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ABSTRACT
We investigate the charge transport in triphenylene core based homologous series of discotic mesogens
(HATn) by the time-of-flight method. HAT5, HAT6 and HAT8 exhibit Colℎ phase whereas HAT4
shows Colℎp phase. For the investigated homologous series, we have observed a single transit in the
transient photocurrent curves corresponding to positive charge carriers having the mobility in order of
10−2 to 10−4 cm2/Vs. The hole mobility decreases with increasing the number of carbon atoms (n) in
the alkyl chain attached to the triphenylene core, which follows the empirical exponential relationship
: � ≈ a.exp(−b∕n). Furthermore, the dielectric measurement has been done on these compounds to
bring a correlation between themolecular ordering by varying the alkyl chain of theHATn compounds.
In the light of structure-property correlation, we have noticed that the hole mobility and permittivity
vary according to the length of alkyl chain attached to the triphenylene core. The molecular ordering
is also discussed via phase behaviour of compounds and confirmed by polarized optical textures. The
change in entropy also decreases with increasing alkyl chain length of the HATn compounds rendering
an agreement with that of the mobility and dielectric measurements. The HATn compounds show
their potential applications in opto-electronics and could serve as organic semiconductors; however,
the poor conductivity remains as a futuristic challenge.

1. Introduction
Discotic liquid crystals (DLCs), abbreviated due to their

disk-like shape of molecules, belong to a particular family
of liquid crystals that are acquiring a great interest of re-
searchers due to their specific use in organic semiconductor
devices [1]. The ordering in DLCs is important to evalu-
ate the performance of these semiconductor devices. Fur-
thermore, molecular dynamics is crucial in recovering with
structural defects. Owing to the �-conjugated structural su-
periority, DLCs include the order and dynamics together that
offers a decisive advantage of controlling the physical prop-
erties of semiconductor devices [2, 3].

The molecular geometry of DLCs is constituted by the
rigid poly-aromatic �-conjugated cores and peripheral flex-
ible alkyl chains fastened via particular linking groups such
as benzoate, ester, ether, etc. The stacking of discotic meso-
gens into 1D columns is a leitmotif in the self-organization
of DLCs with a 2D crystalline structure with the plane per-
pendicular to the columns. The �-� stacking leads to a com-
monly observed hexagonal or rectangular columnar (Colℎor Colr) phases [4, 5, 6], with a core-core separation about
3.5 Å and an intercolumnar distance of the order of 20−40
Å depending on the nature and the length of alkyl chains
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[7, 8]. The formation of such phases eventuate due to the
existence of supramolecular interactions like van der Waals
forces, hydrogen bonding, charge-transfer interactions, etc
[9, 10]. The molecular arrangement of DLCs makes them
advantageous over the calamitic LCs for applications in elec-
tronic devices due to their larger overlapping of the molecu-
lar orbitals and their correlation of 1D charge transport and
ability to tailor the emissive properties by controlling the
mutual orientation of transition dipoles via disc rotations [11].

The �-conjugated aromatic core systems of DLCs make
them ample in the charge transport which is often perceived
via hopping mechanism. The charge transport properties
significantly depend upon the electron-rich/deficient nature
of the core and the molecular ordering. The charge trans-
port properties have been advantageous and crucial for the
performance of organic electronics. On behalf of 1D charge
and energy transport, discotic mesogens play a toolbox in the
evolution of sundry optoelectronic applications such as xero-
graphic copiers [12], laser printers [3], organic photovoltaic
solar cells [13, 14, 15, 8], organic light-emitting diodes (OLEDs)
[16, 17, 11], organic field-effect transistors (OFETs) [18],
liquid crystal displays [19], holograhic optical data storage
devices [20, 21], gas sensors [22], etc.

The hexaalkoxytriphenylene discoticmesogens have been
extensively studied as organic semiconductors [23]. The dif-
ferent homologous, usually abbreviated as HATn (where ncorresponds to number of carbon atoms in the alkyl chain:
CnH2n+1, n = 4 to 13), exhibit a wide columnar mesophase
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Molecular ordering dependent charge transport

regime above the room temperature and show thermal and
chemical stability during the heating and cooling cycles [24,
25]. Besides experimental analysis, various models have
been outlined to explain the charge transport mechanisms
in HATn DLCs. Palenberg et al. [26] have proposed a the-
oretical description of the dynamic disorder model for the
temperature dependence of charge carrier mobilities of the
electrons and holes by proposing the concept of stochastic
Haken-Strobl-Reinekermodel. Later on, Kreouzis et al. [27]
have incorporated the Holstein small polaron model to ex-
plain the temperature independent hole mobility in the bi-
nary discoticmixtures of theHAT6:PTP9 andHAT11:PTP9.
Following to this study, Duzhko et al. [28] have also ac-
counted the polaron model on the HAT5 DLC and disclosed
that the decreasing mobility of charge carriers with increas-
ing temperature is consistent with the Holstein small polaron
theory in the nonadiabatic limit below the Debye tempera-
ture.

In the present article, the charge transport mechanism
including the determination of hole mobilities of the hex-
aalkoxytriphenylene discoticmesogens (HATn) has been col-lectively re-investigated in spite of numerous studies done
by parts in the past. Dielectric measurements have also been
carried out for the HATn compounds to establish the vari-
ation of dielectric permittivity with increasing temperature
and alkyl chain length of the HATn (n = 4, 5, 6 and 8) ho-
mologous. Henceforth, some properties of these DLCs de-
serve to be clarified. As an example, the phase behaviour
of the HAT4 includes contradictory information on the ex-
istence of the columnar plastic and crystalline intermediate
phase. In addition to the above consequences, a correlation
between the maximum charge carrier mobility and permit-
tivity in terms of molecular ordering is presented as the main
theme of the article. The experimental findings via ToF and
dielectric measurements have been further supported by the
polarized optical microscopy and change in entropy.

Figure 1: The chemical structure of hexaalkoxytriphenylene
(HATn) discotic liquid crystal with R = CnH2n+1.

2. Materials and experimental details
The general chemical structure of hexaalkoxytripheny-

lene DLCs is shown in Figure 1. The members of the ho-
mologous series of HATn were synthesized as per standard
protocol reported by Kumar et al. [29]. Herein, four mem-

bers (namely HAT4, HAT5, HAT6 and HAT8) of the HATnseries have been taken for the investigation. Phase transi-
tion temperatures and the associated enthalpies were deter-
mined by utilizing TA Instruments Q1000 Differential Scan-
ning Calorimeter with a ± 5 oC/min heating and cooling
rates. UV-visible absorption measurements were carried out
using Agilent Varian Cary 100 with a standard 10 mm inte-
grated quartz cuvette. Absorption spectra were taken in the
range from 190 nm to 1000 nm in solution state. The concen-
tration of the solution was 0.1 mg/mL, using chloroform as
the solvent. The reference and the background scans were
carefully filtered before executing the absorption measure-
ments on the HATn compounds.

For polarized opticalmicroscopy (POMs) studies, charge
mobilitymeasurements and dielectric characterization, com-
mercially available AWAT (Poland) cells of thickness 9.2
�m were used. The cells are constituted by two ITO coated
glasses having a polyimide layer that prefers homeotropic
orientation. It has been reported in the previous articles that
the HATn homologous compounds orient homeotropically
(columns perpendicular to the glass substrate) without show-
ing any significant influence on the alignment layer [30, 31].
The HATn compounds were capillary-filled in the isotropic
phase and the sample was cooled with a slow rate of 0.01
oC/min. The POM study was performed by utilizing a Zesis
AXIO polarized optical microscope equipped with Infinity-
2 software. During the POM study, the temperature of the
HATn compounds were maintained by a Linkam TMS 94
hotplate.

Charge mobility and dielectric measurements were per-
formed by utilizing specific sub miniature version A (SMA)
connectors allowing contact on ITO electrodes. The temper-
ature was controlled by means of a custom-made tempera-
ture controller Eurotherm 3504 and equipped with a temper-
ature sensor (resistor Pt100). The real �′ and imaginary �′′
parts of the complex dielectric permittivity were calculated
from impedance measurements by means of an HP4284A
LCR meter in the frequency range of 20 Hz-1 MHz. The
charge carriermobilitymeasurementwas performed by time-
of-flight (TOF) technique [30, 32, 11, 33, 34]. The sample
is excited by means of Nd:YAG laser (�= 355 nm, pulse
duration = 5 ns). The photo-generated carriers propagate
between the top and the bottom electrodes under the appli-
cation of applied voltage supplied by a Keithley 6487 volt-
age source. The photocurrent is recorded by utilizing a cur-
rent shunt resistor with a voltage amplifier (Stanford Re-
search Systems SR560) and a digital oscilloscope (Keysight
InfinitVision DSOX3022T). The charge carrier mobility (�)
was estimated by using the following relation:

� = d2∕V �tr (1)
where, V is the applied voltage, d is the thickness of the cell
and �tr is the transit time of the charge carriers. �tr is deter-mined from the inflection point of the transient photocurrent
curve.
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Figure 2: DSC thermograms of heating and cooling cycles of HAT4 (a), HAT5 (b), HAT6 (c) and HAT8 (d). Representation of
the heating and cooling cycles is depicted by (→) and (←), respectively.

3. Results and discussion
3.1. Differential scanning calorimetric studies

The phase transition temperatures and their correspond-
ing enthalpies of theHATn compoundswere determined from
the normalized differential scanning thermograms shown in
Figure 2. Mesomorphic compounds exhibit a rationally low
isotropic temperature (< 200 oC). During the cooling cycle,
HAT4 shows columnar plastic (Colℎp) phase while HAT5,
HAT6 and HAT8 render hexagonal columnar (Colℎ) phase[35]. The greater ordering in the columnar plastic (Colℎp)phase is due to its three-dimensional crystal-like order (the
discs within the columns are able to rotate about the colum-
nar axis) whereas HAT5, HAT6 and HAT8 show a lower
ordering in the hexagonal cloumnar (Colℎ) phase due to its
structural disorder-like lateral and longitudinal displacement
of the discs and its nonparallel arrangement [36]. On cool-
ing from the columnar phase, HAT4 exhibits two crystalline
phases viz: Cr′ and Cr while HAT5, HAT6 andHAT8 render
single crystalline phase . The presence of the intermediate
Cr′ phase in HAT4 may be due to the compact structure of
the compound that leads to the partial crystallization during
the super cooling.

It is observed that the columnar−isotropic phase transi-
tion temperature decreaseswith increasing alkyl chain length
in the HATn compounds, as the long alkyl chain induces
the flexibility to the rigid core structure that leads to the
decrease in the isotropic temperature [37]. From structural
point of view, increasing chain length induces an increase
in the molecular flexibility, fluctuations and disorder in the

the HATn compounds resulting in an increase in the inter-
columnar distance [38]. This leads to decrease in themesophase
stability and hence in the transition temperature from isotropic
to liquid crystalline phases [39]. Our results summarized in
Table 1, agree well with this observation. It is evident from
Table 1 that the enthalpy values, corresponding to isotropic-
columnar and columnar-crystalline phase transition are grad-
ually changed according to the alkyl chain length. Afore-
mentioned thermal behaviour ofHATn compounds is in good
agreement with the reported literature [40].
3.2. Polarized optical microscopic studies

The optical textures of the HATn compounds were ex-
plored by using the polarized optical microscopy. The po-
larized optical micrographs (POMs), illustrated in Figure 3,
show the classical birefringent textures of the HAT4, HAT5,
HAT6 and HAT8 compounds. Figure 3 (a) depicts the mini
mosaic texture for the columnar plastic phase of the HAT4
during the heating cycle. Whereas, Figures 3 (b) and (c) in
cooling cycle, show the dendritic and mosaic patterns for
the columnar plastic and crystalline intermediate phases, re-
spectively. It is observed that the domain size of mosaic tex-
ture in cooling cycle is larger as compared to those observed
in heating cycle. The difference in domain size has a cogna-
tion between the ordering of columnar phase and a uniform
molecular orientation of the large number of columns. If
the domain size of the mosaic texture is greater, it resembles
the better alignment of the sample. Furthermore, Figures 3
(d), (g) and (j) showmore polydomain textures of the HAT5,
HAT6 and HAT8 during heating. Whereas, during cooling
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Mesophase, transition temperature and enthalpy changes

Compound Cooling cycle Heating cycle

HAT4 I 143.04 (107.60) Colℎp 79.37 (16.00) Cr′ 41.10 (3.01) Cr Cr 88.63 (108.10) Colℎp 144.74 (92.85) I
HAT5 I 119.10 (45.62) Colℎ 51.48 (163.60) Cr Cr 70.19 (148.40) Colℎ 122.08 (39.94) I
HAT6 I 95.38 (20.94) Colℎ 55.55 (173.60) Cr Cr 67.74 (156.60) Colℎ 97.95 (18.67) I
HAT8 I 81.94 (16.34) Colℎ 44.80 (260.30) Cr Cr 69.94 (223.00) Colℎ 84.74 (14.22) I

Table 1
Phase transition temperatures (in oC) with the corresponding enthalpy changes (in J/g)
observed upon heating and cooling with a rate of 5 oC/min; where I = Isotropic liquid
phase, Colℎ = Hexagonal columnar phase, Colℎp = Columnar plastic phase, Cr′ = crystalline
intermediate phase and Cr = crystalline phase.

Figure 3: Polarized optical micrographs (POMs) in heating and cooling cycles of HAT4 (a, b and c), HAT5 (d, e and f), HAT6
(g, h and i) and HAT8 (j, k and m) respectively. The POM textures (e, h and k) was recorded under high light illumination
whereas (f, i and l) was recorded under lower light illumiation on another spot on the respective samples. The crossed arrows
represent the crossed polarizer−analyzer condition. The cell thickness was 9.2 �m for all samples.
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Figures 3 (e), (h) and (k) show the uniform and homoge-
neous classical dendritic textures of the DLCs [41]. The op-
tical textures have vital importance in the identification of
LC phase and the presence of defects or deformations. Under
the crossed polarized condition, the textures of HAT5, HAT6
and HAT8 shown in figures 3 (f), (i) and (l) correspond to the
homeotropic alignment with some defects and do not evince
any birefringence due to uniform refractive index in all di-
rections. The optic axis of homeotropically aligned discotic
molecules coincides with column axis in columnar hexag-
onal phase. In figures 3 (f), (i) and (l), the textures appear
black with few defects. With increasing alkyl chain the de-
fects become more significant because of the disruption in
the orientation of column leading to the reduction in the or-
dering of the HATn compounds [42].
3.3. Charge carrier mobility measurement

After studying the molecular ordering in the HATn com-
pounds, its subsequent effect on the charge transport prop-
erty has been investigated. The mobility of positive charge
carriers (i.e. holes) in the HATn compounds was examined
by the time-of-flight technique. In the ToFmethod, theHATncompounds were excited by a Nd:YAG pulsed laser with 355
nm excitation wavelength. HATn compounds are known to
exhibit various absorption peaks between 280 to 360 nm;
however, with the help of the UV-visible absorption spectra
presented in Figure (4), we have demonstrated that HATncompounds absorb sufficient radiation of 355 nm and sub-
sequently are able to liberate the charge carriers. The ab-
sorption spectrum provides in-depth information about the
electronic transitions. The spectra of the HATn compounds
show an absorption peak nearly at 350 nm attributed to �-�*
transitions in the C=C bonds of the triphenylene core [33].
In contrast to previously published articles [43, 44], we have
observed a slight red−shift in the absorption peak for the
HATn compounds that might be due to the change in solution
concentration following to the Beer−Lambert law [45, 46]:

I = Io(−c)nexp(�.l) (2)
where, Io and I are the intensities of the incident and

transmitted radiations, respectively. c and l are the solution
concentration and optical path length, respectively, and � is
the absorption coefficient. n is the power exponent. It is
a well-known fact that the absorption character remarkably
depends on the concentration and nature of the solvent. Sub-
sequently, the absorption peak and magnitude of absorption
can be altered by changing the concentration and nature of
solvent. It is perceived that as the alkyl chain length attached
to the triphenylene core increases, the absorption has been
decreased. This decrease in absorption is probably due to
the inductive effect of the stabilizing carbocationmechanism
[47]. This reduces the contribution of electron on oxygen
atom in the ring conjugation resulting into increased gap be-
tween the HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital).

Figure 4: Normalized absorbance spectra of the HAT4, HAT5,
HAT6 and HAT8. Chloroform has been taken as the solvent
with the concentration of 0.1 mg/mL.

Figure 5: (a) Transient photocurrent curves measured by TOF
technique from the double logarithmic plots of HAT4, HAT5,
HAT6 and HAT8 with 9.2 �m cell thickness at 80 oC in the
columnar phase, (b) Drift velocity versus electric �eld curve
was linearly �tted to obtain the value of hole mobility.

Charge carrier mobility measurements were carried out
in the cooling cycle. Under the application of bias voltage,
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Figure 6: Mobility measurements by TOF technique for HAT4,
HAT5, HAT6 and HAT8: (a) Temperature dependence of the
charge carrier mobilities of holes, the error bars shows the max-
imum error of ± 3% in the experimental data, (b) Alkyl chain
length dependence hole mobilities, where n represents the num-
ber of C (carbon) atoms in the alkyl chain of HATn compounds.
In the inset, n denotes the number of C (carbon) and O (oxy-
gen) atoms in HATn molecules.

the output transient photocurrent curves were obtained to es-
timate the transit time (�tr) of the charge carriers. Figure
5 (a) represents the transient photocurrent curves with the
estimated transit time of the charge carriers for the HAT4,
HAT5, HAT6 and HAT8 compounds at 80 oC by applying
the bias of 20 V. Depending on the nature of material and
charge transport mechanism, one can obtain various shapes
in the transient photocurrent curves. Herein, for the inves-
tigated HATn compounds, we have recorded a plateau level
in the photocurrent curves which is designated to a typical
non−dispersive transient behaviour, as clearly visible in Fig-
ure 5 (a). This non−dispersive transient nature of the pho-
tocurrent curve is analogous to the bulk photogeneration of
charge carriers. Such nature of photocurrent curve also pro-
vides information about the absence of prominent trapping
sites and effective contribution of space charges [48]. In gen-
eral, the mobility can be calculated from the ToF signal and
corresponding transit time using equation 1. In the present
investigation, we have used a more accurate method to cal-

culate the mobility of holes in the HATn compounds. By
applying different bias voltages, we plotted the drift velocity
versus electric field curve and the hole mobility was deter-
mined from the slope of the linearly fitted curve according
to the relation: v = �.E. In order to acquire ToF signal with
clear plateau, we apply appropriate voltage range of 5−25V,
15−35V, 20−60V and 30−70V for the HAT4, HAT5, HAT6
and HAT8, respectively. Figure 5 (b) shows the linear fitting
of the drift velocity versus electric field curves of the HATnat 80 oC.

Figure 6 (a) illustrates the variation of hole mobility as
a function of temperature for the HATn compounds. Within
the regime of hexagonal columnarmesophase of the triphenylene-
based DLCs, it is generally perceived that the hole mobility
remains temperature invariant [39, 31, 51]. We have con-
firmed almost temperature invariant holemobility in theHATncompounds as shown in Figure 6(a). This manifests that the
columnar molecular assemblies in the HATn compounds are
unidirectionally oriented and the self assemblies remain in-
tact with the variation in temperature for the entiremesophase.
For HAT4, the average hole mobility was found to be 1.216
× 10−2 and 0.6 × 10−2 cm2V−1s−1 in the columnar plastic
and crystalline intermediate phase, respectively. The HAT4
compound exhibits highermobility as compared to theHAT5,
HAT6 and HAT8 due to its superior column ordering with
respect to other HATn homologues. The average hole mo-
bilities for the HAT5, HAT6 and HAT8 were found to be
2.27 × 10−3, 4.86 × 10−4 and 1.7 × 10−4 cm2V−1s−1, re-
spectively. As we mentioned previously, that the value of
mobility significantly depends on molecular ordering; con-
sequently, we have noticed higher mobility for the HAT5
compound as compared to our previously reported article
[52]. This has been achieved due to very slow cooling of
the compounds with a rate of 0.01 oC/min from the isotropic
phase. As the alkyl chain length in the HATn compounds in-
creases, the inter-columnar and intra-columnar ordering de-
creases leading to a lowermobility value for holes. The com-
plete mechanism can be understood via short-range electro-
static interactions that defines the molecular packing. As the
alkyl group R increases from C4H9 to C8H17, the strength ofelectrostatic interaction decreases; subsequently, molecular
packing becomes weaker resulting in a lower molecular or-
dering on going from HAT4 to HAT8.

In 2001, van de Craats et al. proposed the following
empirical relationship [49] for explaining the behaviour of
mobility with increasing size of different macrocyclic cores
containing C, O, and N atoms;

∑

� ≈ a.exp(−b∕n). (3)
In this expression, ∑� is a mobility sum for holes and

electrons along the axis of the column and n represents the
total number of C, O and N atoms in the aromatic core. The
experimental results of mobility ∑

� used by the authors
were obtained by the time-resolved microwave conductivity
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Compound n a (cm2/Vs) b Method Reference

Di�erent discotic LCs Total number of C, O, and N in the core 3 83 PR-TRMC [49], [50]
HATn Total number of C atoms in the alkyl chain 2.33 ± 0.51 × 10−6 -205.70±5.4 ToF Present work
HATn Total number of C and O atoms in the molecule 3.27 ± 0.72 × 10−9 -726.69±11 ToF Present work

Table 2
Mobility �tting parameters using relationship (3). In reference 47, the molecules cores
contain C, O and N atoms, whereas in reference 48 the cores contain only C atoms.

(PR-TRMC) technique where the examined mobility is col-
lectively subjected to positive and negative charge carriers.
They have demonstrated that the maximum mobility shows
a linear semi-logarithmic dependence on 1∕n, and the values
of constants a and b were found to be 3 and 83, respectively.
The increasingmobility with the increase in core size was as-
signed due to the electronic coupling between the p-orbitals
of adjacent macrocycles and an increased cohesive force be-
tween the macrocycles via van der Waals and electrostatic
interactions. Van de Craats et al. [49] have used the equa-
tion (3) for mobility analysis of the DLCs with increasing
core sizes corresponding to values of n between 18 and 42.
Later on, Debije et al. [50] have employed the same relation-
ship to analyze mobility for other DLCs with polycyclic aro-
matic cores containing carbon atoms only. They concluded
that equation (3) can be used only for limited values of n; the
experimental data have shown that the mobility is relatively
insensitive to size of the aromatic core for n > 40. In the
present work, we have generalized equation (3) to include
the influence of lateral chain length on the hole mobility. To
the best of our knowledge, none has scrutinized the valid-
ity of this empirical formula over the results acquired by the
time-of-flight technique in which hole or electron mobility
can be evaluated separately. As HATn consists of the same
core size and only differs in the attached peripheral chain;
we have considered two different aspects for n. First, we did
fitting of the mobility of HATn using equation (3) by takingonly the number of carbon atoms in the alkyl chain; as shown
in Figure 6(b), the formula matches very well with experi-
mental data. The negative value of b is due to the decrease in
mobility with increasing alkyl chain length in contrast to the
core size effect which leads to a positive value of b. Later
on, we have also fitted the experimental data of HATn by
considering the number of C and O atoms in the core and
alkyl chain; the values of a and b deduced from the differ-
ent fits have been summarized in Table 2. Furthermore, the
effect of the disorder introduced with the longer alkyl chain
contribute to the decrease in mobility.
3.4. Dielectric spectroscopy

Dielectric response is subtle tomolecular dipole moment
orientation with respect to the applied external electric field.
Consequently, the dielectric properties of liquid crystals de-
pends on molecular ordering and sample orientation relative
to the measuring electric field [53]. Recently, Yildirim et
al. [54] utilized dielectric spectroscopy to investigate the
collective orientational ordering of HAT6 under nanoscale
confinement. To make this technique as useful as possi-

ble; the characterization should be carried out over a wide
frequency range in order to clearly distinguish the different
mechanism which can be deduced from the dielectric spec-
trum (static dielectric permittivity, dielectric relaxations and
DC conductivity contribution). In the present work, the real
(�′) and imaginary (�′′) parts of the complex dielectric per-
mittivity (�∗) were measured in the frequency range of 20
Hz-1 MHz. The dielectric measurements have been done by
applying temperature scans with cooling rate of 0.2 oC/min.
Figure 7 depicts an example of dielectric spectra obtained in
the columnar hexagonal phase of HAT5. Similar spectra can
be perceived for the HAT4, HAT6 and HAT8. The real part
of the complex dielectric permittivity (�′) manifests a con-
stant value corresponding to the static dielectric permittivity
limit. At lower frequencies, �′ increases, which is attributed
to the contribution from DC conductivity (�). The imagi-
nary part, �′′ also provides the contribution of � in the lower
frequency region. At higher frequencies, the increase of �′′
is linked with the ITO resistivity of the sample cell.

Figure 7: Frequency dependency of dielectric permittivity and
dielectric loss of the HAT5 compound at 100 oC.

Dielectric spectroscopy is insufficient to provide the liq-
uid crystalline phase structure; however, it evinces a deep
understanding of the molecular ordering and average orien-
tation of dipole moments which makes this technique use-
ful to investigate the change in ordering during phase transi-
tions. [48]. Figure 8 (a) shows the temperature dependence
of static permittivity for the HAT5 determined at static fre-
quency of 3kHz. The jump observed at TCol−I = 122oC on
the �′(T) curve corresponds to ordering change at the transi-
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Figure 8: (a) Static dielectric permittivity of HAT5 as a func-
tion of temperature from the isotropic to crytalline phase in
the cooling cycle; (b) Variation of the excess static dielectric
permittivity from isotropic to columnar phase as function of
shifted temperature for HAT4, HAT5, HAT6 and HAT8. The
values of �' were determined at 3 kHz from the dielectric spec-
tra.

tion between the isotropic and columnar phases. Transition
temperatures deduced from �′(T) curve are slightly different
when compared to DSC measurements. This is due to the
different cooling rates and sample preparation techniques.
In the columnar phase, the ordering and homeotropic align-
ment of the sample promote the coupling between the dipole
moment and the applied electric field; which in turn, in-
creases the measured permittivity. The dielectric response
is principally due to the dipole moments of alkoxy group,
which is of 1.28 D at an angle of 72o with the C-O bond;
the alkoxy groups rotate freely, which allows a dipole orien-
tation under an electric field. The dynamics of the core and
the alkoxy groups are strongly correlated; consequently, the
orientation of the alkoxy group remains involved with the
core motion [55].

The change of �′ from isotropic (�′I ) to columnar (�′Col)phase corresponds to the change in ordering between the
two phases. We define here the excess permitivitty, ��′ =

�′Col − �
′
I , as the difference between the temperature depen-

dence of �′Col and that of �′I . In Figure 8 (b), we report ��′ asa function of temperature for HATn compounds. The sud-
den increase of ��′ at TCol−I indicates that the columns are
oriented perpendicularly to the electrodes, as observed by
POMs. ��′ can also be used to compare molecular ordering
in the columnar phase of different HATn compounds. From
Figure 8 (b), we can observe that near TCol−I temperature
�"′ is the highest for HAT4 and decreases with increasing
the alkyl chain length. These results can be explained by the
lowering of molecular ordering within the columns, when
the number (n), of carbon atoms in the alkyl chain increases.
We can perceive the effect of the disordering in the HATncompounds from Figure 9 (a) in which the exponential de-
crease in the ��′ is observed with increasing the number of
carbon atoms in the alkyl chain at the vicinity of the Col-I
transition. This exponential tendency is similar to that ob-
tained for entropy changes, ΔSCol−I = ΔHCol−I / TCol−I ,associated to Col-I transition (Figure 9 (b)). ΔSCol−I can
be regarded as a fundamental characteristic that is repre-
sentative of changes of molecular order at phase transition.
ΔSCol−I data were deduced from DSC measurements of the
enthalpy changes, ΔHCol−I at TCol−I (Table 1). The expo-nential decrease ofΔSCol−I with n is consistent with our in-terpretation that the discotic molecules have more degree of
freedom within columns leading to a more disordered phase
and hence to the increase of the entropy. The common ex-
ponential decrease with n of the different physical parame-
ters ��′, ΔSCol−I as well as the hole mobility (Figure 6 (b)),
based on three different techniques are consistent and coher-
ent with the interpretation that the charge transport along the
column axis is strongly correlated to the degree of molecular
ordering within the columns.

4. Conclusions
In summary, the molecular ordering dependent charge

transport in�-stacked triphenylene based discotic liquid crys-
tals has been investigated. The homologous members of
HATn were characterized by various techniques like differ-
ential scanning calorimetry, polarized optical microscopy,
UV-visible spectroscopy, dielectric spectroscopy and time-
of-flight. In this study, the HATn (n = 5, 6 and 8) ren-
der the hexagonal columnar phase (Colℎ), whereas the com-
pound HAT4 exhibits columnar plastic phase (Colℎp) alongwith the crystalline intermediate phase (Cr′). The DSC re-
vealed that the Colℎ-isotropic phase transition temperature
for HATn increaseswith decreasing length of peripheral alkylchain due to structure-property relationship. The Colℎp andColℎ phases were recognized via mini mosaic and classical
dendritic optical textures. The HATn compounds yield an
absorption peak about 350 nm which was attributed to the
�-�* transitions in C=C bonds of the triphenylene core. We
observed that the absorbance decreases with increasing alkyl
chain length which is probably due to the inductive effect of
the stabilizing carbocation mechanism. The charge trans-
port phenomenon in the HATn compounds scrutinized by
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Figure 9: (a) Excess static dielectric permittivity and (b) En-
tropy changes as a function of number of carbon atoms in the
alkyl chain of the HATn compounds at TCol−I .

evaluating the hole mobility using the time-of-flight tech-
nique. The HATn compounds show non−dispersive tran-
sient nature in the photocurrent curves. The HAT4 com-
pound exhibits higher mobility as compared to the HAT5,
HAT6 and HAT8 due to its superior molecular ordering with
respect to other HATn homologous. The average hole mo-
bilities for the HAT5, HAT6 and HAT8 were found to be
2.27 × 10−3, 4.86 × 10−4 and 1.7 × 10−4 cm2V−1s−1 in
the hexagonal columnar phase; whereas, for the HAT4, the
hole mobility was found to be 1.216 × 10−2 and 0.6 × 10−2
cm2V−1s−1 in the columnar plastic and crystalline interme-
diate phases, respectively. The variation of the hole mo-
bility versus alkyl chain length was fitted using the empir-
ical formula � ≈ a.exp(−b∕n), where n is the number of
carbon atoms in the alkyl chain; the formula also matches
with experimental data when we consider n as the total num-
ber of carbon and oxygen atoms. Usually, the mobility de-
pends on the molecular ordering in the columnar matrix.
The change in hole mobility in combination with molecular
ordering could be understood via short-range electrostatic
interactions that define the molecular packing. As the alkyl
group, R, increases from C4H9 to C8H17, the strength of
electrostatic interaction decreases; subsequently, molecular
packing becomes weaker resulting in a lower molecular or-

dering in the HAT8 in comparison to HAT4. The change
in molecular ordering was further confirmed by dielectric
spectroscopy; the variation of ��’I−Col (change in dielectric
permittivity at the isotropic to columnar phase transition) is 
highest for the HAT4 and decreases with increasing alkyl 
chain length. The disordering in the HAT compounds was

n
further investigated by explaining the change in entropy with
increase in alkyl chain length. HATn homologous show their 
potential applications as organic semiconductors.
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• HATn compounds render the hole mobility of the order of 10−2 to 10−4 cm2/Vs.
• The hole mobility decreases with increasing alkyl chain length (n).
• Dielectric permittivity at Iso-Col phase transition decreases exponentially with n.
• The change in entropy is analogous to the molecular ordering in the columnar phase.




