Power sonic 

406 from Hwashin instrument Co., Ltd, with a different cleaning agent at each stage. 

We started with a 2% Micro 90 concentrated cleaning solution in water, followed by 

acetone, isopropyl alcohol and finally de-ionized water. Each sonication step lasted 

for 15 min and then, lastly the substrates were dried by compressed air. Some bare 

glass substrates were treated with a UV ozone treatment for deep cleaning using an 

Ozone Cure System, Minuta technology, for 30 min. For the substrate silanization, 

the SiO2/Si substrates were immerged in an octadecyltrichlorosilane (OTS) solution 

(~1 mM in toluene) at 20°C for 30 min. The substrates were then rinsed with toluene, 

acetone and isopropanol and kept at 150°C in a vacuum oven overnight.  
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For spin coating, a speed of 1000 rpm for 30 sec was used with Laurell 

Technologies Lite single Wafer Spin Processor WS-650S-6NPP. The spin-coated 

films were carefully transferred to the fume hood and kept for at least 2 hr at room 

temperature to ensure complete evaporation of the solvent. For exception, dodecane 

needed more than a day for the evaporation since it has very low vapor pressure. 

Films obtained with not only spin-coating but also the other deposition methods, dip-

coating and drop-casting, the latter combined with additional alignment techniques. 

Only HAT5 toluene solution was used for the other deposition methods. In addition, 

in order to avoid large amount of discotic molecules adsorbed on the substrate, a 

concentration of 3.0 mg/ml HAT5 in toluene was used for dip-coating with dip coater, 

ZID-3 from Jaesung Engineering. Substrates were dipped with speed of 1000 µm/s 

and stayed in the solution for 30 sec. Withdrawing speed was used from 20 µm/s to 

200 µm/s. Drop-casting method is useful for obtaining films but it is not ideal for 

making ultra-thin films. Moreover it is difficult to control the directional order. Thus 

Table 1 Chemical structures and relevant properties of used solvents. 
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shear flow or temperature gradient was applied into drop-casted deposition. Artificial 

wind was induced gently by a common air gun. For temperature gradient, one side 

of substrate positioned on the hot-plate at 60°C and the other side were kept at room 

temperature with horizontal adjustment.  

Macroscopic HAT5 phase transition and deposited structures were observed by 

polarized optical microscope (OM), Nikon Ecilpse LV100D-U and Olympus BX51 

with Linkam hotstage TMS94. Detail structural analysis of the deposited structures 

were performed by atomic force microscopy (AFM) with Dimension Edge atomic 

microscope system of Bruker/Veeco [Figure 3.10] under ambient condition in 

tapping mode, using commercial silicon cantilevers named RTESP with a nominal 

spring constant of 40 N/m, resonance frequency of 300 kHz and a tip radius of 8 nm 

at room temperature. Also, a modified Veeco Multimode AFM, Nanoscope Ⅲa, was 

used for some films with temperature and humidity control system. 

 

Figure 3.10 (a) AFM equipment, (b) optical detection scheme of AFM. 



 

 34 

Polarized Raman spectroscopy was performed with a micro Raman system 

Jobin-Yvon labram setup, at 633 nm wavelength in the backscattering geometry 

using two perpendicular directions for the incoming light. The spectra were analyzed 

by fitting the peaks with lorentzian functions in order to infer the alignment of the 

discotic molecules and of toluene as well as the columnar order. A micro Raman 

system from Dongwoo Optron Co. Ltd. were used for homeotropic alignment of 

discotic molecules with polarization functions. 

The structure and the orientation of the HAT5 structure studied by X-ray 

diffraction with Bruker D8. The source used for X-ray measurement is Cu Kα which 

had λ= 1.54 Å, 45 kV, 20 mA with 100mmφ collimator. Transmission mode used 

for HAT5 bulk powder and HAT5/solvent solution in glass capillary (diameter 1 mm). 

Thin open films on the substrates were studied by Grazing incidence X-ray 

diffraction (GIXD). GIXD goniometer configuration with CCD camera as a two 

dimensional detector is shown in Figure 3.11. Silver behenate were used for 

calibration for the detector. 

 

 

 

Figure 3.11 GIXD goniometer configuration. 
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Samples for electrical measurements were prepared by spin-coating the HAT5 

solution from toluene and chloroform onto 6 mm x 6 mm SiO2/Si substrates with 2 

μm width platinum interdigitated electrodes, produced by photolithography. The 

samples were placed in a glass tube connected to a high vacuum line, at a pressure 

lower than 10-2 torr, and to another glass tube containing iodine. After closing the 

vacuum line, the valve to the chamber containing iodine was opened to sublimate 

onto the sample to dope the film. Electrical measurements were performed in 

vacuum with a Keithley 6517A for 2-probe measurements to monitor the current 

resulting from the doping. Once the level of doping gave a constant current then the 

I-V characteristics were measured by a Keithley 6221 current source and a Keithley 

2182 nanovoltmeter using the standard 4-probe method. 

HAT5 molecular wire structure film for a gas sensing test were spin-coated by 

6.0 mg/ml HAT5 solution from toluene onto 6 mm x 6 mm SiO2/Si substrates with 2 

μm width gold interdigitated electrodes, produced by photolithography. The gas 

sensing properties of the fabricated HAT5 sensors were measured in a box furnace 

at room temperature. As the flow gas was changed from ambient (in dry air) to a 

calibrated test gas (NO2, Sinyang Gases), the variation of the sensor resistance was 

monitored using a source measurement unit (Keithley 2635A). A constant flow rate 

is 1000 cm3/min at this time. The sensor resistance was measured under a DC bias 

voltage of 5 V. The response of the sensors (Rgas/Rambient for NO2) was determined by 

ratios of the baseline resistances of the sensors in ambient atmosphere and the fully 

saturated resistances after exposure to the test gas. 
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3.3 Results and discussion 

3.3.1 HAT5 molecular wire formation by self-organization 

The structure produced by spin-coating resulted in a very thin film shows micro- 

or even macro scale length molecular wires. Figure 3.12 a and b shows an AFM 

image and a profile of HAT5 molecular wires deposited from HAT5/toluene solution 

on ITO glass with a concentration of 6.0 mg/ml. The thickness of film was around 

30 nm. Thickness of films can be easily controlled by changing a concentration of 

the solution for spin-coating [1]. The phase transition temperature for very thin films 

were similar to bulk (crystal 69°C Colh 123°C isotropic). Molecular re-arrangement 

of discotics was observed simultaneously with having the trace of the molecular 

wires even though dewetting happened [Figure 3.12 c-f].   

Figure 3.12 AFM images and profiles of the phase transition temperature for 

HAT5 thin films. 
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3.3.2 Factors that contributes to the self-organization of HAT5 

3.3.2.1 Effect of physical and chemical properties of the solvents. 

Unlike films of standard organic materials that are fairly uniform, HAT5 can 

produce nanostructured films when deposited on substrates. Discotic molecules of 

HAT5 were dispersed in different organic solvents at a proportion of 6 mg/ml to 

obtain very thin films. Various molecular arrangements of HAT5 are produced after 

processing with different solvents: toluene, benzene, chloroform, heptane, and 

dodecane [Figure 3.13-3.17, respectively]. The solvents were chosen for their 

molecular structure, resembling parts of the HAT5 molecule, and for some selected 

properties listed in Table 1. The solutions were deposited on substrates and spin 

coated using similar conditions for all the solvents. The films deposited on SiO2/Si 

were investigated by OM and AFM. Among the results, the films made from toluene, 

benzene are very thin which are almost out of optical limit but it is possible to 

distinguish features, especially boundaries, due to the interfacial effect with SiO2 

layers. 

 

Figure 3.13 HAT5 films by spin-coating with toluene solution. (a) AFM image 

and (b) optical microscope image. 



 

 38 
 

Figure 3.14 HAT5 films by spin-coating with benzene solution. (a) AFM image 

and (b) optical microscope image. 

Figure 3.15 HAT5 films by spin-coating with chloroform solution. (a) AFM 

image and (b) optical microscope image. 

Figure 3.16 HAT5 films by spin-coating with heptane solution. (a) AFM image 

and (b) optical microscope image. 
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Films from toluene and benzene are typically formed by molecular wire 

structures that easily span over several micrometers and even larger domains can be 

often found, whereas films prepared from chloroform and heptane have small grainy 

structure. In case of dodecane isolated macro fiber structures, instead of full covered 

films, were formed on the substrate. Since molecules of HAT5 possess a large 

polycyclic aromatic core with delocalized π orbitals, π-π interaction plays a key role 

for the self-organization into columnar structures. This spontaneous piling up can 

explain the tendency to form elongated structure but the difference in the final 

molecular arrangements obtained from the different solutions that have to relate to 

Figure 3.17 HAT5 films by spin-coating with dodecane solution. (a-c) AFM 

images, (d, g) optical microscope images and (e, f, h, f) between cross polarizers. 
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solvent characteristics. 

The longest molecular wire structures, tens of micrometer long even hundreds 

of micrometer, were formed by HAT5 molecules dispersed in toluene. The nanowires 

have 30 to 40 nm thickness and roughly 200 nm of width, as visible in Figure 3.13. 

The roughness of the film is anisotropic, as shown in surface profiles in Figure3.18, 

reflecting the long wire nature of the structured film. The fibers formed from benzene, 

Figure 3.14, are a little thinner and shorter than the ones from toluene but with similar 

film thickness. While the film from toluene still difficult to see the one domain due 

to the large size with OM, the domains with boundaries on film from benzene can be 

recognized in OM images. The film deposited from chloroform solution, as visible 

in Figure 3.15, shows few micrometers sized domains but inside of each domain very 

short features are visible without long range alignment. In solvents molecules can 

easily diffuse and eventually aggregate. Due to the liquid crystal self-assembly, it is 

expected that the aggregates assume an anisotropic shape. Chloroform has higher 

evaporation rate than toluene and benzene due to higher vapor pressure and lower 

boiling point [Table 1]. The fast evaporation rate might be responsible for the shorter 

and disordered assemblies since not enough time is given to the molecules for self-

organizing into macroscopically ordered structures.  

Molecules need a solvent to diffuse and form elongated building blocks that in 

turn, being in a liquid medium, form a liquid crystal phase above a certain 

concentration of the aggregates. At that point the elongated aggregates start to 

assume a common orientation typical of a nematic phase for which orientational but 

not positional order is present. In many lyotropic nematic systems, macroscopically 

oriented domains need time to develop and our system behaves accordingly. The 
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presence of the solvent is essential both for obtaining large domains with 

orientational order and for the formation of the long wires since it allows the 

diffusion of the rods for finding the energetically favorable organization, i. e. 

orientational order, and for finding the most favorable configuration for the 

molecular overlaps thus for the formation of longer and longer structures. If the 

solvent evaporates fast the diffusion is hindered, and thus the self-organization is 

strongly affected. 

However, the observed type of self-assembly not only depends on the 

evaporation rate but also other factors play a role. The film from heptane strikingly 

shows different assemblies even though heptane has lower vapor pressure than 

benzene. The resulting structure doesn’t have long range order as shown in Figure 

3.16, simply showing aggregation with few micrometer-sized domains. The domain 

formation is similar to the one observed from the chloroform solution but the size is 

definitely larger. There is also a difference in the smaller structures within each 

domain. There is a higher point at the center of the domains, and from there the rod 

shaped aggregated structures spread out like from a nucleation point. Below these 

rods there are almost plateaus, having a much smaller roughness than the top surfaces. 

AFM profiles of these structures, as well as the ones realized with the other solvents 

in Figure 3.18. This might suggest that the organization is different and that the 

alignment can be homeotropic, with the molecules of HAT5 flat on the substrate. 

This tendency to vertical columnar alignment can explain why the film is about 20nm 

thicker than the others.  

Dodecane has very similar chemical structure to heptane but longer chain length. 

However, very different results were obtained compared with heptane or the other 
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solvents as evident in Figure 3.17. HAT5 molecules from dodecane solution tend to 

aggregate into even millimeter long and relatively large isolated fibers. Dodecane 

has very low vapor pressure and it needs more than 24 hr for evaporation of the 

solvent. In other words, HAT5 molecules in dodecane have sufficient time for 

diffusing and self-organizing and this may explain the formation of very anisotropic 

wires. While the evaporation rate can be related, to some extent, to the length of the 

structures, the shape and the macroscopic organization of the molecular aggregates 

are related to other properties of the solvent. As shown in Figure 3.17, the wires have 

very different dimensions but also diverse structures. There are very straight wires 

but also wires that look like it composes a helical conformation with OM and AFM 

[Figure 3.17 a-c]. The fibers induced by dodecane are thick enough to be analyzed, 

although not easily, between crossed polarizers. As guide for the eye, an area of a 

fiber has been selected with a white dotted ellipse and reported in the crossed 

polarizers images for two angular positions (45° and 0°) [Figure 3.17 d-f]. From the 

birefringent behavior we can infer that the alignment is planar, with the molecules 

edge-on the substrate. Similar observations can be done in Figure 3.17g and the 

corresponding images between crossed polarizers, Figure 3.17 h and f.  With AFM 

we can get a closer look at the fiber structures. The topology image of the structures 

from the dodecane solution presents clear difference between the straight fibers and 

the ones that show a twisted arrangement [Figure 3.17a]. Moreover, the details are 

even more striking in the AFM amplitude and phase images Figure 3.17 b and c. 

Here the difference in structural organization between the flat and the twisted fibers 

is extremely clear. The dimensions of the fibers are quite variable with the thickest 

fiber in the images having roughly 500 nm in diameter [Figure 3.18f]. If we consider 
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the molecular structure of the solvents, heptane and dodecane are simple linear 

alkane hydrocarbons which may interact more with the peripheral chains of HAT5 

molecules while toluene or benzene can interact with the core of HAT5 due to the 

aromatic rings present in their structure, overlapping via π-π stacking in the columnar 

formation. Therefore the solvent molecules actively participate in the formation of 

the self-assembled structure influencing the final geometry. 
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Figure 3.18 Profiles of HAT5 films made from (a) and (b) toluene, (c) 

benzene, (d) chloroform, (e) heptane, and (f) dodecane. 
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3.3.2.2. Interfacial effect between the liquid and the solid substrates 

There are many factors that contribute to the self-assembly of molecular wire 

formation via π-π interaction between adjacent molecular cores. The presence of 

substrates play an important role in the formation and organization of the nanowires. 

6.0 mg/ml HAT5 toluene solutions were deposited on glass, UV/O3 treated glass, 

ITO coated glass, SiO2/Si, and silanized SiO2/Si. The final structure after spin-

coating had great relation with the wettability between the solution and substrates 

before spin-coating. Figure 3.19 a-e show schemes of wetting property of the 

solution to each substrate and Figure 3.19 f-i are AFM images of the result structure 

after spin-coating. The final morphology of the film revealed the dependence of the 

wetting property. Totally wet substrates which are UV/O3 treated glass, ITO coated 

glass and SiO2/Si obtained more homogenous molecular wire structure, while less 

wetting substrate, which is bare glass, showed non-fiber like structures. Unlike with 

other substrates, almost no HAT5 molecules are remained on the silanized SiO2/Si 

substrate. 

Figure 3.19 Scheme and of HAT5 in toluene solution wetting to the substrate 

and AFM image after spin coating on (a),(f) glass, (b),(g) UV/O3 treated glass, 

(c),(h) ITO coated glass, (d),(i) SiO2/Si substrate and (e) silanized SiO2/Si 

substrate. 
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Wettability between liquid and solid is affected by surface tension of liquid and 

surface energy of solid surface. The wetting can be understood by spreading 

parameter Sp [5]. 

𝑆𝑝 =  [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑑𝑟𝑦 −  [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑤𝑒𝑡             (3.2) 

or 

𝑆𝑝 =   𝛾𝑆𝑂 − (𝛾𝑆𝐿 + 𝛾) =  γ(cos 𝜃𝐸 − 1)  =  𝜅(𝛼𝑆 − 𝛼𝐿)𝛼𝐿    (3.3) 

where γ, 𝛾𝑆𝑂, 𝛾𝑆𝐿 are the surface tension at the liquid/air, solid/air and solid/liquid 

interfaces, 𝜃𝐸  is the a contact angle [Figure 3.20], and 𝛼𝑆 , 𝛼𝐿  are the electric 

polarisability of solid and liquid.  

If the parameter, Sp, is positive, the liquid completely spreads and shows total wetting. 

Negative Sp means that the liquid is partially wet to the substrate with having a 

contact angle 𝜃𝐸. When 𝜃𝐸 ≤  𝜋 2⁄ , it’s referred as mostly wetting and mostly non-

wetting when 𝜃𝐸 >  𝜋 2⁄ . Also, a liquid wets totally if the subtracted are more 

polarizable than liquid. 

 

 

Figure 3.20 Determination of 𝜽𝑬: (a) via force or (b) via work from [ref 5]. 
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Zisman and co-workers report an empirical criterion of wettability that is a 

critical surface tension, 𝛾𝐶, defined as the surface tension at the intersection point 

of cos 𝜃𝐸 = 1 with the plot line of cos 𝜃𝐸 vs surface tension, γ, for homologous 

series of organic solvents such as n-alkanes, di(n-alkyl)ethers, n-alkylbenzenes, and 

polymethylsiloxane [Figure 3.21] [6-8]. In case of γ <  𝛾𝐶 , liquid totally wets to 

the substrate which means S > 0 , and if γ >  𝛾𝐶 , it wets partially. The critical 

surface tension is useful to define as a value of solid for non-polar liquids since it is 

dependent on the given solid [5-8]. 

 

 

 

Figure 3.21 Determination of the critical tension; (a) surface tension for each 

homologous series of organic solvent, (b) Wettability of several fluorinated low 

energy surfaces by the n-alkanes [ref 8]. 

Table 2 Critical surface tensions of various substrates. 
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The critical surface tensions of various substrates that we used in the 

experiments were shown in Table 2. All kind of liquids are wettable to silicon and 

glass except mercury since they have not only high energy but also a critical surface 

tension 𝛾𝐶 which exceeds 150 mN/m. The surface tension of toluene is 28.40 mN/m 

which means that toluene completely wetting to the both substrate. Here, presence 

of HAT5 was negligible since 0.68 wt% of HAT5 in the toluene solution. As shown 

in Figure 3.7 d and i, the HAT5/toluene solution greatly wet to the silicon substrate 

and HAT5 molecules self-organized into uniform fiber-like structures with a 

thickness around 30 nm. While the bare glass substrate had less wetting than silicon 

substrate, and consequently unclear fiber-like structures were obtained with a large 

thickness around 200 nm due to the residuals which prevent spreading of the liquid 

on the surface [Figure 3.19 a and f]. In general, silicon substrates have cleaner 

surface than normal glass plates but the substrates can be ultra-clean with several 

cleaning methods. One of the methods is UV/O3 treatment. The ozone produced 

during UV radiation breaks the impurities [5]. The wettability of glass was improved 

as much as silicon substrate after UV/O3 treatment [Figure 3.19 b and g] and it 

obtained a similar wire formation and thickness with the film on silicon substrate.  

On the other hand, there were significantly different wetting and final structure 

on the silanized SiO2/Si substrate. The silanized surface has a much lower 𝛾𝐶 value 

that is ~21 ± 2 mN/m [5] since 𝛾𝐶 depends on the specific chemical groups on the 

surface. The surface tension of toluene is higher than 𝛾𝐶 of silanized surface. In this 

case, the liquid doesn’t spread as effective as the other substrates [Figure 3.19e] due 

to the weak wetting ability of the toluene on the silanized surface. The solution easily 
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tumbled down from the substrate rather absorbing during spin-coating. HAT5 

molecule also had less chance to adsorb to the substrate since solvent had poor 

wetting 

The critical surface tensions of metal and metal oxides were reported about 

46~47 mN/m at 0.6% relative humidity (RH) and 35~37 mN/m at 95% RH which 

are higher value then γ of toluene even much less then 𝛾𝐶 of silicon or glass [9, 

10]. Toluene also showed total wetting to the ITO surface. The reason that it had 

good wetting as silicon or UV/O3 treated glass is the roughness of the ITO surface. 

The surface roughness also contribute to the degree of wettability. As the roughness 

or surface morphology is increased, a hydrophilic surface become more hydrophilic 

while a hydrophobic surface become more hydrophobic. As a results, solution 

completely wet on the ITO coated glass [Figure 3.19c] and it obtained fairly long 

and aligned wire structure [Figure 3.19h] with a slight higher thickness of the films 

compared the films on UV/O3 treated glass and SiO2/Si substrate around 30~40 nm. 

Not only toluene solution, the other HAT5 solutions of various solvents were 

had similar structures on ITO coated glass except heptane solution. The film 

deposited from each solvents on SiO2/Si substrate and ITO coated glass were 

compared as shown in Figure 3.22 (The images on SiO2/Si are the repeated images 

which were shown in chapter 3.3.2.1 for showing the solvent effects). The film 

deposited from chloroform solution shows short grain structures on both substrates. 

Even though the grain formation looks different, they were common that they 

couldn’t form long-range ordered structure and they looked isotropic in macroscopic 

level with locally elongated structure [Figure 3.22 a and b]. Heptane solution shows 

some different structures on ITO coated glass and SiO2/Si [Figure 3.22 c and d]. 
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HAT5 didn’t cover on the ITO surfaces not like on the SiO2/Si substrate instead they 

produced random sized rod-like bulky structure on the ITO substrate. There were 

rod-like aggregates on SiO2/Si substrates with flatten area, but much larger sized rod-

like structures were dominant on the ITO substrate. The structures deposited from 

dodecane solution on the ITO and SiO2/Si substrates has almost same features that 

are macroscopically large and long [Figure 3.22 e and f]. The size of the wire 

structures produce by dodecane solution were very diverse both on ITO and SiO2/Si 

substrates, for instant, Figure 3.22 e and f are one of the structures not showing the 

any representative results. 
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Figure 3.22 AFM images of structures prepared by solutions of 6.0 mg/ml of 

HAT5 in solvent. Chloroform solution on (a) SiO2/Si substrate and (b) ITO 

coated glass, heptane solution on (c) SiO2/Si substrate and (d) ITO coated glass, 

dodecane solution on (e) SiO2/Si substrate and (f) ITO coated glass.  
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3.3.2.3. Various factors contributing to the HAT5 molecular self-assembly  

In previous discussion, we could obtain uniformly aligned long molecular wires 

deposited from HAT5 in toluene solution on various substrate. However, we 

observed two different structures which were deposited from HAT5 in toluene 

solution although same concentration was used on the same substrates [Figure 3.23]. 

The only difference is the time given before spin-coating the solution. If time is given 

before spinning, long fibers can be formed, as seen in Figure 3.23a. If the solution is 

spin-coated immediately, disorganized and not uniform rod-like assemblies are 

formed Figure 3.23b. The waiting time can be needed for the stacking of molecules 

but also for their adsorption on the substrates. According to this results, we could 

expect two possible mechanism of molecular wire structure formation. By waiting 

on the substrate before spin-coating, the HAT5 molecule could have the lyotropic 

aggregation which can be a basic unit of the molecular self-assembly and then they 

might deposited onto the substrate or they assembles along to the one initially 

absorbed HAT5 molecule on the substrate. Also, both phenomenon can be occurred 

at the same time. In any case, solvents do the crucial role between discotic molecules 

and substrate. Thus, the solvent physical and chemical properties, surface properties, 

wettability of the solvent and probably the interaction between discotic molecules 

and substrate with solvent are considerable main factors to produce the ultra-long 

molecular wires structures. 
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Figure 3.23 AFM images of HAT5 dissolved in toluene and deposited on SiO2/Si 

substrate. The difference in the two assemblies is due to different waiting time 

before spin-coating: (a) the final structure for a sample with 10 sec waiting time, 

(b) a film spin-coated immediately after deposition of solution. 
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3.3.3 Raman spectroscopy analysis on the wires from toluene solutions 

Since the assemblies observed after solution deposition are dependent on 

various factors during the preparation and are not necessarily the same as produced 

by solely HAT5, it is relevant to investigate the molecular alignment. For this, we 

used polarized Raman spectroscopy on the very long wires, obtained with toluene. 

The change in intensity of Raman peaks obtained with polarization of light along 

different measuring directions, it can be used for deriving information on the 

orientation of molecules even if often this is not a trivial step. Polarized Raman 

spectroscopy has been used for assessing the alignment also of a triphenylene 

discotic liquid crystal [11].  Here we make some simple considerations to deduce 

the alignment of the molecules and discriminate if they lie flat (homeotropic 

alignment) or edge-on (planar). The direction of the long axis of thicker fibers was 

used as reference for the direction of the input light polarization. In this way two 

polarizations were used, one parallel to the fiber direction (black spectrum in Figure 

3.24 a-c) and the other perpendicular to it (blue spectrum, Figure 3.24 a-c).  In 

Figure 3.24d, we report the scheme of the used polarizations of light with respect to 

the wire orientation. We focus the attention on the following peaks: 725 cm-1, 1622 

cm-1 and 2904 cm-1. For the correlation of the peaks to molecular vibrations we look 

at the proximity of the peak positions to the values reported in the group frequency 

correlation table of Brandmueller and Moser reported in reference [12]. The first 

peak can be associated to deformations of C-H around the aromatic rings while the 

second peak, 1622 cm-1, to ring vibrations. The third value is obtained by the fit, with 

only one lorentzian curve, of what looks like more as a band, formed by several 
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peaks as visible in Figure 3.24c. Since the spectrum is very noisy we have 

nevertheless fitted it using only one function to have an indicative value for locating 

the spectral peak position. We associate this band to the C-H stretch of the aliphatic 

chains of the HAT5 molecules. We now point out that the intensities of all the peaks 

are higher when a polarization parallel to the fiber axis is used for exciting the 

molecular vibrations. If the molecules would align flat on the substrate, thus in 

homeotropic alignment, considering the three-fold rotational symmetry of the HAT5 

molecules, the aliphatic chain vibrations should have similar response for the two 

perpendicular polarizations that would be both in the molecular core plane and 

induce similar induced polarization in the structure. The strong difference in peak 

intensities, more than 2 times higher when light is polarized parallel to the axis than 

when it is perpendicular to it, suggests an asymmetric response to the field and thus 

indicates a vertical position of the molecules, edge-on the substrate. Similar 

considerations should hold for the aromatic vibrations and for the C-H around the 

aromatic rings, although with different values for the ratio of intensities. Since the 

bigger fibers have similar morphology to the ones in the nanometer scale [1] we can 

infer that the edge-on alignment is also present in the thinner fibers. Since the 

molecules overlap to form columns, we expect that the higher polarizability is along 

the columnar axis and the larger electronic oscillation induced along the fiber axis 

couples more efficiently to the modes describe previously. In this picture HAT5 

molecules are not only aligned edge-on but they have their symmetry axis parallel to 

the orientation of molecular wires observed by AFM. 

In reference [13, 14] the intensity of the Raman peaks was used for evaluating 

the liquid crystal order parameter using the formula S = (D-1)/(D+2) with D the ratio 
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of the Raman peak intensities, considered equivalent to the dichroic ratio of dyes in 

liquid crystals. Taking the fitted values of the intensity of the peak associated to the 

vibration of C-H around the aromatic rings, that is thus the most suitable for giving 

information of the order within the core of the columns, we obtain a value of S = 0.7 

that indicates a relatively high degree of order within the columns. 

 

 

 

Figure 3.24 Polarized Raman spectra of HAT5 film from toluene. The images 

(a)-(c) highlight three different regions of the spectrum with some peaks used 

for determining the alignment of HAT5 and the order within the columns. In 

(d) there is the scheme of light polarization and their orientation with respect to 

the columns. 
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For comparison, homeotropic aligned HAT5 were also measured. HAT5 was 

filled into a sandwich cell of 10 µm cell gap and cooled down from the isotropic 

phase to get homeotropic alignment. The polarized Raman spectrum was recorded 

at room temperature. In the Figure 3.25, it is reported the peak at 1629 cm-1, 

corresponding to aromatic ring stretch for two perpendicular polarizations. Since the 

liquid crystal is in the crystalline state, grains with the column axes not perpendicular 

to the substrates are also present. These are responsible for the small anisotropy of 

the signal. Anyhow, the peaks have very similar magnitude confirming that the 

average alignment of the columns is perpendicular to the substrates. 

 

 

 

 

  

Figure 3.25 Polarized Raman spectra of HAT5 in homeotropic alignment. 
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3.3.4 X-ray investigation of self-organized HAT5 films 

2-dimensional X-ray diffraction pattern of bulk HAT5 in glass tube was taken 

at room temperature (virgin state), at 80°C cooled from isotropic phase and at room 

temperature again cooled from the mesophase [Figure 3.26 a and b]. At virgin state, 

typical powder diffraction pattern was obtained and randomly oriented hexagonal 

pattern was observed at 80°C with d = 17.6 Å  reflecting the (100). At room 

temperature after slowly cooling from the isotropic phase, powder diffraction and 

hexagonal pattern were coexisted [Figure 3.26c]. 

The clear 6-fold symmetry of hexagonal lattice of HAT5 was observed by 

sending X-ray beam along the column axis at room temperature, HAT5 was prepared 

to have a homeotropic alignment on a thin glass by slowly cooling from an isotropic 

phase [Figure 3.27]. Since HAT5 has an ordered hexagonal columnar phase, the 

perfect 2-D hexagonal diffraction could be observed in well-ordered structures in 

Figure 3.27a. Figure 3.27b shows the azimuthal profile showing 6-fold symmetry 

and Figure 3.27c shows 1-D plot along to out of plane showing 2Ɵ = 5.075°, d = 

17.39 Å . 

Figure 3.26 X-ray diffraction patterns of HAT5 (a) at room temperature, (b) at 

80° and (c) at room temperature cooled from isotropic phase. 
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The structure and the alignment of hexagonal columns of films on the solid 

substrate have been investigated by glazing incidence small angle X-ray (GISAX) 

diffraction [Figure 3.11]. The scheme of the GISAX patterns depending on the 

columnar orientation is shown in Figure 3.28. If there is no orientational order similar 

to bulk, ring-shape diffraction will be obtained [Figure 3.28a]. In case of the 

homeotropic alignment of discotics [Figure 3.28b], the refractive lattice in small 

angle range is only distance between columns along in-plane direction. On the other 

hand, the diffraction peaks appears in the out of the plane direction in planar (edge-

Figure 3.27 (a) X-ray diffraction pattern with 6-fold symmetry of hexagonal 

columnar structure, (b) intensity versus azimuthal angle profile and (c) one-

dimensional intensity versus diffraction angle profile of HAT5.  
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on) alignment [Figure 3.28c].  

 

 

In addition, three kinds of diffractions from planar alignment can be expected 

as shown in Figure 3.29. When the d(100) plane is parallel to the substrate, the main 

diffract peak come from d(100). d(100) of HAT5 is known ~17.42 Å from ref [2], 

thus a molecule radius is ~10.06 Å by calculation [Figure 3.29a]. Since the x-ray 

beam irradiate to the side of columns, it is impossible to see the d(110) in this 

configuration if the structure are perfectly aligned. The diffraction peak d(110) is 

obtained when the d(110) plane is parallel to the substrate [Figure 3.29b]. The 

spacing of the 2D hexagonal lattice are in the ratio of 1 ∶  1 √3⁄ ∶ 1 2⁄ ∶ 1 √7⁄ ∶

1 3⁄ … indexed to d(100) : d(110) : d(200) : d(210) : d(300) … . In case of HAT5, 

Figure 3.28 Scheme of diffractions according to discotic alignment. 
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d(110) is ~10.06 Å calculated from d(100) ~17.42 Å, but ref [2] mention that 

d(110) is ~11.75 Å even though d(100) is ~17.42 Å in their measurement. In this 

configuration, it is only possible to see d(110) not d(100) as a concept in Figure 3.28a. 

Figure 3.29c is showing that the x-ray beam is facing the hexagons of columns. The 

x-ray irradiate as parallel as axis of columns, it will present half diffraction of 6-fold 

symmetry hexagon with 2D hexagonal lattice spacing.  

 

 

The thin film of HAT5 prepared by spin-coating from toluene solution that has 

around 30 nm thickness was investigated by GISAXS for confirmation of the 

Figure 3.29 Scheme of diffractions of various planar alignments. 
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alignment in the films which is planar (edge-on) to the substrates, with a lattice 

organization perpendicular to the substrates at room temperature. This finding is 

promising because it shows the existence of a crystal order, sign of a general higher 

order within the molecular wires, relevant for an improved charge transport. GISAX 

diffractions were obtained by rotating the substrate [Figure 3.11]. Most of the 

diffraction was coming from Figure 3.29 a and b configuration due to the existence 

of multi domains of one-directionally oriented molecular wires on the substrate as 

shown in Figure 3.30. Figure 3.29c cases are not uncommon to find. Figure 3.30 

shows the GISAX diffraction of the HAT5 films deposited from toluene solution.  

 

 

Figure 3.30 X-ray diffraction pattern and one-dimensional intensity versus 

diffraction angle profile of HAT films prepared with toluene solution. 
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Mainly only one strong diffraction was observed which estimated to d(100) 

~16.9 Å  [Figure 3.30 a and b] that is slightly lower than d(100) at liquid crystal phase 

because the molecular wires were formed by self-assembly with the help of a solvent 

at room temperature, according to the evaporation of the solvent, the distance 

between columns were reduced by freezing into a crystal state with keeping the 

columnar structures. Also, sometimes, more diffraction was appeared at thicker area 

than the others, especially four corners of the substrate as bulk or powder diffraction 

[Figure 3.30 c and d]. Since the film prepared by spin-coating on 1cm x 1 cm square 

substrate, thick and less uniform structures were produced at the four corners of the 

substrate.  

 

Figure 3.31 X-ray diffraction pattern and one-dimensional intensity versus 

diffraction angle profile of HAT5 films prepared with dodecane solution. 
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For comparison, the isolated molecular wires from dodecane solution were 

investigated by GISAX diffraction. There were two very close peaks which is  

~16.7 Å and 15.6 Å [Figure 3.31 a and b]. These divided peaks have been rarely 

observed in the films deposited from toluene solution due to the crystallization of the 

discotics by solvent evaporation. In case of toluene, has a benzene ring, it interacts 

with more aromatic core parts of HAT5, while dodecane have strong interaction 

between the chain part of HAT5 which means dodecane stays near side chain part of 

HAT5 and help to dispersion in the solution. As a results, more disorder of d-spacing 

were appeared in the film produced by dodecane solution due to the shrinking of 

empty space of dodecane during the solvent evaporation. Besides, two more 

diffractions are observed which is different from the toluene case [Figure 3.31 c and 

d]. One in-plane diffraction is presented at point A (blue) with d(ha,ka,0) ~13.5 Å 

and the other diffraction is appeared at point B (red) with pi = 90 from out of plane 

and d(hb,kb,0) ~10.4 Å. 
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3.3.5 Understanding of the self-assembly of HAT5 with solvent existence 

3.3.5.1 Investigation on lyotropic phenomenon of HAT5 solution 

As discussed above, the final structure resulting from self-assembly was 

affected by solvent properties. They could be assembles creating the aggregation in 

the solvent before deposited on the substrates. In addition, by evaporation the 

solvents, the HAT5 solution could have lyotropic liquid crystal phases. The clear 

molecular wire structure that have edge-on configuration is one of the evidence that 

there were hexagonal columnar phases during the solvent evaporation. Hereby, we 

investigated the lyotropic system with X-ray diffraction and dynamic light scattering 

(DLS) measurement of high concentrated HAT5 solution. 

The concentration close to solubility limit was prepared for x-ray diffraction 

due to the concentration 6.0 mg/ml that was used for producing thin film was too 

low to study lyo-nematic property in the solution. For HAT5 in toluene solution, 40 

wt%, 45 wt%, 50 wt% and 5 wt% were prepared and 3.3 wt%, 5 wt%, 7.7 wt% were 

prepared for HAT5 in dodecane solution. Since HAT5 has very high solubility to the 

toluene, much higher concentration is used. Also for the quantitative comparison, 5 

wt% solutions were prepared for both solvents.  

HAT5 molecules are fully dissolved in toluene solution at the concentration of 

5 wt% and 40 wt %, but 45 wt% and 50 wt% HAT5 toluene solutions were white 

and opaque gel-like solutions at room temperature which means the boundary of 

solubility limit is between 40 wt% and 45 wt%. All solution were transfer to the glass 

tubes (φ = 1.5 mm) for x-ray measurement and glass tubes were close by heat to 

prevent solvent evaporation. X-ray transmits to the samples and 2-D diffraction were 
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obtained. Figure 3.32 is the x-ray diffraction of 50 wt% HAT5 in toluene sample at 

31°C. Five lateral diffractions appeared corresponding to d ~21.0 Å , 19.5 Å , 16.3 Å , 

13.1 Å , 10.7 Å  with a hollow ring which shown in Figure 3.32 as a broad peak with 

d ~16.8 Å . As temperature the increase to 33°C, 35°C and 40°C, the HAT5 solution 

turned transparently due to increase of the solubility. As a result, they showed the 

broaden diffraction only which was appeared at 31°C [Figure 3.33 a-d]. This broaden 

diffraction also observed in the 45 wt% and 40 wt% HAT5 toluene solution [Figure 

3.34 a, b and d]. The 45 wt% solution which was white-opaque gel-like solution at 

room temperature but it fully dissolved as transparent solution at 30°C. Even though 

the x-ray equipment had a temperature control system which is adjustable to raise 

the temperature but it is possible to cool down naturally. The possible minimum 

temperature was 30°C due to the heat generated by the x-ray equipment operating. 

Both 40 wt% and 45 wt% HAT5 toluene solution was shown the broad diffraction at 

30°C as similar as 50 wt% solution at higher temperature. The broad diffraction can 

be known as a real value by comparison with diffraction of the pure toluene. In case 

of 5 wt% HAT5 solution, no diffraction was observed [Figure 3.34 c and d]. 

In case of HAT5 dodecane solution, the solubility limit was in between 7.7 wt% 

and 5 wt% at room temperature. X-ray diffractions were observed only in 7.7 wt% 

solution. There were three distinct diffractions which were d ~16.4 Å , 13.1 Å , 10.6 

Å  [Figure 3.35 a and b]. The HAT5 dodecane solution also completely dissolve as 

the temperature increase, and consequently there was no apparent diffraction [Figure 

3.36 a-c]. In addition, 3.3 wt% and 5 wt% HAT5 dodecane solution didn’t show any 

diffraction even hollow diffraction like a HAT5 toluene solution [Figure 3.37 a-c]. 
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Figure 3.32 (a) X-ray diffraction pattern and (b) one-dimensional intensity 

versus diffraction angle profile of 50 wt% of HAT5 in toluene at 31°C. 

Figure 3.33 X-ray diffraction patterns of 50 wt% of HAT5 in toluene at (a) 33°C, 

(b) 35°C, and (c) 40°C, and (d) one-dimensional intensity versus diffraction 

angle profiles of (a-c). 
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Figure 3.34 X-ray diffraction of (a) 45 wt%, (b) 40 wt% and (c) 5 wt% of HAT5 

in toluene at 31°C, and (d) one-dimensional intensity versus diffraction angle 

profiles of (a-c). 

Figure 3.35 X-ray diffraction pattern and one-dimensional intensity versus 

diffraction angle profile of 7.7 wt% of HAT5 in dodecane at 30°C. 
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The X-ray diffraction of both 5 wt% solutions of HAT5/toluene and 

HAT5/dodecane solution haven’t been observed [Figure 3.34 c, d and Figure 3.37 a, 

c]. Although the solubility of HAT5 to the toluene is higher than dodecane, toluene 

solution showed a broad diffraction which is similarly corresponding to the d(100) 

value of hexagonal columnar structure of HAT5, which was not appeared in HAT5 

dodecane solution near HAT5 solubility limit to the solvents. Thus, toluene is the 

more effective solvent for the self-assemble of discotic liquid crystal, HAT5 into 

ordered aggregates, building blocks of lyo-nematic liquid crystals. 

Figure 3.36 X-ray diffraction patterns of 7.7 wt% of HAT5 in dodecane at (a) 

35°C and (b) 32°C, and (c) one-dimensional intensity versus diffraction angle 

profiles of (a, b). 

Figure 3.37 X-ray diffraction patterns of (a) 5.0 wt% and (b) 3.3 wt% of HAT5 

in dodecane at 30°C, and (c) one-dimensional intensity versus diffraction angle 

profiles of (a, b). 
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Dynamic light scattering (DLS) measurement also supports that the toluene is 

well-cooperated with HAT5 molecules and it is effective for the self-assemble of 

HAT5. We measured the intensity autocorrelation function of the depolarized (VH) 

scattered light and the polarized (VV) scattered light with 53.5 wt% of HAT5 in 

toluene solution and 16.7 wt% of HAT5 in dodecane solution at 45°C. The scheme 

of the DLS setup was shown in Figure 3.38. The VV and VH mode can select by 

changing the angle of 𝜆 2⁄  wave plate. The Brownian motion of the translational 

diffusion is understood from the autocorrelation function of the VV scattered light, 

while the autocorrelation function of the VH scattered light reflects the anisotropic 

movement of the molecules or system. 

 

 

In Figure 3.39, VH scattered light from toluene and dodecane solution had 

similar response while there is an obvious difference in VV scattered light. The 

autocorrelation function of VV and VH scattered light can fitted by  

𝑔(2)(𝑡) − 1 =  𝐴0 exp (−2 ∙ (𝑡 𝜏)⁄ 𝛽)            (3.4) 

Figure 3.38 Scheme of DLS set-up from [ref 15]. 
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where τ is a relaxation time and β is a stretch parameter which shows the degree 

of dispersity [15, 16]. In Figure 3.39a, τ of the HAT5 toluene solution was 140 ms 

and two relaxations were observed in HAT5 dodecane solution with 𝜏1 = 0.26 ms 

and 𝜏2 = 64 ms [Figure 3.39a]. According to the Einstein relation the translational 

diffusion coefficient is D = 𝑘𝐵𝑇 𝜁⁄ , where 𝑘𝐵  is the Boltzmann constant, T is 

temperature and ζ is a friction constant. In the Stokes approximation (for stick-

boundary consitions) ζ = 6πηα, where η is the viscosity of the solvent and α is the 

hydrodynamic radius of spherical macromolecule. The relaxation time τ  of 

Brownian motion from VV autocorrelation function is τ =  (𝑞2𝐷)−1 [15, 16]. Thus, 

the hydrodynamic radius α is obtained by 

α =  
𝑘𝐵𝑇

6𝜋𝜂
𝑞2𝜏                       (3.5) 

By considering viscosity and relaxation time of HAT5 toluene solution and HAT5 

dodecane solution, we can compare the hydrodynamic radius α assumed that the 

aggregated HAT5 molecules are spherical particles. The viscosity of toluene and 

dodecane are 0.59 mPa·s and 1.34 mPa·s at 20°C, respectively. As a result, HAT5 

molecular aggregation in toluene had approximately five times larger size than in the 

dodecane with second relaxation time. In case of VH scattered light, the relaxation 

time of HAT5 toluene solution and HAT5 dodecane solution was obtained as 56 ms 

and 38 ms, respectively [Figure 3.39b]. Both solution showed the presence of an 

anisotropic motion in the system, the toluene solution had a little slower responce 

than the dodecane solution. However, it is a relatively small difference to discuss the 

accurate distinction of optical anisotopic properties.   
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Figure 3.39 Autocorrelation function of HAT5 in toluene and in dodecane. (a) 

VV scattered light and (b) VH scattered light. 
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3.3.5.2 The critical role of remaining solvents in the system 

Some obvious effects of the remaining solvents in the system were also present 

in the investigation using polarizing optical microscopy and transient photocurrent 

measurement by time of flight (TOF) technique. The solvents could remain in HAT5 

molecular structures due to the similarity of molecular structure of core part and 

chain parts of HAT5 with toluene and dodecane, respectively. We observed the clear 

difference depending on used solvent by TOF and polarizing microscopy. 

Samples for TOF were prepared in the following method. 100 mg of HAT5 were 

dissolved in 5 ml of each solvent, toluene and dodecane, and then kept in vacuum 

oven at 40°C. Toluene was evaporated completely in a day, while it took five days 

to evaporate dodecane due to its low vapor pressure. Dried HAT5 from each solvent 

was filled into sandwich cells made of ITO patterned glasses under the vacuum. The 

thickness of a cell for HAT5 dried from toluene (HAT5dT) was 5.9 µm and for HAT5 

dried from dodecane (HAT5dD) was 5.16 µm. Temperature dependence of the 

positive charge carrier mobility was seen in Figure 3.40a. In case of HAT5 dried 

from toluene it shows similar mobility as pure HAT5 [Figure 3.7] in all temperature 

range with mobilities in the order of 10-3 cm2/V·s. However, for HAT5dD, it’s only 

possible to see the transient photocurrent between 60°C and 70°C [Figure 3.40b]. 

Figure 3.40 c and d are the transient photocurrent curves under various electric fields 

for HAT5dT at 100°C and HAT5dD at 70°C. Both transient times were reduced by 

increasing the applied bias which corresponds to equation (3.1) even though Figure 

3.40c had more scattered photocurrent.  
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Optical microscopic images were taken in each temperature in parallel with 

TOF measurement [Figure 3.41]. Cross polarized images looks like a homeotropic 

alignment of discotic liquid crystals, but the difference behavior of liquid crystals 

was shown in the bright field image at 60°C. HAT5dT had almost the same phase 

transition behavior as pure HAT5 [Figure 3.41a], whereas the phase transition of 

HAT5dD changed due to the residual of dodecane in HAT5 coupling to the chains 

thus increasing the disorder [Figure 3.41b]. Although solvents were expected to 

Figure 3.40 Result of TOF measurement. (a) Mobility of HAT5, HAT5dT and 

HAT5dD, (b) photocurrent transient curves of HAT5dD depending on 

temperature, applying field dependent photocurrent transient curves of positive 

carrier of (c) HAT5dT at 100°C and (d) HAT5dD at 70°C. 
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completely remove during evaporation step, the presence of solvent is confirmed by 

the phase transition behavior. After solvent evaporation HAT5 powder was used to 

fill a cell, the dodecane having a good affinity with the side chains of HAT5 

aggregated loosely around the triphenylene, while the toluene molecules interacted 

with the core face of HAT5 without disturbing the stacking of them. The possible 

remaining dodecane held the HAT5 molecules movements and it contributed to 

phase transition. As a result, some parts of HAT5 could have hometropic alignment 

surrounding by dodecane at 60~70°C and the photocurrent conduction occurs along 

these small homeotropic domains. The growth of domains was very slow, before the 

merging of the domains, crystallization occurred also very slowly around 50°C. In 

contrast, pure HAT5, continuous domain growth occurred instantly until the 

boundary of domains disappeared on cooling from the isotropic phase to the 

mesophase. Hence, the solvents affected the degree of order of discotic phases.   

More detailed phase transition behavior was observed by polarized optical 

microscopy. Optical microscopy images of pure HAT5 [Figure 3.1 and Figure 3.2], 

HAT5dT [Figure 3.42 and Figure 3.43] and HAT5dD [Figure 3.44-3.52] filled in a 

sandwich cell with cell gap ~7 µm. HAT5 and HAT5dT had no noticeable difference. 

Transition temperature of HAT5dT were almost equal to pure HAT5 (Cr - 67°C - LC 

- 123.2°C - Iso). On the other hand, the transition of HAT5dD from crystal to LC 

phase started around 70°C and the 2nd transition from LC to isotropic phase started 

to appear around 90°C. Both transitions occurred over a wide temperature range 

continuously. We prepared 3 similar cells with HAT5dD and checked by optical 

microscopy for confirmation of the phase transition temperature. All sample showed 

wide range of the transition with a little shift of the values as shown in Figure 3.44-
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3.52. Also transition during the cooling process occurred over wide ranges not like 

a clear transition of HAT5dT. The presence of a temperature interval during the phase 

transition is usually a sign for the presence of two or more components in the 

compound that have different transition temperatures. For the case of dodecane in 

HAT5, beside the occurrence of phase transitions during a wide temperature range, 

the transitions are shifted towards lower values indicating a dominance of less 

ordered phases. Since chains in discotics give mobility thus disorder, the observed 

transition behavior is in line with the proposed role of solvents based on matching 

the molecular structures, entering the organization of HAT5. 
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Figure 3.41 Optical microscope image during the TOF measurement depending 

on temperature. (a) HAT5dT and (b) HAT5dD. 
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Figure 3.42 Phase transitions with a cell gap ~7 µm depending on temperature 

of HAT5dT. 
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Figure 3.43 Details of phase transitions of HAT5dT in Figure 3.42. (a) Crystal 

to LC phase, (b) LC to isotropic phase, (c) isotropic phase to LC phase and (d) 

LC phase to crystal phase. 
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Figure 3.44 Phase transitions with a cell gap ~7 µm depending on temperature 

of HAT5dD (prepared 3 same samples in Figure 3.44, 3.47, 3.50). 
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Figure 3.45 Details of phase transitions of HAT5dD during heating process in 

Figure 3.44. (a) Slow transition of organization between 40°C and 70°C, (b) fast 

transition around 70°C which correspond to the crystal-LC transition point of 

pure HAT5, (c) transition of LC phase to isotropic phase. 
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Figure 3.46 Details of phase transitions of HAT5dD during cooling process in 

Figure 3.44. (a) Slow isotropic-LC transition of organization starting from 

84.29°C and (b) transition of LC phase to crystal phase. 
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Figure 3.47 Phase transitions with a cell gap ~7 µm depending on temperature 

of HAT5dD (prepared 3 same samples in Figure 3.44, 3.47, 3.50). 
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Figure 3.48 Details of phase transitions of HAT5dD during heating process in 

Figure 3.47. (a) Slow transition of organization between 50°C and 70°C, (b) fast 

transition around 70°C which correspond to the crystal-LC transition point of 

pure HAT5, (c) transition of LC phase to isotropic phase. 
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Figure 3.49 Details of phase transitions of HAT5dD during cooling process in 

Figure 3.47. (a) Slow isotropic-LC transition of organization starting from 

103°C and (b) transition of LC phase to crystal phase. 
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Figure 3.50 Phase transitions with a cell gap ~7 µm depending on temperature 

of HAT5dD (prepared 3 same samples in Figure 3.44, 3.47, 3.50). 
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Figure 3.51 Details of phase transitions of HAT5dD during heating process in 

Figure 3.50. (a) Slow transition of organization between 40°C and 65°C, (b) fast 

transition around 70°C which correspond to the crystal-LC transition point of 

pure HAT5, (c) transition of LC phase to isotropic phase. 
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Figure 3.52 Details of phase transitions of HAT5dD during cooling process in 

Figure 3.50. (a) Slow isotropic-LC transition of organization starting from 92°C 

and (b) transition of LC phase to crystal phase. 
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Thus, the formation of long and ordered wires from the disc-like liquid crystal 

HAT5 in solvent is a combination of the self-assembly behavior typical of liquid 

crystals and of the solvent structure. The solvent appears to have an active part in the 

assembly process leading, in case of toluene, to the wire formation on substrates 

[Figure 3.53]. HAT5 assembly obviously was effected by solvent from dissolved 

state to final films formation. As shown in TOF results and OM investigations for 

HAT5dT and HAT5dD, solvents can remain in the system by interacting with HAT5 

molecules even though the presence of solvent is not obvious from the HAT5 

structure. Other factors can also have an impact on the final morphology such as 

substrate nature and solvent evaporation rate.  

 

 

 

 

 

  

Figure 3.53 Scheme of HAT5 molecular wire formation process with toluene.  
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3.3.6 Electric performance with HAT5 molecular wires 

In order to evaluate the effect of the alignment on the electrical properties, we 

have compared a structure formed by aligned and straight nanowires with a 

disordered ensemble of short aggregates obtaining an aligned versus isotropic 

behavior. Also we prepared pure HAT5 films by drop-casting without using any 

solvent. We deposited little HAT5 powder on top of the SiO2 substrate equipped with 

2 µm width Pt electrodes on the hot plate (over 150˚C) and it cooled from isotropic 

phase to induce the planar alignment. Since pure HAT5 itself has not a good wetting 

to the substrates, it needs the help of solvent to cover the substrate completely as 

shown in Figure 3.54.  

 

 

 

Figure 3.54 (a) Scheme of Pt electrodes equipped on the SiO2 substrate, optical 

microscopic image of HAT5 films on the electrodes deposited (b) without using 

solvents, (c) from toluene solution, and (d) from chloroform solution. 
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Following our procedure for producing tailored nanostructures, we have used 

solution of HAT5 in toluene for realizing the aligned long nanowires and chloroform 

for the disorganized, isotropic, structures. The pure HAT5 and two nanostructured 

films are shown in the AFM images of Figure 3.55. The pure HAT5 didn’t show any 

particular structures [Figure 3.55a]. This means that we cannot estimate the HAT5 

alignment at this stage. In Figure 3.55b we report the AFM image of the straight 

nanowires exhibiting a long-range orientational order, well bridging the electrodes 

while in Figure 3.55c which contains the isotropic structure.  

 

 

Figure 3.55 AFM images of films of HAT5 on SiO2 substrates equipped with Pt-

electrodes. (a) Pure HAT5 (no use of solvent), (b) planarly aligned molecular 

wires and (c) non-aligned molecular structures (isotropic). 
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The electrical properties were measured for all three samples and the results are 

reported in Figures 3.56. HAT5 has a very low intrinsic carrier concentration, in part 

due to the fairly large band gap. One of the strategies to face this issue is doping with 

iodine [17] that form a charge transfer complex with the discotic molecules. The 

iodine doping system is shown in Figure 3.57. The samples were placed in a glass 

tube connected to a high vacuum line, at a pressure lower than 10-2 torr, and to 

another glass tube containing crystalline iodine. By opening the valve of the chamber 

containing iodine, this sublimated into the glass tube with the sample and the iodine 

doped the film. 

 

Figure 3.56 The corresponding electronic characteristics of the thin films. (a) 

Current flow depending on the iodine exposure time (1V applied), (b) I-V curve 

of the iodine doped samples. In (c) the current per unit of height is plotted 

against time and (d) the plot of the current density versus electric field. 
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Figure 3.57 The iodine doping system (left and top image). The glass tube 

containing samples and iodine (both right image). The samples connected with 

4 probes (left and bottom image). 

Table 3 Electrical characteristics of the pure HAT5, aligned and isotropic 

samples, deduced from the I-V measurements, with the corresponding film 

thickness. 
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The resulting current flow was monitored as function of time during the iodine 

doping process, shown in Figure 3.56a for both aligned and isotropic structures of 

HAT5. As the level of doping increases, the charge density in the system also 

becomes higher and current starts to flow through the system. When a saturation 

level of doping is reached, indicated by a stable level of current, the I-V 

characteristics of the samples were measured with a 4-probe method. All samples 

showed almost linear behavior as reported in Figure 3.56b. Since the samples have 

different thicknesses, it is worth to compare the current actually flowing in the two 

films per unit of height. The difference in magnitude, related to the structural film 

properties, is apparent in Figure 3.56c where the current per unit height has been 

plotted against time. Analogously, in order to obtain a picture of the behavior closer 

to the structural properties, not affected by the difference in film thickness, the 

density of current against electric field is reported in Figure 3.56d. Here the slop is 

directly connected to the conductivity of the structures. The thicknesses of the films 

used for the calculations as well as the obtained values of resistance, resistivity and 

conductivity are summarized in Table 3. The estimated resistance of the aligned 

sample was 418 kΩ while the isotropic one had 291 kΩ and the pure HAT5 had 936 

kΩ. The isotropic film is 5 times thicker than the aligned sample, being 100 nm and 

20 nm thick, respectively and the thickness of pure HAT5 film was around 50 nm. 

Considering the film thicknesses, the electrode distance of 2 µm and length of 100 

µm, we derived the conductivity that was 2.39·10-2 S/cm for the aligned sample, 

0.69·10-2 S/cm for the isotropic one and 0.43·10-2 S/cm for the pure HAT5 film. This 

means that the well-aligned, long fiber nanowires show clearly better performances 

allowing a more efficient charge transport than the short and disorganized structures. 
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Also, producing enough length of the wire for bridging the electrodes are essentially 

required. We point out that the isotropic structure is densely packed therefore the 

charges can still travel from the aggregates but this process is less efficient since the 

molecular wires from toluene offer straight and presumably defect-free paths for the 

charges in contrast with the large amount of grain boundaries present in the isotropic 

structure. Pure HAT5 perform even worse than the isotropic sample but it should be 

pointed out that I didn’t have alignment control of HAT5, thus it cannot be ruled out 

the presence of mixed domains. However, this confirms the value of the solvent 

approach, proposed in this work, to control the quality and alignment of the columns. 
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3.3.7 The possibility as a chemical sensor - NO2 sensor based on HAT5 

Recently, detection of volatile organic compounds (VOCs) by means of liquid 

crystals (LC) has progressed in the areas of all major types (nematic, smectic, and 

cholesteric) of liquid crystalline materials. For example, Proton sensitive glucose 

sensors using classical 4-cyano-4-pentylbiphenyl (5CB) material were successfully 

tested in. In 2015, P. V. Shibaev et al. describes the principles of optical response that 

can be used for detection of low concentrations of VOCs in the air using nematic 

LCs (MBBA; 4-methoxybenzylidene-4-butylaniline) [18]. Thus, Liquid crystalline 

polymers and polymer networks were explored for detection of organic solvents. 

Among the LCs, HAT5 with the anisotropy of molecular aggregates is very attractive 

for chemical sensors due to high changes in surface energy. This fact can be easily 

detected by a variety of chemical agents in the environment. As far as we know, 

chemical sensors based on HAT5 have not been studied yet. Here, we report 

chemoresistive properties of well-aligned HAT5. HAT5 shows remarkably sensitive 

and sensing properties to NO2 (oxidized gas) at room temperature 25.4°C. Especially 

its theoretical detection limit of NO2 is as low as 750 parts per billion (ppb). As a 

result, HAT5 is very a promising sensing element for use in air-quality sensor for 

environmental monitoring. 

Figure 3.58a show responses of a chemical sensor based on well-aligned HAT5 

with parallel and vertical direction to Au electrodes and then, gas concentrations and 

measuring temperature are from 1 to 5 ppm and room temperature, respectively. The 

response, S, is defined as Rgas/Rambient for the oxidizing gas NO2 where Rgas and 

Rambient denote the sensors’ resistances in the presence and absence of a test gas, 
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respectively. For well-aligned HAT5 with long-axis of the column direction, highly 

sensitive NO2 sensing properties are clearly observed at room temperature. The 

responses to 1 and 5 ppm reach resistance ratio equal to 1.2 and 1.5 at 25.4°C 

respectively, and even to 50 ppm is 2.7 [ref 2 or Figure 3.58b]. In general, chemical 

sensors based on metal oxide and 2-D materials have low response with less than 

100% and nonfully recovery time at room temperature. However, HAT5 sensors 

have a high response more than 100% to 5 ppm NO2 and fully recover time. For 

horizontal direction to the columns of HAT5, the response to NO2 is absent. This 

result shows that HAT5s with π- π overlaps along the columns allow larger current 

flows than perpendicular direction to the columns.     

In order to estimate the NO2 detection limit of HAT5 sensors, the response 

values, S, are plotted as a function of NO2 concentration in a linear scale in Figure 

3.58c. The linear relationship between the response value and the concentration for 

HAT5 sensor (parallel to the columns) demonstrates the feasibility and the operation 

capabilities of the sensor for real applications. By applying linear least-square fits to 

the data, the theoretical detection limit (signal-to-noise ratio > 3) of HAT5 sensor 

(with the electrodes perpendicular to the columns) is estimated to be as low as 750 

ppb, whereas that of the parallel sensor is not possible to estimate. Therefore, we 

suggest that the align direction of HAT5 play a critical role in the remarkably 

enhanced sensing properties. 
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Figure 3.58 (a) Responses of well-aligned HAT5 with parallel and vertical 

direction to Au electrodes, (b) Response of well-aligned HAT5 (vertical 

direction) to 50 ppm NO2, (c) The detection limit of well-aligned HAT5 (vertical 

direction). 
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3.3.8 Other deposition methods to control the alignment direction 

HAT5 in toluene solution had been deposited by spin-coating. Spin coating is 

an easy and efficient method to make thin films with high uniformity. However it is 

difficult to control the direction of the molecular wires. We then tested other 

deposition methods, dip-coating and drop-casting, the latter combined with 

additional alignment techniques [Figure 3.59].  

The fibril texture obtained with a solution with concentration of 6.0 mg/ml via 

spin coating extended over all the surface of the substrate, with film thickness around 

30 nm [Figure 3.59a]. A concentration of 3.0 mg/ml HAT5 in toluene was used for 

dip-coating, and long, single fiber-like structures not in film could be obtained 

[Figure 3.59b]. Drop-casting method is useful for making films but it is not ideal for 

very thin films. Moreover it is difficult to control the direction of the molecular wires. 

Thus we applied shear flow or temperature gradient to the drop-casted deposition for 

giving a preferential direction. Giving shear flow with artificial wind from one to the 

opposite side of the substrate we were able to generate fiber-like structures on the 

substrate with thickness of the film around 20 nm. By using 6.0 mg/ml HAT5 in 

toluene we could get a slightly thinner film than spin coating [Figure 3.59c]. 

Temperature gradient was instead used for monitoring the resulting alignment. The 

drop casted film, with heat treatment was 100 nm thick film. Heat was applied to one 

side of substrate, and then because of the temperature gradient, fibril structures were 

formed along the gradient direction. Since this technique does not remove molecules, 

the resulting film was much thicker than the one obtained with the previous method 

[Figure 3.59d]. 
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Among the different techniques that we have used, dip-coating is one of the 

most efficient and it appears to be a unique method to obtain very long-range fibers 

even up to several hundred micrometer long. Many isolated wires were easily 

observable by optical microscope. Mullen’s group [19] reported that uniaxially 

oriented nanowire films were obtained on the surface during the dipping method with 

higher concentration of solution and low evaporation rate of solvent. Also, 

Bjornholm’s group [20] explains that the upper solution, exposed to the air on the 

substrate pulled from the solution, reached saturation first and then crystal nuclei are 

precipitated. The extend 1D nanowire structure were obtained as a result of the self-

assembly with the presence of previously formed crystal nuclei. It is known that 

anisotropic growth of organic material which has polycyclic aromatic hydrocarbon 

related to the strong π-π interaction [21, 22].  

Figure 3.59 Schemes and AFM images of HAT5 deposited by various deposition 

methods. (a) spin-coating, (b) dip-coating, drop-casting with (c) shear flow and 

(d) thermal gradient. 
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Figure 3.60 and Figure 3.61 show optical microscopy image and AFM image of 

nanostructures formed by dip-coating method with different withdrawing rate and 

concentration. The condition that we used for dip-coating is shown in Table 4. 

 

 

 

 

 

Figure 3.60 (a) Molecular wires by dip-coating from 3.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 100 µm/s. 

Table 4 Dip-coating condition with fixed dipping speed (1000 μm/s) and staying 

time (10 sec). 
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Figure 3.60 (b) Molecular wires by dip-coating from 3.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 50 µm/s. 

Figure 3.60 (c) Molecular wires by dip-coating from 3.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 20 µm/s. 
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Figure 3.61 (a) Molecular wires by dip-coating from 6.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 100 µm/s. 

Figure 3.61 (b) Molecular wires by dip-coating from 6.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 50 µm/s. 
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The formation of the fibril during slow dip-coating process can be explained 

imaging that once a molecule attach to the substrate then the next molecule is easily 

connected to it and more molecules continuously self-assemble until a critical point. 

These molecular wires formation by discotic liquid crystal occurs during solvent 

evaporation from molecules on the substrate, at a concentration for which the staking 

of molecules becomes possible. As shown in the OM images, the molecular wire 

growth are not flow the dip-coating direction. But interestingly, we can see the 

possibility of the building blocks that consist molecular wires [Figure 3.60 and 

Figure 3.61]. If the speed is too fast the molecule adsorbed to the substrate but they 

cannot elongated as wires [Figure 3.62]. In our case the speed used made favorable 

an edge-on position of the molecules thus planar alignment of the columns. 

Figure 3.61 (c) Molecular wires by dip-coating from 6.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 200 µm/s. 
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Figure 3.62 Molecular wires by dip-coating from 3.0 mg/ml HAT5 toluene 

solution with a withdrawing speed at 500 µm/s. 
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3.4 Conclusion 

HAT5 is a one of simple discotic liquid crystals that have hexagonal columnar 

mesophase. Its phase transition temperature is known 69°C from crystal to LC and 

122°C from LC to isotropic phase. The charge conduction occurs though the stacked 

core of HAT5 along the columns with the mobility in the order of 10-3 cm2/V·s. HAT5 

discotic LC can self-assemble into very long and commonly aligned molecular wires 

by simply spin-coating discotic solutions. In particular, we have shown that the self-

assembly process observed from solution is not only determined by intrinsic 

mechanisms as in pristine discotics but is also affected by the interfacial factors such 

as the wettability between solution and surfaced substrate and the presence of 

solvents during the evaporation process. The solvent wetting on solid surface is 

related on critical surface tension, 𝛾𝐶. Higher substrate of 𝛾𝐶 than liquid surface 

tension allows complete wetting. Also the wetting can improve by the roughness of 

the surface of substrate. Good wetting of solvent help the longer staying of HAT5 

molecules with solvents on the substrate during spin-coating and it promotes wire 

formation with enough time for self-assembly of them. Solvents do not just serve for 

dispersing the HAT5 molecules but they also affect the way molecules arrange during 

evaporation by entering into the assembly. HAT5 molecules form films composed 

by long fiber-like structures after spin-coating toluene solutions on substrates. We 

have studied very thin films, below 50 nm, obtaining clearer structures compared to 

thicker films that helped to discriminate important factors that contribute to the 

formation of the fibers. The type of solvent used for dispersing HAT5 strongly 

influences the aggregation of the discotic molecules. Toluene and benzene support 
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the formation of very long fibers that align along a common direction while dodecane 

forms isolated, long and thicker fibers. Chloroform and heptane induce smaller 

anisotropic aggregates although for films from heptane solutions there are also more 

uniform features underlying the anisotropic structures. We argue that the molecular 

structure of the solvent plays a fundamental role in the formation of aggregates 

entering into play in the fiber formation. The presence of aromatic rings, both in 

toluene and benzene, and the resulting long wire formation indicates the importance 

of the chemical structure of the solvents in the formation of HAT5 structures. The 

aromatic ring matches the aromatic structure of HAT5 molecules thus participating 

into the stacking of the molecules and promoting a columnar formation of wires. 

Instead dodecane has a structure similar to the chains of HAT5 molecules, therefore 

interacting with its sides, increasing the effective chain size thus promoting bulkier 

formations during the assembly.  

The fibers show anisotropic responses in the Raman spectrum indicating that 

the HAT5 molecules are aligned edge-on the substrates, thus planarly. In addition, 

the final structure appears to have a high degree of order by an estimate of the order 

parameter of the core and this suggests a good level of orbital overlaps, attractive for 

the conductive properties of the wires. Also glazing incidence X-ray diffraction 

techniques confirmed that the alignment in the thin films produced from toluene is 

planar.  

Broad X-ray diffraction with d~17 Å  and anisotropic response of VV scattered 

light from DLS measurement for very high concentration of HAT5 toluene solution 

may support to the lyo-nematic liquid crystalline behavior, but it appears in very 

short range of temperature and concentration, even non-results were obtain for 
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dodecane solution from XRD.  

A significant different phase transition was observed from HAT5 treated by 

toluene and dodecane in TOF measurement and it was confirmed by optical 

microscopy. Even though toluene and dodecane are organic solvents, it is difficult to 

completely remove by evaporation. Especially dodecane has a good affinity with 

peripheral chains of HAT5 and it contribute the movement of HAT5 molecules by 

surrounding them, thus it should be remained during the fiber formation on the 

substrate in the same vein with TOF and phase transition behavior. While, toluene 

were well cooperated with HAT5 and rather helps the stacking of HAT5, even though 

they remain in the system which didn’t show any difference compare with pure 

HAT5.  

Electrical measurements on molecular wires from toluene showed that these 

structures are clearly more performing than disorganized assemblies from 

chloroform with a value of conductivity three times higher. Our findings provide an 

attractive route for tailoring or changing the geometry of supramolecular assemblies 

not necessarily by changing the discotic molecule structure but by simply choosing 

a solvent with a desired molecular structure. In addition, well-aligned planar HAT5 

molecular wire has a sufficient possibility for NO2 gas sensor application. 

All of the results suggest that toluene is an efficient solvent for inducing uniform 

molecular wires. Among the deposition techniques, the dip-coating method is 

suitable for realizing very long molecular wire along a desired direction. 
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Chapter 4 Liquid Crystalline behaviors of Graphene 

based particles 

 

4.1 Materials 

4.1.1 Preparation: synthesis and characterization of graphene oxide 

The graphene oxide (GO) was obtained from nature graphite by chemical 

oxidation and subsequent exfoliation. We exfoliated graphene oxide flakes by a 

modified Hummer’s method. [1]. Natural expendable graphite purchased from 

Qingdao Xinghe Graphite co., Ltd. The final GO characteristics, especially the 

dimension, are determined depending on the type of the graphite which is a 

fundamental basis [2]. Expendable graphite allows easier exfoliation with less 

damage of the layers. 1 g of the graphite and 1 g of sodium nitrate (NaNO3, Sigma-

Aldrich; S5506, >99.0%) as an oxidant were added into a round flask in the ice bath 

and its temperature kept near 0°C to moderate the reaction. 48 ml of sulfuric acid 

(H2SO4, Sigma-Aldrich; 258105, 95.0-98.0%) was added slowly dropwise to the 

flask and mechanically stirred with the speed of 400 rpm. After 20 min stirring, 6 g 

of potassium permanganate (KMnO4, Sigma-Aldrich; 223468, >99.0%), a strong 

oxidant, were slowly added into the flask. The mixture turned green due to the 

formation of the oxidizing agent MnO3+. Since a lot of heat is produced when 

KMnO4 is introduced to the mixture, the temperature of water around the flask in the 

basket should be maintained around 0°C. The reaction lasted 1.5 hr in the ice bath 

then temperature of bath were increased up to 35°C and kept for 2 hr.  
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𝐾𝑀𝑛𝑂4(𝑠) + 3𝐻2𝑆𝑂4(𝑙) → 𝐾+(𝑎𝑞) + 𝑀𝑛𝑂3
+(𝑎𝑞) + 𝐻3𝑂+(𝑎𝑞) + 3𝐻𝑆𝑂4

−(𝑎𝑞) 

𝑀𝑛𝑂3
+(𝑎𝑞) + 𝑀𝑛𝑂4

−(𝑎𝑞) → 𝑀𝑛2𝑂7(𝑠) [ref 3] 

Returned to ice bath, ~0°C, and 40 ml of distilled water were added to the mixture 

extremely slowly and carefully (approx. during 30 min) in drop by drop to prevent 

violent reaction until the color of the mixture changes from green to purple. Then, 

100 ml of distill water was added into the diluted mixture. The color of the mixture 

became darker like brick-red brown.   

To remove bi-product such as unreacted oxidant MnO2, 5 ml of hydrogen peroxide 

solution (H2O2, Sigma-Aldrich; 216763, 30 wt% in water) were added. The mixture 

produced many yellow-greenish bubbles and completes to light green finally due to 

the reduction of MnO2 (brown powder) to Mn2+ by H2O2. 

2𝑀𝑛𝑂2 + 5𝐻2𝑂2 + 6𝐻+ → 2𝑀𝑛2+ + 3𝑂2 + 8𝐻2𝑂 

The final reaction mixture were centrifuged with a speed of 12000 rpm during 10 

min and repeated after removing the upper transparent part of the mixture and then 

filling it with the distilled water. The remained Mn2+ and H+ were washed out by 

replacing the water in this step. The light yellowish part started to appear and turned 

to dark brown which is the GO suspensions. It was clearly separated from the mass 

which remained at the bottom as a viscous gel-like solution by repeating the 

centrifugation. This centrifugation repeated until the pH of upper solution was 

reached around 7 (approx. 6~7 times). The high concentrated and individually 

dispersed GO suspension that has a nematic phase was collected. Additionally, the 

water was added to the remained part of the mixture and it centrifuged again until 

the gel part was not appeared. The final GO suspension is shown in Figure 4.1a.  



 

 113 

 

The concentration of the synthesized GO suspension was evaluated with 

lyophilization by a freezer dryer. To investigate the liquid crystalline phenomenon 

with GO suspension, it is required to know the exact concentration. The GO 

suspension was pre-treated by dipping into the liquid nitrogen before set in the 

freezer dryer for avoiding the interface of crystallized ice with the order GO structure 

by super cooling. The water in the treated suspension was eliminated by sublimation 

in the chamber of the freezer dryer at the pressure of 1.3·10-3 torr and at the 

temperature ~55°C for a day. The concentration can be calculated according to the 

weight before and after sublimation. The final concentration that we got was 4~5 

mg/ml depending on the batch.  

The dimensions of the GO flakes were examined by scanning electron 

microscopy (SEM) and atomic force microscopy (AFM). GO was uniformly 

deposited on SiO2/Si substrate by bubble deposition method [4] which is a very 

useful method to get unfolded and unwrinkled monolayer sheets.  

Figure 4.1 Graphene oxide suspension (a) 5.06 mg/ml, original concentration 

from the synthesis and (b) 2.0 mg/ml, dilute from (a). 
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As shown in the SEM of Figure 4.2 a and b, the size of the large flakes, marked 

with a red circle, are about 3000 µm2. GO flakes are classified as small, large, very 

large and ultra large when it is ~3.5 µm2, ~50 µm2, ~240 µm2, and ~1000 µm2, 

respectively [5]. In general, we could obtain ultra large GO flakes even though the 

suspension was polydispersed. The thickness of sheets was around 1 nm as seen in 

AFM image and profile [Figure 4.2 c and d]. Further smaller flakes were produced 

by applying ultra-sonication by a tip sonotrode (Hielscher ultrasonics GmbH, 

UIS250L) using 90% amplitude and 0.5 cycle for 1 min, 5 min. The GO that applied 

the longer sonication time than 5 min solution didn’t show liquid crystal 

phenomenon below the concentration of 2.0 mg/ml.  

Figure 4.2 (a), (b) SEM image of GO, (c) AFM image of GO and (d) profiles. 
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4.1.2 Preparation: synthesis and characterization of reduced graphene 

oxide 

Two methods were tried to reduce the exfoliated GO suspension. First, 

hydrazine monohydrate which is well known as strong reductant was used [6, 7]. 50 

µl of hydrazine monohydrate [Figure 4.3a] was added to 500 µl of GO suspension at 

room temperature and stirred for 24 h. GO gradually precipitated out as a black solid 

in the solution [Figure 4.3b]. The resulting black powder, reduced GO, was filtered 

and dried. However, the difficulty in achieving stable dispersions of rGO in water 

due to their hydrophobic property and van der Waals force between them are well 

known. One method for dispersing hydrophobic particles in aqueous solution is 

dissolving surfactant into the system. 1 mg of rGO was added into 1 ml of 1 wt% of 

hexadecyltrimethylammonium bromide (CTAB) aqueous solution and rGO were 

dispersed by ultra-sonication (Hielscher ultrasonics GmbH, UIS250L) with 90% 

amplitude and 0.5 cycle for 1 min since GO/rGO flakes can be easily broken with 

high power of sonication. However, there were still some of aggregates visible. 

Originally, the aggregation of rGO happened during the reduction process to 

decrease the entropy of the system by reducing exposed hydrophobic surfaces to the 

water. To prevent the aggregation of rGO, the surfactant covered the hydrophobic 

part during the reduction process and help to get the stable dispersion in the water 

[8]. 500 µl of 2 mg/ml GO suspension and 500 µl 2 wt% of CTAB aqueous solution 

were mixed first, and 50 µl of hydrazine monohydrate were added to the mixture. 

The mixture was stirred for 24 hr. The resulting suspension was surprisingly well 

dispersed [Figure 4.3c]. Also, even better dispersed suspensions were obtained with 
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smaller flakes achieved with 1 min sonication (90% amplitude and 0.5 cycle) before 

mixing CTAB aqueous solution. 

 

 

However, one of disadvantages of using hydrazine is introduction of 

heteroatomic impurities [3]. In addition, hydrazine is not a desirable material due to 

its high toxicity. Thus, we also tried another reduction methods for GO suspensions 

with L-Ascorbic acid which generally called vitamin C [Figure 4.4a], a natural 

antioxidant required for the metabolism of living organisms [9, 10]. First, the 

reduction proceeded without surfactant. 50 mg of L-Ascorbic acid (Sigma-Aldrich; 

A5960, > 99.0%) were added into 50 ml of GO suspensions as a concentration of 0.1 

mg/ml and it stirred 72 hr. The resulting black materials appeared rather slowly after 

longer time compare to when using hydrazine as a reductant [Figure 4.4b]. After the 

reduction of GO was confirmed, CTAB was applied to the system. 50 mg of L-

Ascorbic acid were added to the mixture of 50 ml of 2 wt% of CTAB aqueous 

Figure 4.3 (a) Molecular structure of hydrazine, (b) rGO prepared without 

CTAB, (c) rGO prepared in presence of CTAB. 
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solution and 0.1 mg/ml GO suspension, and it stirred 72 hr. Consequently, well 

dispersed rGO suspension was obtained [Figure 4.4c], even better than using 

hydrazine. By strong reduction process with hydrazine, the GO flakes attracted with 

each other since a lot of hydrophobic surfaces of the flakes were produced before the 

surfactants could cover them. While in case of the slow reduction process with L-

ascorbic acid, suspensions with higher quality of the dispersion were obtained 

because of sufficient coverage of the hydrophobic surfaces with surfactants.  

This indicates the importance of the use of the right reductant but also of the 

time of the reduction for achieving high quality rGO suspensions. 

 

 

The reduction was easily recognized by the color changing of the solution from 

brown to black as shown in Figure 4.5. In addition, the reduction was evaluated with 

optical spectroscopy. Figure 4.6 is the optical spectra of GO and rGO suspension. 

The peak in the region of 227-231 nm determines the degree of the remaining 

Figure 4.4 (a) Molecular structure of L-ascorbic acid, (b) rGO prepared without 

CTAB, (c) rGO prepared in presence of CTAB. 
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conjugation (π-π* transition) corresponding to the C-C and C=C bonds in sp2 

hybridization of graphene. The shoulder at around 300 nm can be ascribed to the n-

π* transition of carbonyl groups corresponding to the C=O bond in sp3 hybrid region 

[11-13]. The red-shift observed in rGO around 290 nm suggests that the electronic 

conjugation within the graphene sheets is restored upon reduction [9, 11].  

  

Figure 4.6 Optical spectroscopy spectra of GO and rGO. 

Figure 4.5 Graphene oxide solution (a) before reduction, (b) after reduction. 
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4.2 Method 

Liquid crystalline texture of GO and rGO were observed by polarized optical 

microscope (OM), Nikon Ecilpse LV100D-U and Olympus BX51. Typical sandwich 

cells which have 1 mm in gap and glass capillaries 2 mm wide and 0.1 mm gap were 

used for OM investigations. Viscosity of GO and rGO as a function of shear rate was 

measure by a rheometer, Bohin CVO from Marlven.  Also GO and rGO 

suspensions were analysis with homemade dynamic light scattering (DLS) system. 

The optical spectroscopy (PerkinElmer, Lambda35) were used for GO suspensions 

to obtain extinction coefficients and to understand the phase separation phenomenon 

with centrifuged GO suspensions. Also the rGO suspension were investigated by 

optical spectroscopy to compare the absorbance. The centrifuge (Smart R17 micro 

centrifuge, Hanil science industrial) were used for phase separation of GO 

suspension with RCF 2000xg for 20 min.  

For electro-optical switching experiment, function generator (Agilent 33120A), 

oscilloscope (Hewlett Packard 54645A) and photo-receiver (New Focus Inc. model 

2031) were used. The sandwich cells for electro-optical switching experiment were 

made with patterned indium tin oxide (ITO) electrodes on glass. The ITO pattern 

were produced by chemical etching process of ITO coated glasses. ITO glasses were 

coated with photoresist (PR, GXR 601), they were softly baked on the hot plate at 

100°C for 1 min, and then exposed to UV for 10 sec with using a photo-lithography 

mask with pattern for the electrodes. The ITO glasses were dipped into the developer 

(DPD-200) and the PR on UV exposed parted of ITO glasses were removed (positive 

PR). For hard baking, they were kept on the hot plate at 120°C for 10 min. After 10 
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min, the exposed part of ITO on the glasses were eliminated by dipping into the 

etchant (LCE-12) for 27 min. The resulting patterned ITO coated glass were rinsed 

with acetone for 1 min to get rid of the remained PR on the patterned ITO. Finally, 

ITO patterned electrodes for one side of the sandwich cell could be obtained. The 

sketch of the cell geometry is shown in Figure 4.7. The cell was assembled using the 

ITO patterned electrodes on one side and ordinary glass plates for the second side 

using polymeric films as spacers. These cells, differently from the ordinary cells for 

LCDs, have no aligning layer. 

 

 

 

 

 

  

Figure 4.7 Scheme of the ITO patterned cell that used for electro-optical 

switching. 
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4.3 Result and discussion 

4.3.1 Graphene oxide liquid crystals 

Graphene oxide is an oxidative form of graphene, useful because it is soluble in 

water and is present in single, non-aggregated sheets. Interestingly, graphene oxide 

can form liquid crystal (LC) phases of the discotic lyotropic type. The formation of 

LC phases is strongly connected to the dimensions and the quality, in particular the 

flatness, of the flakes. Also the high aspect ratio of GO flakes allows the formation 

of LC phases at low concentrations. A serious of aqueous dispersions with varying 

GO concentration in deionized (DI) water were prepared. Macroscopic images of the 

series of GO at different concentrations are shown in Figure 4.8a, and between cross 

polarizers in Figure 4.8b. Schlieren texture was observed, the birefringence of optical 

texture reflects the common orientation of GO flakes. As the cell gap gets small, the 

weak birefringence of GO does not provide strong optical signatures as in bulk 

samples. Figure 4.9 shows the optical microscopy images of the series of GO at 

different concentrations between two glass plates with 1mm gap between cross 

polarizers. Even though the birefringence of GO was weak to see the schlieren 

texture in the capillary with 0.1 mm gap, as shown in Figure 4.10, large areas 

showing birefringence were recognized by rotating the capillary originated by 

domains of uniform alignment for the GO flakes. The origin of the alignment is 

probably due to the flow during the filling of the capillary that means it is a shear 

induced alignment. With the original GO, which has ultra large lateral size directly 

resulting from the synthesis, we could observe the formation of liquid crystal phases 

starting from a concentration of GO of 0.2 mg/ml. In addition, we could induced 
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birefringence by shearing motion in 0.1 mg/ml and 0.05 mg/ml of original GO. 

 

 

 

Figure 4.8 (a) macroscopic images of GO suspension depending on 

concentration, (b) between cross polarizers. 

Figure 4.9 Polarized optical microscopic images of GO suspension in the 1 mm 

gap cell depending on concentration. 
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In lyotropic systems, the ability to form LC phases at a given concentration 

depends on the shape and size of the components [14-16]. To understand the LC 

formation of GO and its dependence on the dimensions of GO, the average size of 

the flakes was reduced by sonication. As produced GO suspensions at a 

concentration of 2.0 mg/ml were mechanically broken into different sizes according 

to sonication time. As a result, suspensions with flakes of size ~50 µm2, 10 µm2, less 

than 1 µm2 were obtained by 1 min, 5 min and 10 min of sonication time, respectively. 

The reported values of flake size are indicative and have been deduced estimating 

the maximum flake size by optical microscopy observations of dispersions deposited 

on silicon substrates. However, even if the values are not accurate, they give a clear 

Figure 4.10 Polarized optical microscopic images of GO suspension in the 

0.1mm gap capillary depending on concentration. 



 

 124 

indication of the degree of reduction of the flakes size by sonication. Appling over 

10 min of sonication led the saturation of size. As the size of GO was decreased, the 

ranges of concentrations that show birefringence were shifted. In case of 1 min 

sonicated GO, very weak birefringence was observed at the concentration of 0.8 

mg/ml and above [Figure 4.11a]. No more optical anisotropic response was observed 

in 5 min sonicated GO in the range of the concentration from 0.05 mg/ml to 2.0 

mg/ml [Figure 4.11b].  

 

 

The correlation between size and LC formation was investigated by rheology 

experiments. A range of GO suspensions in water with different lateral sizes were 

prepared and measured. The viscosity, η, of Newtonian fluids is independent of the 

shear stress, σ.  

σ =  η �̇�                           (4.1) 

where, �̇� is the shear rate. 

Figure 4.11 Polarized optical microscopic images of (a) 1 min and (b) 5 min 

sonicated GO suspension in the 1mm gap cell depending on concentration. 
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Non-Newtonian fluids deviate in many different ways from this equation. 

Among various non-Newtonian fluids, shear-thinning fluids are commonly observed 

with pseudoplastic component, polymeric molecules and liquid crystals. A power-

law of fluid (Ostwald-de Waele relationship) predicts for simple types of fluid, that 

the shear stress is given by: 

σ = K �̇�𝑛                         (4.2) 

where, K is the flow consistency index and n is the flow behavior index. 

The viscosity can be expressed as: 

η = K �̇�𝑛−1                        (4.3) 

If the fluid has n = 1, it is a Newtonian fluid. For n < 1, it is a pseudoplastic fluid 

which shows shear-thinning. For n > 1, it is a dilatant fluid that shows shear 

thickening and less common in the nature. [17].  

By applying shear to LC-GO suspension, inter-locked domains are unlocked 

resulting in the ordering of GO flakes along the shear fields [16]. Once the order is 

achieved, the movements smoothly follow the shear field [Figure 4.12 a and b]. 

Figure 4.12a is the results from the first ascending shear field and Figure 4.12b is the 

results from the descending shear fields. The results from the second ascending shear 

field were similar with the previous descending shear fields. The lower part of the 

shear stress indicated with an arrow in Figure 4.12a disappeared once the flakes were 

ordered during the first cycle of shear fields. In contrast, in case of original GO 

suspensions at low concentrations, 1 min sonicated and 5 min sonicated GO 

suspensions, the behavior is like isotropic-suspensions [16]. The viscosities of GO 

suspensions as a function of shear rate also showed shear thinning except 0.1 mg/ml 
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1 min sonicated GO suspension and 0.1 mg/ml and 0.5 mg/ml 5min sonicated GO 

suspensions [Figure 4.12 c and d]. The viscosity of original GO suspension was 

much higher than 1 min or 5 min sonicated GO suspension when the same 

concentration. This behavior was even more pronounced at higher concentrations.  

  

Figure 4.12 Shear stress of original GO (a) by shear ascending and (b) by shear 

descending as function of shear rate, (c) shear stress and (d) viscosity of low 

concentration of original GO and 1 min and 5 min sonicated GO as function of 

shear rate, viscosity at shear rate is 0.3 (e) by ascending and (f) by descending. 
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According to these data, it is clear that the original GO suspension above 1.0 

mg/ml behaves as in a liquid crystal phase and the suspensions with a very low 

concentrations with small flakes, 0.1 mg/ml 1 min sonicated GO suspension and 0.1 

mg/ml and 0.5 mg/ml 5 min sonicated GO suspensions, showed complete isotropic 

behavior and flow like Newtonian liquids with flow factor, n ≈ 1 . The other 

suspensions may have bi-phases. The viscosity as a function of the GO concentration 

is shown in Figure 4.12 e and f. Interestingly, the viscosity of LC phase suspension 

was reduced by alignment induced by shearing. While the viscosities of GO 

suspension in the bi-phase region which are probably 0.5 mg/ml of original GO 

suspension and 0.5~2.0 mg/ml of 1 min sonicated GO suspensions increased as result 

of the applied shear field due to the alignment. No difference was observed in 

isotropic GO suspensions. 

The effect of the change in size of the GO flakes on the suspension properties 

was also studied by dynamic light scattering (DLS) measurement. The 

autocorrelation function of the depolarized (VH) scattered light reflects the 

anisotropic movements of the molecules or system and it can be fitted by 

𝑔(2)(𝑡) − 1 =  𝐴0 exp (−2 ∙ (𝑡 𝜏)⁄ 𝛽)             (3.4) 

where, 𝜏 is the relaxation time and β is a stretch parameter which shows the degree 

of dispersity [18, 19]. Figure 4.13 a and b shows the autocorrelation function of 0.1 

mg/ml and 1.0 mg/ml of original GO, 1 min sonicated and 5 min sonicated GO 

suspension. The relaxation time, τ, and the stretch parameter, β, obtained from 

equation (3.4) were plotted in Figure 4.13 c and d as a function of concentration of 

each GO suspensions. Surprisingly, all suspensions present anisotropic responses 
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with a relaxation time, τ The relaxation time was reduced in the GO suspension 

composed by smaller flakes, but it maintained the same value in the same sized GO 

suspensions [Figure 4.13c]. Even though original GO suspension shows the longest 

relaxation time in all range of concentration, τ in a range between 0.1~1.0 mg/ml 

strongly fluctuated. In this bi-phase region, the anisotropic motion can come from 

each component, domain of flakes or whole system due to their size dispersion. Since 

DLS is a technique very sensitive to very small motions, very diverse values of τ 

were obtained in bi-phase region. Also, anisotropic responses were obtained from all 

concentration ranges of the 5 min sonicated GO suspensions and low concentration 

Figure 4.13 Autocorrelation function of (a) 0.1 mg/ml and (b) 1.0 mg/ml of GO 

original, 1 min sonicated and 5 min sonicated GO suspension, (c) the relaxation 

time and (b) stretch factor of GOs. 
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of 1 min sonicated GO suspensions which wasn’t expected due to the low aspect 

ratio of the flakes and low concentrations. These suspensions were optically isotropic 

but aggregated GO domains in suspensions may respond to dynamic light scattering. 

According to the sonication time used for breaking the GO flakes, we could obtain 

smaller flakes, but also mono-dispersed GO suspensions as seen in Figure 4.13d. The 

value of the stretch parameter, β, for 1 min and 5 min sonicated GO suspensions 

was near 0.8, while it was around 0.6 in original GO suspension. 
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4.3.2 Reduced graphene oxide liquid crystals. 

Reduced graphene oxide (rGO) can be simply realized by adding reductants 

such as hydrazine [3, 6, 7, 10], sodium borohydride (NaBH4) [3, 10], pyrogallol [10] 

and L-ascorbic acid (Vitamin C) [9, 10]. Among, various reductants, we chose a 

natural antioxidant Vitamin C due to their non-toxic property and slow reduction 

with weak reductant. As general procedure, the final black material was filtered and 

dried under vacuum. By this process, the rGO flakes aggregated becoming compact 

solid. Once rGO aggregated, it is very difficult to re-disperse in water due to the 

strong van-der Waals forces. Liquid crystalline states cannot be obtained unless the 

dispersion has high quality. Thus, we introduce a method to get well dispersed rGO 

in aqueous solution by adding surfactant during the reduction process. In this method, 

the surfactant covers the surface of the flakes of GO. 50 ml of 2 wt% of CTAB 

aqueous solution and the same volume of 0.1 mg/ml of 1 min sonicated GO 

suspension (we tried also the original GO suspension) were mixed, and then 50 mg 

of L-Ascorbic acid (L-AA) was added to the mixture. The reduction process slowly 

occurred for 72 hr while stirring. With this slow reduction process, suspensions with 

better dispersed flakes were obtained because of a more efficient coverage of the 

hydrophobic surfaces with surfactants. The shear induced liquid crystalline behavior 

was observed with these suspensions. To optimize the minimum quantity of L-AA 

and to obtain fully liquid crystalline rGO suspensions, various reduction conditions 

were tried as shown in Table 5 [Figure 4.14]. The reduction was not completely 

achieved when the L-AA amount was reduced. The color of the suspensions is 

generally browner than the suspensions reduced with sufficient amount of L-AA. 
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Once observed that a ratio of 1:1 of GO:L-AA have good results, the proportion was 

kept constant when changing GO concentration. However, the liquid crystalline 

behaviors was not observed for high concentrated GO suspensions. The color of the 

suspension was too dark to see the birefringence under microscopic cross polarizers. 

The birefringence of 1.0 mg/ml rGO suspension in capillary also was not clear. The 

GO reduction by L-AA in presence of CTAB was successful to get well dispersed 

rGO flakes in aqueous suspension, but not for obtaining liquid crystal organization, 

observed only under shearing.  

 

 

Figure 4.14 (a) GO suspensions before reduction, (b) and (c) after reduction 

with a condition in Table 5. 

Table 5 The GO reduction condition used in Figure 4.14. 
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According to rheology measurement, 0.1 mg/ml of original rGO suspensions 

and 1 min sonicated rGO suspensions acted almost like Newtonian fluids, and 1.0 

mg/ml 1 min sonicated GO suspensions showed weak shear thinning property. All 

rGO suspension had the surfactant, CTAB, which is responsible for the reduction of 

the viscosity of the system [Figure 4.15]. 

 

 

Interestingly, LC behavior was observed by DLS measurement. The 

autocorrelation function of the depolarized (VH) scattered light reflects the 

anisotropic movement of the molecules or system and it can be fitted by 

𝑔(2)(𝑡) − 1 =  𝐴0 exp (−2 ∙ (𝑡 𝜏)⁄ 𝛽)                (3.4) 

where, 𝜏 is a relaxation time and β is a stretch parameter which shows the degree 

of dispersity [18, 19]. Figure 4.16a shows the autocorrelation functions of 0.1 mg/ml 

original GO, 1 min sonicated GO, 5 min sonicated GO and 1 min sonicated rGO 

suspensions. The relaxation time of rGO suspension was τ~220 ms, and the stretch 

Figure 4.15 (a) Shear stress and (a) viscosity of rGO as function of shear rate. 
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parameter was β ~1.0 which means mono-dispersity in size of the domains 

originating the scattering signal. 1 min sonication was applied before reduction, 

therefore the physical dimensions of 1 min sonicated GO and 1 min sonicated rGO 

might be similar.  However there is a big difference in relaxation time in anisotropic 

movements. Figure 4.16b shows the autocorrelation functions of the depolarized 

(VH) scattered light of 0.1 mg/ml of 1 min sonicated rGO suspension and 1.0 mg/ml 

of 1 min sonicated rGO suspension. The mother material of these two concentrations 

was equal to the one of 1 min sonicated GO, however, the resulting VH responses 

from DLS were significantly different. The relaxation time of 1.0 mg/ml rGO 

suspension was τ~17 ms, and the stretch parameter was β~1.0 that has lower 

anisotropic motion then 0.1 mg/ml rGO suspensions. During the reduction, the 

possible aggregation of GO and the presence of surfactant surrounding the flakes 

may affect their anisotropic responses. For reference, 2.0 wt% of CTAB solution 

didn’t showed any VH scattered light.  

  

Figure 4.16 (a) Autocorrelation function of original GO, 1 min sonicated GO, 5 

min sonicated GO and 1 min sonicated rGO. (b) Autocorrelation function of 

rGO at the concentration of 0.1 mg/ml and 1.0 mg/ml. 
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4.3.3 Electro-optical switching property 

4.3.3.1 Graphene oxide 

Recently, electric-field induced birefringence, associated to a liquid crystal 

phase of GO suspensions was reported [20]. This phenomenon was observed in GO 

suspensions which have an isotropic phase, near bi-phase, when high frequency was 

applied. It has a very high Kerr coefficient, maximum 1.8 x 10-5 mV-2 [20], since the 

field induced transition occurs from isotropic to liquid crystalline phase. We have 

studied electro-optical switching property of GO suspensions with different flake 

size, applying electric field, and changing frequency. 

Figure 4.17 shows the electro-optical response by applying electric fields (20 

V/mm, 1 MHz) of the original GO, 1 min sonicated GO and 5 min sonicated GO. 

The suspensions were inserted by capillarity action into the ITO patterned cells 

[Figure 4.7]. Since the cell gap was 300 µm, it was difficult to see birefringence even 

at 2.0 mg/ml concentration of the original, not sonicated suspension which show 

strong birefringence in bulk. However, strong birefringence was observed in nematic 

GO suspensions after field application [Figure 4.17a]. High external fields were 

needed to control the original GO suspension which possess extremely large flakes 

even larger than cell thickness. In case of 1 min sonicated GO, enormous responses 

were observed compared to the original and 5 min sonicated GO [Figure 4.17 b and 

c]. Smaller flake size means smaller anisotropy, hence 1 min sonicated GO has 

higher response than 5 min GO. However, the viscosity depends on the flakes size 

being higher for larger flakes for the same initial concentration suspension due to the 

higher anisotropy of the components. The viscosity slows down the movement of 
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GO flakes as seen in the rheological measurements. It is reasonable to assume at this 

stage that also the rotational viscosity is larger in samples with larger flakes 

counteracting the effect of electric fields. Thus, the size of GO needs to be optimized 

for fast switching and high optical response by e-fields. Among 3 different sized GO, 

1 min sonicated GO suspension at concentration of 2.0 mg/ml showed highest 

performance [Figure 4.17b]. However, 2.0 mg/ml of 1 min GO suspension has also 

a nematic phase. The background without applying voltage is almost black but a few 

bright point can be seen in the optical microscopy image. The scheme of GO 

switching between electrodes and macroscopic images of the cell are shown in 

Figure 4.18. 

 

Figure 4.17 Electro-optical switching response of (a) original GO, (b) 1 min 

sonicated GO, (c) 5 min sonicated GO. 
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Figure 4.19 Electro-optical switching response of (a) 1 min sonicated GO, (b) 5 

min sonicated GO depending on applying e-field. 

Figure 4.18 Scheme of GO switching when (a) E field is zero and (b) E field is 

applied. Macroscopic image of the cell for switching GO. (c) A cell without e-

field, (d) without and (e) with e-field between cross polarizers. 



 

 137 

 

By increasing the applied voltage (at 1 MHz), higher intensity of transmission 

light was obtained in 1 min and 5 min sonicated GO suspensions with a concentration 

of 1.0 mg/ml which were in isotropic phase or bi-phase [Figure 4.19]. This tendency 

was observed until 20 V/mm. Burning close to the electrodes or short circuits were 

observed above 20 V/mm. Weak birefringence was observed even by applying a 5 

V/mm electric fields [Figure 4.19a], which is roughly a thousand time smaller value 

than the field for usual molecular LC switching. Although, it needs more than 1 min 

to achieve a complete bright, on, state and around 30 sec for switching off, much 

longer time than conventional liquid crystal displays (LCDs) that also use much 

thinner film thickness. To reduce the operational time, GO systems can be partially 

switched, thus not reaching the highest intensity levels, aiming at intensity values 

comparable to the standard LCDs. Figure 4.20 shows electro-optical response of 1.0 

mg/ml GO depending on applied field. Electro-optical response of GO that 

Figure 4.20 Intensity as function of applied voltage as shown in Figure 4.19. 
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corresponds to the Kerr effect has to show a dependence of the birefringence to the 

square of applied fields.  

∆𝑛 = 𝐾𝐸2𝜆 

where, K is the Kerr constant and 𝜆 is the wavelength. 

Considering the conventional applications, frequencies lower than what used in 

the previous experiments are necessary. 1 min and 5 min sonicated 1.0 mg/ml GO 

suspensions were switched reducing the frequency with 20 V/mm [Figure 4.21 a and 

b]. In both cases, they operated until 10 kHz with enhanced transmitted light intensity 

[Figure 4.22a]. Below 10 kHz switching was possible with decreased intensity but 

at the expense of stability since chemical reduction of GO and electrolysis occurred 

[Figure 4.22b]. It was not obviously able to observe near 10 kHz between cross 

polarizers but the window were getting dark and the bubbles were appeared, 

especially it significantly happened with very low frequency. 

 

 

 

Figure 4.21 Electro-optical switching response of (a) 1 min sonicated GO, (b) 5 

min sonicated GO depending on applying frequency. 



 

 139 

 

Consequently, we could obtain wide area well aligned liquid crystalline phase 

by applying e-field with high frequency with optimized sized GO aqueous 

suspension. The LC phase formation of GO suspension by e-field were strongly 

depending on size and concentration of GO it-self and applying voltage and 

frequency. However, even though GO-LCs has a high Kerr coefficient, the response 

time of on/off was quite slow. In addition, long-term stability of GO is an issue since 

they easily decomposed by thermal or chemical factors. 

 

 

 

 

  

Figure 4.22 Electro-optical switching response of (a) 1 min sonicated GO, (b) 5 

min sonicated GO depending on applying frequency at low frequency range. 
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4.3.2.2 Reduced graphene oxide 

There are no reports so far about field-induced birefringence in reduced GO 

(rGO). The rGO suspensions which showed shear birefringence with our successful 

dispersion reduction method were also electro-optically responsive indicating the 

aligning effect of the electric field on the LC phase. Strong birefringence of rGO-LC 

was induced by applying voltage of 15 V/mm and frequency of 1 MHz as shown in 

Figure 4.23.  

 

 

There were no big-differences in rGO sizes. The transmitted light intensity of 

rGO suspensions was much higher than the same concentrated GO suspension. Field 

induced birefringence of 0.1 mg/ml 1 min rGO depending on the applied voltage was 

shown in Figure 4.24. Figure 4.25 a and b showed the field induced birefringence of 

0.1 mg/ml of 1 min sonicated rGO depending on the frequency. Even though the 
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Figure 4.23 Electro-optical switching response of 1 min sonicated rGO at the 

concentration of 0.1 mg/ml and 1.0 mg/ml and original 0.1 mg/ml rGO. 
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rGO-LC showed weak birefringence by applying field of 5 V/mm but comparable 

with GO suspensions, the rGO-LC revealed stronger birefringence by applying field 

20 V/mm. The birefringence of rGO suspension also increased by reducing 

frequency until 50 kHz. Below 50 kHz, bubbles appeared as a result of electrolysis 

Figure 4.25b. Macroscopic image of the cell was shown in Figure 4.26. 

 

 

Figure 4.25 Electro-optical switching response of 1 min sonicated 0.1 mg/ml 

rGO depending on applying frequency at (a) higher frequency ranges and at (b) 

lower frequency after the displacement were happened. 

Figure 4.24 (a) Electro-optical switching response of 1 min sonicated 0.1 mg/ml 

rGO depending on applying e-field. (b) Intensity as a function of applied 

voltage. 
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Figure 4.26 Macroscopic image of the cell for switching rGO. (a) A cell without 

e-field, (b) without and (c) with e-field between cross polarizers. 
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4.3.4 Fractionation of polydispersed graphene oxide for size selection 

We have observed phase separation for a certain interval of concentrations in 

GO suspensions after one week from the synthesis. Figure 4.8 a and b is the images 

without and between cross polarizers, respectively, of just prepared original GO 

suspensions and Figure 4.27 a and b is the images of the GO suspensions, still 

without and between cross polarizers, respectively, after 8days from the preparation. 

As time goes by, the suspensions in range of 0.01 mg/ml to 0.5 mg/ml phase 

separated and there was no phase separation above a concentration of 0.6 mg/ml. 

The occurrence of phase separation means that the original state is unstable. We 

believe that the origin of the observed phase separation is the poly-dispersed GO 

flakes. It has been shown that the mesogenicity drives fractionation in lyotropic 

aqueous suspension of multiwall carbon nanotubes (MWCNTs) [21]. The 

mesogenicity is related to the aspect ratio of the molecules (or particles) and to the 

regularity of their shape since defected particles would be curved and not rod-like. 

The particles better fulfilling the ideal rod-like model with high aspect ratio would 

form LC phases while the rest phase separate into isotropic regions. By repeated 

separations into nematic and isotropic phase, the MWCNTs were separated 

according dimensions and straighter shapes. Thus, the liquid crystal phase part 

possesses more uniform and high anisotropic components. 

In case of standing sample, we monitored the phase of suspensions for different 

concentrations between 0.01 mg/ml and 0.5 mg/ml, in addition, 0.2 mg/ml and 0.3 

mg/ml GO suspensions showed 3 or 4 divided parts after 7 days from the preparation 

[Figure 4.28 a and b]. These several divided parts were disappeared and it only 
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remained two parts of division in 2 weeks [Figure 4.28c].  

 

 

 

 

Figure 4.27 Macroscopic images of phase separated GO suspension 

depending on concentration, (b) between cross polarizers. 

Figure 4.28 Phase separation of 0.2 mg/ml (left) and 0.3 mg/ml (right) of GO, 

(a) just prepared, (b) after a week and (c) after two weeks from the preparation. 
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GO is not a stable material in water and it reduces very slowly in ambient 

conditions [Figure 4.29] [22, 23]. Thus we focus on inducing the phase separation 

by centrifugation since it allows a better control of the external conditions. For 

estimating the concentration of a little volume of the fraction, we used UV/VIS 

spectroscopy applying the Lambert-Beer law. GO has an optical spectrum as the one 

reported in Figure 4.30a. In order to use the Lambert-Beer law we need to evaluate 

the extinction coefficient and for this, we have measured the spectra of different GO 

suspensions with known original concentrations. We obtained the extinction 

coefficient by linear fit of the absorbance values. We calculated the extinction 

coefficients at two wavelengths, corresponding to the two highest peaks in the 

spectrum of GO. We used both peaks as comparison. The calculated values of the 

extinction coefficients are 4.12 L∙m-1mg-1, at 230 nm [Figure 4.30b] and 1.45 L∙m-

1mg-1 at 300 nm [Figure 4.30c]. From the extinction coefficient, we could estimate 

the concentrations of GO for the formation of the LC phases to study the phase 

diagram. 

Figure 4.29 Instability of GO, (a) just prepared, (b) after 3 months in the dark 

incubator at 20°C, (c) 3 months in ambient condition at room temperature 

(daylight were exposed). 
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We used centrifugation to investigate the phase separated GO since obtaining 

the fractionated GO from the standing method needs more than 2 weeks and it need 

very controlled environment due to the instability as shown in Figure 4.29. 

GO suspensions with concentrations from 0.001 mg/ml to 4.0 mg/ml were 

prepared and they were centrifuged by RCF 2000xg for 20 min. Two phases were 

appeared in the concentration range of 0.001 mg/ml to 0.1 mg/ml as top transparent 

parts and bottom brown parts. The three phases were observed in the concentration 

range of 0.2 mg/ml to 1.0 mg/ml as top transparent parts, middle yellow parts and 

Figure 4.30 (a) Optical spectra of a range of GO concentration, (b) absorbance 

at 230 nm and (c) at 300 nm for calculation of extinction coefficient. 
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bottom brown parts. The GO suspension at the concentration of 1.5 mg/ml separated 

into two phases as top yellow part (more similar in appearance to the middle yellow 

part of three phases) and bottom brown part. Above 2.0 mg/ml, there were no phase 

separations. Figure 4.31 shows phase separated GO suspensions with microscopic 

cross polarizers. The volume fractions of separated GO suspensions were plotted in 

Figure 4.32. Figure 4.33 shows the spectra of optical spectroscopy of separated GO 

suspensions. The absorbance at 230 nm and at 300 nm was plotted in Figure 4.34 a 

and b. For the bottom parts, we measured the absorbance of diluted samples and we 

recalculated for the plots. The absorbance spectra used for re-calculated of the real 

concentration for each separated suspensions [Figure 4.35]. The extinction 

coefficients 230 nm and at 300 nm gives almost similar values. The concentrations 

of top and middle parts were quite steady and the concentration of bottom parts 

increased with initial concentration increasing until 0.6~0.8 mg/ml of initial 

concentration, and then it decayed. To see more details of GO suspensions between 

the initial concentration ranges of 1.0 mg/ml to 1.5 mg/ml, we prepared another set 

of GO suspensions with a concentration ranges of 0.2 mg/ml to 1.5 mg/ml. The 

separated GO suspensions between cross-polarizers were shown in Figure 4.36a. The 

volume fraction were shown in Figure 4.36b. The volume of the top parts decreased 

linearly as the initial concentration of the GO suspensions increase, while the middle 

parts increased linearly as the concentration is increased until three phases were not 

appeared. The volume of bottom parts escalated without decreasing as the 

concentration of initial suspensions increase. The spectra of optical spectra were 

shown in Figure 4.37 and by using the extinction coefficients at two wavelengths, 

the real concentrations of the separated GO suspensions were calculated and plotted 
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in Figure 4.38. The concentration of the top and middle parts were respectively 

uniform, while the concentration of bottom parts was increased until 0.8 mg/ml of 

initial concentration and then decreased until 1.5 mg/ml of initial concentration 

Above 1.5 mg/ml of initial concentration which are complete nematic phases, the 

GO suspension didn’t separate by centrifugation. 

 

 

Figure 4.31 (a) Scheme phase separation by centrifugation, (b) macroscopic 

images of centrifuged GO. 



 

 149 

 

Figure 4.32 Volume of fractionation by centrifugation (a) a range of 

concentration 0.001~1.5 mg/ml, (b) enlarged between ranges of concentration 

0.001~1.0 mg/ml. 

Figure 4.33 Optical spectra of three parts of GO (a) top part, (b) middle part, 

(c) bottom part. 
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Figure 4.35 Recalculated concentration of phase separated GO (a), and 

enlarged (b). 

Figure 4.34 Absorbance at (a) 230 nm and (b) 300 nm. 
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Figure 4.36 (a) Macroscopic image of GO with a ranges of concentration 0.2 

mg/ml - 1.5 mg/ml. 
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Figure 4.37 Optical spectra of three parts of GO (a) top part, (b) middle part, 

(c) bottom part in Figure 4.36. 

Figure 4.38 Recalculated concentration of phase separated GO from Figure 

4.37. 
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For realizing fractionation for size distribution of GO flakes, we choose  an 

initial concentration of 0.8 mg/ml GO suspensions that is the highest concentration 

among the bottom parts of the series in the region with multiple phases [Figure 4.38], 

with one of the phases clearly liquid crystalline. The fractionation steps were shown 

in Figure 4.39. After centrifugation, the top, middle and bottom parts were separated, 

and then DI-water was added to the bottom part and mixed to the suspension. Then 

centrifugation, extraction of top part and mixing the DI-water were repeated. 

 

 

After 4 and 7 times of centrifugation, the bottom part of GO suspension 

consisted larger GO flakes as shown in Figure 4.40. The size of GOs were analyzed 

with over a hundred of images and size distribution for centrifuged GO are shown in 

Figure 4.41. These distributions confirmed the observation of optical spectroscopy 

that the bottom part has larger flakes due to their high mesogenicity since the small 

flakes diffused into the isotropic phase. As a result, larger flakes were divided by 

repeated centrifugation and, thus, fractionation method suggests the possibility of 

size separation of GO flakes. 

Figure 4.39 Scheme of fractionation of GO. 
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Interestingly, no phase separation was observed in 1 min and 5 min GO 

suspensions by standing during 2 weeks. The sized of flakes was small enough to 

disperse in the water with their hydrophilic functional group with stability. Most of 

reported articles mentioned that the phase separation by standing is a result of acid 

or salt effects. However, we believe that in our case the origin is in the poly-dispersity 

of the suspension since we rinsed the suspension very carefully. Even dialysis didn’t 

give different results. Very different was the phase behavior when the samples were 

sonicated thus reducing the flake size. In fact no phase separation was observable. 

Figure 4.40 SEM image of fractionated GO. GO in (a) isotopic part and (b) LC 

part after 4times centrifugation, and GO in (c) isotopic part and (d) LC part 

after 7times centrifugation. 
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Figure 4.41 Size distribution of GO flakes (a), (c) after 4 times centrifugation 

and (b), (d) after 7 times centrifugation. 
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4.4 Conclusion 

Graphene can be produced with a chemical method and this process goes 

through the formation of an oxidative form of graphene, called graphene oxide (GO), 

useful for mass production of graphene, obtained by reduction. Interestingly, 

graphene oxide is dispersible in water due to its hydrophilic functional groups and 

this allows the formation of liquid crystal phases above certain threshold 

concentration. We have observed the formation of liquid crystal phases for all the 

investigated concentrations of graphene oxide in water, ranging from 0.1 mg/ml to 

4.0 mg/ml with ultra large flake. The low value of concentration for the LC phase 

formation can be related to the large size of flakes and possibly to their flatness. In a 

wide interval of concentrations, GO suspension shows bi-phase regime, connected 

to the great dispersity of flake size. We have reduced the size of the flakes by ultra-

sonication. With smaller flakes the transition concentration shifted towards much 

higher concentrations since the aspect ratio of the flakes has decreased. The liquid 

crystallinity of different sized flakes were investigated with viscosity measurement 

and DLS. In addition, we have estimated the extinction coefficient of our GO 

suspension and used it to evaluate the concentration of GO in to investigate phase 

separated samples. Moreover, we introduce a reduction methods of GO to induce 

well dispersed rGO suspension in aqueous solution to obtain LC phases. Reduction 

of GO was confirmed by optical spectroscopy. Depolarized scattered light from DLS 

showed anisotropic behavior of rGO suspensions. Both GO and rGO suspensions 

could be switched by electric fields. They showed high optical response by applying 

electric fields, as low as 5 V/mm, which is almost three-order lower value than the 
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electric fields used for conventional display. The intensity of birefringence induced 

by electric fields depend on the sizes and concentration of the suspension. The 

response times to electric fields were faster in GO suspensions but the strongest 

birefringence was obtained in rGO suspensions.  

 

 

 

 

 

  



 

 158 

4.5 Reference 

[1] W. S. Hummers, JR., and R. E. Offeman, J. Am. Chem. Soc. 1958, 80, 1339.  

[2] J. E. Kim, T. H. Han, S. H. Lee, J. Y. Kim, C. W. Ahn, J. M. Yun and S. O. Kim, 

Angew. Chem. Int. Ed. 2011, 50, 3043. 

[3] D. R. Dreyer, S. Park, C. W. Bielawski and R. S. Ruoff, Chem. Soc. Rev. 2010, 

39, 228. 

[4] J. Azevedo, C. Costa-Coquelard, P. Jegou, T. Yu and J.-J. Benattar, J. Phys. 

Chem. C 2011, 115, 14678. 

[5] X. Lin, X. Shen, Q. Zheng, N. Yousefi, L. Ye, Y.-W. Mai and J.-K. Kim, ACS 

Nano 2012, 6, 10708. 

[6] S. Stankovich, D. A. Dikin, R. D. Pine, K. A. Kohlhaas, A. Kleinhammes, Y. Jia, 

Y. Wu, S. T. Nguyen and R. S. Ruoff, Carbon 2007, 45, 1558. 

[7] S. Park, J. An, J. R. Potts, A. Velamakanni, S. Murali, and R. S. Ruoff, Carbon 

2011, 49, 3019. 

[8] C. Zamora-Ledezma, N. Puech, C. Zakri, E. Grelet, S. E. Moulton, G.G. Wallace, 

S. Gambhir, C. Blanc, E. Anglaret, and P. Poulin, J. Phys. Chem. Lett. 2012, 3, 

2425. 

[9] J. Zhang, H. Yang, G. Shen, P. Cheng, J. Zhang and S. Guo, Chem. Comm. 2010, 

46, 1112. 

[10] M. J. Fernandez-Merino, L. Guardia, J. I. Paredes, S. Villar-Rodil, P. Solis-

Fernandez, A. Martinez-Alonso and J. M. D. Tascon, J. Phys. Chem. C 2010, 

114, 6426. 

[11]  S. H. Aboutalebi, M. M. Gudarzi, Q. B. Zheng and J.-K. Kim, Adv. Funct. 



 

 159 

Mater. 2011, 21, 2978. 

[12]  J. Shang, L. Ma, J. Li, W. Ai, T. Yu and G. Gurzadyan, Scientific Reports 2012, 

2, 792. 

[13]  D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, 

L. B. Alemany, W. Lu, J. M. Tour, ACS Nano 2010, 4, 4806. 

[14]  L. Onsager, Ann. N. Y. Acad. Sci. 1949, 51, 627. 

[15]  R. Jalili, S. H. Aboutalebi, D. Esrafilzadeh, L. Shepherd Roderick, C. Jun, A.-

Y. Sima, K. Konstantinov, I. Minett Andrew, J. M. Razal and G. G. Wallace, 

Adv. Funct. Mater. 2013, 23, 5345. 

[16]  R. Jalili, S. H. Aboutalebi, D. Esrafilzadeh, K. Konstantinov, J. M. Razal, S. E. 

Moulton and G. G. Wallace, Mater. Horiz. 2014, 1, 87. 

[17]  M. A. Rao, “Rheology of fluid, semisolid and solid foods principles and 

applications; Chapter 2”, Springer, 2014. 

[18]  S. Bono, Y. Takanishi and J. Yamamoto, Euro. Phys. Lett. 2015, 109, 26004. 

[19]  B. J. Berne and R. Pecora, “Dynamic light scattering”, Dover Publications Inc., 

2000. 

[20]  T.-Z. Shen, S.-H. Hong and J.-K. Song, Nature Mater. 2014, 13, 394. 

[21]  S. Zhang, I. A. Kinloch and A. H. Windle, Nano Lett. 2006, 6, 568.  

[22]  A. M. Dimiev, L. B. Alemany and J. M. Tour, ACS Nano 2013, 7, 576. 

[23]  S. Kim, S. Zhou, Y. Hu, M. Acik, Y. J. Chabal, C. Berger, W. Heer, A. 

Bongiorno and E. Riedo, Nature Mater. 2012, 11, 544. 

 

 

  



 

 161 

 

요약 (국문초록) 

자기 조립은 분자 또는 입자들이 외부의 간섭 없이 정렬하도록 하는 

효과적인 방법이다. 액정은 다양한 자기조립 시스템의 가장대표적인 

예이며 평면디스플레이와 같은 응용분야가 잘 알려져 있다. 액정은 

등방성 액체의 특징인 유동성을 가지면서도 넓은 범위에서 일정한 

정렬을 가지는 이등방성 고체성질을 모두 가지는 중간상태이다. 

액정상은 온도전이형 (thermotropic) 액정과 농도전이형 (lyotropic) 

액정 두 가지로 분류할 수 있다. 온도전이형 액정은 단일 또는 다중 

분자로 형성될 수 있으며, 이는 특정온도 범위 내에서 나타난다. 반면, 

농도전이형 액정은 특정 임계 농도 이상의 용액 속에서 매우 다양한 

구성요소들에 의해 형성된다. 두 가지 액정 모두 전형적으로 막대기모양 

또는 디스크모양 등 이등방성구조를 가지는 구성요소로 형성되는데, 

심지어 그래핀, 셀룰로오스와 같은 나노입자에 의해서도 나타날 수 있다. 

이러한 자기조립현상은 이해하기 간단하지 않지만 흥미로운 광학적 

전기적을 가지는 다양한 형태로의 응용이 가능하다는 점에서 유용하다. 

이 연구는 디스크형 액정과 나노입자로 이루어진 액정상 시스템을 

다룬다. 특히 그 중에서도 hexapentyloxytriphenylene (HAT5) 

디스코틱 액정 분자와 그래핀 산화물 그리고 환원된 그래핀 산화물의 

액정상에 대해 논의한다. 디스크형 액정분자인 HAT5는 용매 내에서 

원주의 형태 즉 막대기형으로 응집을 하며, 또한 용매가 증발함에 따라 

용매 내에서 형성되는 나노입자의 자기조립에 대해 주목한다. 

디스코틱 액정은 육각형원주상을 형성할 수 있는 디스크 모양을 

가지는 분자로 만들어진다. 또한 이 물질은 분자기둥 중심부의 다륜성 



 

 162 

방향족 간의 파이-파이 상호작용을 통하여 1차원 전기전도를 가능하게 

한다는 점에서 아주 흥미롭다. 디스코틱 액정의 주요장점은 대면적 

분자와이어로 자기조립이 가능하며, 결함발생시 열처리로 쉽게 복구 

가능하다는 것이다. 우리는 용액공정으로 형성되는 섬유형 분자와이어 

조립에 영향을 미치는 요인에 대하여 집중 분석하였다. 분자 자기조립에 

의한 구조는 용액의 증발 속도뿐 만 아니라 기판의 특성의 크게 

의존하였으며, 사용된 용매의 분자구조 또한 액정분자의 적층 및 와이어 

형태에 중요한 역할을 하였다. 방향족 용매는 액정분자들과 번갈아 

적층하며 공통된 방향의 분자와이어 형성을 선호하였다. 우리는 이 

과정이 용매가 증발함에 따라 나타나는 농도전이형 액정의 형성에 따른 

것이라고 판단한다. 본 연구결과는 간단히 용매를 바꿔 줌으로써 다른 

액정 분자를 사용하지 않고서도 초분자의 최종형상을 변화시키거나 

필요에 맞출 수 있는 방법을 제시하였다. 매우 얇은 분자와이어 필름을 

구현하기 위하여 다양한 증착방법을 시도하였으며, 그 필름들의 형태는 

편광현미경과 원자현미경으로 분석되었다. 온도에 변화에 따른 수십 

나노미터 두께의 필름의 구조변화 또한 원자현미경으로 관찰되었다. 

스침 각 입사 X-선 산란법을 통하여 분자나노와이어 구조가 

액정분자의 끝부분이 기판에 서있는 플래너구조로서 격자층이 기판에 

수평한 구조임을 확인하였다. 또한, 편광 라만 분광법을 이용하여 

분자와이어의 장축 방향이 단축방향에 비하여 높은 편광도를 가짐으로 

분자와이어가 플래너 정렬을 하고 있음을 확인하였다. 그리고 

전기전도도 측정결과에서도 같은 액정 분자를 이용하여 얻은 대면적으로 

길고 잘 정렬된 분자와이어가 정렬 되지 않은 분자구조보다 약 3배 

이상의 전기 전도도를 나타내었다. 자기 조립 능력과 유망한 전도 
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특성은 그 자체뿐만 아니라, 특히 나노 입자의 자기조립 구조 및 나노 

와이어 등 통합의 관점에서 매력적이다. 

두 번째 액정시스템으로써, 용매내 분산되어 있는 판상형 그래핀 

입자에 대하여 연구하였다. 그래핀은 흑연의 단층을 말하는 것으로 

뛰어난 전기 전도도와 투명한 성질 때문에 전자소자뿐만 아니라 다양한 

응용분야에서 각광받고 있는 재료이다. 그래핀은 기계적 박리, 화학적 

증착 또는 화학적 합성법 등의 방법으로 만들 수 있다. 그 중에서도 

화학적 합성을 이용한 방법은 가공의 용의성과 다양성 때문에 주목 

받는다. 이 방법은 우선적으로 그래핀의 산화형태인 그래핀옥사이드 

(Graphene oxide, GO)를 통하여 얻어진다. GO의 가장 큰 장점중의 

하나는 친수성 작용기를 바탕으로한 수용액에 대한 우수한 분산성이다. 

또한, 연속적으로 정렬하는 디스크형 액정을 이루는 GO는 넓은 

범위로의 정렬도를 가짐으로 디바이스의 전하수송경로를 최적화하는데 

유용하다. GO액정상은 특정 임계 농도이상에서 나타나는데, 이는 그래핀 

조각의 가로 세로의 비와 평평한 정도에 따라 달라진다. 0.1 mg/ml부터 

1.0 mg/ml 농도범위의 GO용액의 액정상에 대한 연구가 진행되었으며, 

교차편광법을 통하여 매우 낮은 농도에서도 넓은 범위에서 위치적 

정렬도를 가지지는 않지만 일정한 방향으로의 정렬을 가지는 뚜렷한 

네마틱 (nematic) 액정상을 확인하였다. 0.1 mg/ml 이하의 농도에서 

임계점이 나타나는 것은 GO가 평평도에 기여하는 결함이 적고 그 

크기가 초대형이라는 것을 뒷받침한다. 따라서 광학분광기를 이용한 

흡광도 분석을 통하여 농도에 따른 액정상, 특히 입자 크기 분포에 

의하여 나타나는 두개의 상이 존재하는 bi-phase 영역에 대하여 비어-

람버트 법칙을 바탕으로 평가하였다. 
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액정상 이하의 농도에서 등방적으로 분산된 GO는 매우 높은 

Kerr상수를 가지며 외부 전기장에 의하여 한방향으로 균일하게 정렬 

된다. 이는 액정디스플레이와 같은 전기광학적 스위칭을 이용할 수 있는 

응용장비에 매우 흥미로운 성질이다. 액정의 전기 광학 반응은 입자의 

편광도에 의존하는데, 환원된 GO(rGO)의 경우 기존의 GO보다 높은 

편광도를 가짐으로 전기광학효과를 증진 시킬 수 있다. 하지만 rGO의 

경우 소수성표면을 가지기 때문에 물에 대하여 분산도가 아주 낮으며 물 

속에서 서로 응집하기 때문에 rGO 액정상을 얻는 것은 쉽지 않다. 

그래서 위해서 사전에 계면활성제 처리를 한 GO용액에 아스르코빅산을 

첨가하여 환원시키는 방법을 통하여 rGO 액정상을 유도 하였다. 그리고 

이러한 방법으로 얻어진 GO와 rGO의 동적광산란에 대한 연구와 

외부전기장에 의해 유도된 복굴절에 관한 연구를 진행하였다. 
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그래핀, 그래핀산화물, 2차원 물질 

학   번: 2011-30754 

 

 

 


	1. Introduction
	1.1 Introduction
	1.2 Reference

	2. Research background
	2.1 Liquid crystals
	2.1.1 Introduction of Liquid crystals
	2.1.2 Disk-like liquid crystals
	2.1.3 Optical properties of liquid crystals
	2.1.4 Liquid crystals under electric fields

	2.2 Graphene and graphene oxide: structure and properties
	2.3 Reference

	3. Molecular wire formation of discotic liquid crystals
	3.1 Materials
	3.1.1 Hexapentyloxytriphenylene (HAT5)
	3.1.2 Purification of HAT5
	3.1.3 Time of flight measurement for HAT5

	3.2 Methods
	3.3 Results and discussion
	3.3.1 HAT5 molecular wire formation by self-organization
	3.3.2 Factors that contributes to the self-organization of HAT5
	3.3.3 Raman spectroscopy analysis on the wires from toluene solutions
	3.3.4 X-ray investigation of self-organized HAT5 films
	3.3.5 Understanding of the self-assembly of HAT5 with solvent existence
	3.3.6 Electric performance with HAT5 molecular wires
	3.3.7 The possibility as a chemical sensor - NO2 sensor based on HAT5
	3.3.8 Other deposition methods to control the alignment direction

	3.4 Conclusion
	3.5 Reference

	4. Liquid crystalline behaviors of graphene based particles
	4.1 Materials
	4.1.1 Preparation: synthesis and characterization of graphene oxide
	4.1.2 Preparation: synthesis and characterization of reduced graphene oxide

	4.2 Methods
	4.3 Result and discussion
	4.3.1 Graphene oxide liquid crystals
	4.3.2 Reduced graphene oxide liquid crystals
	4.3.3. Electro-optical switching property
	4.3.4 Fractionation of polydispersed graphene oxide for size selection

	4.4 Conclusion
	4.5 Reference

	Abstract in Korean (국문초록)


<startpage>30
1. Introduction 1
 1.1 Introduction 1
 1.2 Reference 5
2. Research background 7
 2.1 Liquid crystals 7
  2.1.1 Introduction of Liquid crystals 7
  2.1.2 Disk-like liquid crystals 9
  2.1.3 Optical properties of liquid crystals 12
  2.1.4 Liquid crystals under electric fields 14
 2.2 Graphene and graphene oxide: structure and properties 17
 2.3 Reference 19
3. Molecular wire formation of discotic liquid crystals 22
 3.1 Materials 22
  3.1.1 Hexapentyloxytriphenylene (HAT5) 22
  3.1.2 Purification of HAT5 25
  3.1.3 Time of flight measurement for HAT5 26
 3.2 Methods 31
 3.3 Results and discussion 36
  3.3.1 HAT5 molecular wire formation by self-organization 36
  3.3.2 Factors that contributes to the self-organization of HAT5 37
  3.3.3 Raman spectroscopy analysis on the wires from toluene solutions 54
  3.3.4 X-ray investigation of self-organized HAT5 films 58
  3.3.5 Understanding of the self-assembly of HAT5 with solvent existence 65
  3.3.6 Electric performance with HAT5 molecular wires 90
  3.3.7 The possibility as a chemical sensor - NO2 sensor based on HAT5 96
  3.3.8 Other deposition methods to control the alignment direction 99
 3.4 Conclusion 106
 3.5 Reference 109
4. Liquid crystalline behaviors of graphene based particles 111
 4.1 Materials 111
  4.1.1 Preparation: synthesis and characterization of graphene oxide 111
  4.1.2 Preparation: synthesis and characterization of reduced graphene oxide 115
 4.2 Methods 119
 4.3 Result and discussion 121
  4.3.1 Graphene oxide liquid crystals 121
  4.3.2 Reduced graphene oxide liquid crystals 130
  4.3.3. Electro-optical switching property 134
  4.3.4 Fractionation of polydispersed graphene oxide for size selection 143
 4.4 Conclusion 156
 4.5 Reference 158
Abstract in Korean (±¹¹®ÃÊ·Ï) 161
</body>

