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Complex molecular dynamics of symmetric model
discotic liquid crystals: comparison of
hexakis(hepta-alkanoyloxy)triphenylene (HOT6)
with hexakis(hexa-alkyloxy)triphenylene (HAT6)

Christina Krause,a Paulina Szymoniak,a Wiebke Lohstroh,b Fanni Juranyi,c

Michaela Zamponi,d Bernhard Frick, e Dominik Al-Sabbagh,a

Franziska Emmerling, af Reiner Zorng and Andreas Schönhals *ah

This study investigates the complex molecular dynamics of discotic liquid crystals (DLCs) by comparing two

structurally similar compounds: hexakis(hepta-alkanoyloxy)triphenylene (HOT6) and hexakis(hexa-alkyloxy)-

triphenylene (HAT6) having the same triphenyl core and the same length of the alkyl side chain. The

difference of both materials is that the alkyl chain is linked by an oxygen bridge to the triphenylene core for

HAT6 and by a ester group for HOT6. Using a combination of broadband dielectric spectroscopy,

differential scanning calorimetry, X-ray scattering, and neutron scattering techniques, the research explores

the glass transition phenomena and relaxation processes in these materials. HOT6, featuring ester linkages,

exhibits distinct dynamic behavior compared to HAT6, including two separate glass transitions indicated by

the a1- and a2-relaxation found by dielectric spectroscopy which are assigned to the glassy dynamics of the

alkyl side chain in the intercolumnar space and that of the columns, respectively. The study reveals that the

ester group in HOT6 leads to increased molecular rigidity and altered packing in the intercolumnar space, as

evidenced by X-ray scattering and the vibrational density of states. Neutron scattering confirms localized

methyl group rotations and a further relaxation process which relates to the g-relaxation revealed by

dielectric spectroscopy. The findings contribute to a deeper understanding of glassy dynamics in partially

ordered systems and highlight the influence of molecular architecture on relaxation behavior in DLCs.

Introduction

The molecular dynamics associated with the glass transition
represent a central and unresolved issue in condensed matter
physics (see for instance ref. 1–9). Despite extensive research,
the fundamental mechanisms underlying the transition of a

glass-forming system into a disordered, amorphous state – rather
than crystallizing – remain only partially understood. A particu-
larly challenging aspect is the pronounced increase in both the
structural relaxation time, t, and the viscosity as the system is
cooled toward the thermal glass transition temperature, Tg.

Upon reducing the temperature by approximately a factor of
two while approaching Tg, the relaxation time t increases by
more than 14 orders of magnitude. This dramatic change
bridges microscopic and macroscopic time scales, highlighting
the complexity of the underlying molecular processes. This
phenomenon is referred to as a-relaxation (structural relaxation)
or the dynamic glass transition.

At temperatures near Tg, the temperature dependence of the
relaxation time t, or equivalently the relaxation rate fp = 2p/t,
can be empirically described by the Vogel–Fulcher–Tammann
(VFT) equation,10–12 which reads

ln fp ¼ ln f1 �
B

T � T0
(1)

Here, fN denotes the relaxation rate in the high-temperature
limit, while B is a constant related to the fragility of the system.
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The concept of fragility in the context of the glass transition
provides a valuable framework for categorizing glass-forming
systems.13,14 Systems are referred to as fragile when fp(T)
exhibits a pronounced deviation from Arrhenius behavior,
indicating a super-Arrhenius temperature dependence. In contrast,
strong glass formers display a relaxation time that closely follows
an Arrhenius-type temperature dependence. The fragility is
characterized by the fragility strength parameter D = B/T0. The
temperature T0, often termed the Vogel temperature or the
ideal glass transition temperature, is derived from empirical
fits using the VFT equation to fp(T). It typically lies 30–70 K
below Tg as determined by conventional techniques such as
differential scanning calorimetry (DSC). It is worth noting that
it is known for a longer time that a transition from the VFT to
an Arrhenius-like behavior has been observed above a tempera-
ture TB E 1.2. . .1.3Tg (see for instance15,16).

In the cooperativity-based approaches to the glass transi-
tion, which have been extensively discussed in the literature
(see for instance ref. 17–20), the pronounced increase in
relaxation time near the glass transition temperature is attrib-
uted to the notion that molecular rearrangements occur in a
cooperative manner. Specifically, the movement of a given
molecule requires the simultaneous reorganization of neigh-
boring molecules within a complex and rugged energy land-
scape to reach a local or global energy minimum.

In addition to the primary a-relaxation process, further
dynamical processes relevant to the glass transition have been
identified. Notably, Goldstein and Johari introduced the con-
cept of a so-called slow b-relaxation, which is considered a
precursor to the a-relaxation, particularly in cases where the
observed secondary relaxation cannot be attributed to internal
molecular degrees of freedom (i.e., a genuine b-relaxation). The
temperature dependence of the b-relaxation rates typically
follows an Arrhenius behavior, indicating a truly thermally
activated process. The Arrhenius equation reads

fp ¼ f1 exp � EA

kBT

� �
: (2)

Here EA denotes the activation energy which is found in the
range of 20 to 40 kJ mol�1. kB is the Boltzmann constant.

Besides relaxation processes, it is known that glasses show
characteristic excess contributions to the low frequency vibra-
tional density g(o) (VDOS) of states compared with the predic-
tion of the Debye theory which gives g(o) B o2 based on the
propagation of sound waves. In the reduced representation
depicting g(o)/o2 versus the angular frequency o a peak is
observed in the frequency range of 1.5 to 7.5 ps�1 (1 to
5 meV) which is referred to as the Boson peak.21 Despite the
Boson peak manifesting on picosecond timescales, its potential
relevance to the glass transition – characterized by relaxation
processes occurring on timescales of approximately 100 seconds
or longer – remains a topic of active scientific debate.22,23 The
molecular origin of the Boson peak remains contentious. Theo-
retical models are commonly grouped into three categories.
Within the soft potential model, the Boson peak is attributed

to quasi-localized vibrations of atomic groups in soft potentials
arising from structural disorder in amorphous systems which
differ principally from sound waves (see for instance ref. 24–26).
A second class of models interprets the Boson peak as a
broadened and shifted analogue of the Van Hove singularity,
assuming an underlying crystalline reference structure, with
disorder-induced broadening and frequency shifts.27 Notably,
ref. 28 suggests that coupling between optical and acoustic
modes may produce a pseudo Van Hove singularity. A third
approach, proposed by Schirmacher et al., combines elements
of both previous discussed models, attributing the Boson peak
to harmonic vibrations in a disordered elastic medium.29 While
retaining sound-wave characteristics and incorporating ‘soft
spots’ akin to the soft potential model, it does not treat the
Boson peak as a modified Van Hove singularity. Recently, a
unified theoretical approach considering both Van Hove singu-
larity and the Boson peak has been presented where the propa-
gation and damping of phones is discussed as a mechanism.30,31

As discussed above, the cooperative dynamics underlying
the glass transition were initially theorized by Adam and Gibbs,
who introduced the concept of cooperatively rearranging regions
(CRRs) to describe structural rearrangements within supercooled
liquids.17 Wynne et al. proposed that the Boson peak originates
from molecular clusters consisting of approximately 20 molecules,
which may correspond to cooperatively rearranging regions impli-
cated in the dynamics of the glass transition.32 Further evidence
supporting this interpretation has been obtained through mole-
cular dynamics simulations conducted on systems composed of
symmetric molecules.33

The most extensively studied systems exhibiting glass tran-
sitions include low-molecular-weight liquids, silica-based
glasses, and polymers. In addition to these well-known materials
classes, glass transition phenomena can also occur in materials
characterized by partial structural order and restricted molecular
mobility.13,14 Seki et al. were the first to report the occurrence of a
glass transition in plastic crystals by calorimetry.34 Additional
examples of glass transitions in plastic crystalline systems are
discussed in the literature (see for instance35–39). It is noteworthy
that discotic liquid crystals also exhibit glass-like dynamic beha-
vior, as discussed in previous studies.40–50 To date, the molecular
mechanisms underlying glassy dynamics in systems characterized
by restricted mobility and partial order remain unresolved. Stu-
dies on such systems, including liquid crystals, may provide
valuable insights into the general phenomena associated with
the glass transition.

Discotic liquid crystals (DLCs) represent a class of advanced
soft matter materials with significant potential for instance for
applications in electronic devices (see for instance ref. 51–53
and references cited therein). DLCs are typically composed of
molecules having a rigid, disc-shaped aromatic core or a self-
assembled disc-like structure with flexible alkyl chains attached
to the periphery. At low temperatures, DLCs often exhibit a
plastic crystalline phase, which transitions upon heating to a
hexagonal columnar liquid crystalline phase. In this phase,
the discotic molecules stack into columns that behave as one-
dimensional fluids,54 with the columns themselves arranged on
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a two-dimensional hexagonal lattice. The alkyl side chains fill
the intercolumnar space. The unique properties and potential
applications of DLCs are primarily associated with this hexa-
gonally ordered liquid crystalline phase. In addition to the
hexagonal columnar phase, nematic phases etc. can also be
observed in certain DLC systems. Upon further temperature
increase beyond the stability range of the columnar phase,
DLCs undergo an isotropization transition, resulting in a dis-
ordered, isotropic liquid state.

Recently the molecular mobility of a triphenyl-based discotic
liquid crystal, hexakis(hexa-alkyloxy)triphenylene (HAT6) was
investigated by a combination of broadband dielectric spectro-
scopy, advanced dynamical calorimetry and quasielastic neutron
scattering.44 Here a comparable triphenyl-based DCL with an
equal length of the alkyl side chains, hexexakis(hepta-alkanoyl-
oxy)triphenylene (HOT6) was studied. Interest in the hexexakis(n-
alkanoyloxy)triphenylenes comes from the additional fact that they
are photoconductive and doped with few mol of an oxidant they
become semiconductive.55 The obtained results for HOT6 will be
compared in detail with that of HAT6.

Materials und methods
Materials

Hexakis(hepta-alkanoyloxy)triphenylene (HOT6) was obtained
from Synthon Chemicals (Bitterfeld, Germany). Its chemical
structure is given in Fig. 1a in comparison with that of
Hexakis(hexa-alkyloxy)triphenylene (HAT6) (see Fig. 1b). Both
materials possess alkyl side chains of identical length, defined
by the number of carbon atoms in the chain. The difference in
the chemical structure of both materials is that the alkyl side
chains are linked via an ester group to the triphenylene core for
HOT6 while for HAT6 the alkyl side is connected to the core by
an oxygen bridge. The ester group in HOT6 will dynamically
decouple the alkyl side chain more from the triphenylene core

than the oxygen bridge in HAT6. Moreover, as the ester linkage
in HOT6 is bulkier than the oxygen group in HAT6, the HOT6
molecule is expected to be larger than the HAT6 one. It is worth
noting that due to the presence of an ester group, HOT6
exhibits increased susceptibility to hydrolytic degradation
under humid conditions compared with HAT6. HOT6 was used
without further purification. The purity given by the producer
is 94%. Fig. 1c presents a schematic of the self-assembly of
the disc-like molecules to the columnar hexagonal liquid
crystalline phase.

Methods

Differential scanning calorimetry (DSC). Conventional DSC
measurements were carried out using a Seiko DSC 7020. The
sample (mass B 10 mg) was measured from 173 K to 283 K with
a heating and cooling rate of 10 K min�1. Nitrogen was used as
a protection gas at a flow rate of 20 ml min�1. The second
heating/cooling run is used for analysis. For background cor-
rection an empty pan was measured under the same condition
as for the sample. The data measured for the empty pan was
subtracted from that of the sample. Indium was used for
calibration.

Fast scanning calorimetry (FSC). To investigate the molecu-
lar dynamics further FSC is used employing a Mettler-Toledo
Flash DSC1. The Flash DSC1 is a chip-base power compensated
DSC. The measurement cell is the twin chip sensor MultiSTAR
UFS 1.56 Due to the chip-based sensor architecture of the
instrument, and the low sample masses heating rates ranging
from 10 K s�1 up to 10 000 K s�1 can be achieved. Nitrogen
was employed as the purge gas at a constant flow rate of
40 mL min�1. The base temperature control was ensured using
a Huber TC100 intercooler. Calibration of the Flash DSC 1 was
performed in accordance with the specification of the manu-
facturer. This means that each calorimetric chip was calibrated
by the producer. During the measurement the calibration data

Fig. 1 Chemical structure of HOT6 (a) and HAT6 (b). (c) Schematics of the self-assembly of the discotic liquid crystal.
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were automatically downloaded from the database of the
producer.56 The calibration was checked by measurements on
standards leading to a maximal error in temperature of �5 K in
the whole considered temperature range. Thermal lag effects
are minimized by considering low samples masses in the
nanogram range and a thin film sample geometry. The typical
error due to thermal lag under these conditions is smaller than
the overall uncertainty in temperature. During the FSC experi-
ment the heating rate was varied. To ensure the same history of
the sample before each heating run the sample was cooled from
the isotropic state to 193 K with a cooling rate of 1000 K s�1.

X-ray scattering. The measurements were conducted at the
synchrotron microfocus beamline mSpot, located at BESSY II
(Helmholtz-Zentrum Berlin für Materialien und Energie). The
optical configuration of the beam line, characterized by a
divergence of less than 1 mrad in both horizontal and vertical
directions, enables a focused beam diameter of 100 mm. Under
standard operating conditions with a ring current of 100 mA,
the photon flux reaches approximately 1 � 109 photons s�1.
All experiments were performed using monochromatic X-rays
with a wavelength of 1.03358 Å, selected via a double-crystal
monochromator employing Si(111) crystals.

Scattered X-ray intensities were recorded 820 mm down-
stream from the sample position using a two-dimensional X-ray
detector (MarMosaic, CCD, 3072 � 3072 pixels), featuring a
point spread function with an approximate width of 100 mm.
A comprehensive description of the beamline setup can be
found in ref. 57. The acquired scattering patterns were pro-
cessed and transformed into intensity profiles as a function of
the scattering vector q, where q = (4p/lx)sin y with y being half
the scattering angle 2y, and lx the wavelength of the X-rays.
Data reduction and analysis were performed using the software
package FIT2D.58

For the X-ray scattering experiments, the samples were
loaded into borosilicate glass capillaries (WJM-Glas Glastechnik
& Konstruktion, Germany) with an outer diameter of 0.3 mm.
To ensure consistency with the DSC measurements, the sam-
ples were heated at a controlled rate of 10 K min�1 during the
experiments.

Dielectric spectroscopy. The complex dielectric function
e*( f ) = e0(f) � ie00(f) is measured in the frequency range from
10�1 Hz to 106 Hz where e0 and e00 represent the real (storage)
and imaginary (loss) components of the complex dielectric
function and f the frequency. All measurements were carried
out in parallel plate capacitor geometry employing gold-plated
brass electrodes. To ensure a consistent sample thickness of
50 mm, fused silica spacers were used. The diameter of the
sample was 20 mm. The measurements were performed by a
high-resolution Alpha analyzer interfaced to an active sample
head (Novocontrol, Montabaur, Germany). For extended details
see ref. 59. Temperature control of the sample was achieved by
a Quatro temperature controller (Novocontrol) with a tempera-
ture stability better than 0.1 K.

Neutron scattering. Inelastic and quasielastic neutron
scattering are sensitive to molecular motions at microscopic
length and time scales.60 During the scattering process, both

momentum and energy are exchanged between the incident
neutrons and the nuclei within the sample besides elastic
scattering. The quantity that describes this interaction is the
double differential scattering cross section, which characterizes
the probability of neutrons being scattered into a specific solid
angle O with a given measured energy transfer DE. The double
differential scattering cross section is given by

d2s
dOdo

¼ 1

4p
kf

ki
scohScoh q;oð Þ þ sincSinc q;oð Þð Þ: (3)

ki and kf are the incident and final wave vectors of the neutron
beam respectively. The difference defines the scattering vector
q = kf � ki. The moduli of ki and kf are denoted as ki and kf in
eqn (3). The modulus of q is referred to as q in the following.
The angular frequency o is directly related to DE via the
expression DE = h�o, where h� denotes the reduced Planck
constant. The functions Sinc(q,o) and Scoh(q,o) represent the
incoherent and coherent dynamic structure factors, respectively,
which describe the frequency and momentum dependent scat-
tering behavior of the system. The parameters sinc and scoh denote
the corresponding incoherent and coherent scattering cross-
sections. The molecular composition of HOT6 comprises
hydrogen (H), carbon (C), and oxygen (O) atoms. The corres-
ponding macroscopic scattering cross-sections were calculated
to Scoh = 0.0334 mm�1 and Sinc = 0.4233 mm�1. Details of the
calculations are given in the SI. The data indicate that the
scattering is predominantly incoherent, which is due to the
high incoherent scattering cross-section of hydrogen. It is
noteworthy that most of the hydrogen nuclei are located within
the alkyl side chains, which occupy the intercolumnar regions.
Consequently, neutron scattering probes vibrations and mole-
cular fluctuations in the intercolumnar space.

For the neutron scattering investigations different methods
are combined:

Inelastic neutron scattering. For the measurement of the
low frequency density of states inelastic neutron scattering is
employed using the time-of-flight neutron scattering spectro-
meter TOFTOF.61 TOFTOF is operated by Technische Universität
München at the Heinz Maier-Leibnitz Zentrum (MLZ, Garching,
Germany). All measurements were conducted using a standard
configuration of TOFTOF. An incident neutron wavelength of ln =
5.6 Å was employed, yielding an instrumental energy resolution in
the range of 55 to 63 meV (full width at half maximum, FWHM),
with resolution is increasing as a function of the scattering angle.
In this configuration, the maximum accessible elastic momentum
transfer is q = 2.0 Å�1. The instrumental resolution R(q,DE) was
determined by measuring the sample at T = 4 K, a temperature at
which all molecular motions – except for quantum-mechanical
zero-point vibrations – are expected to be frozen. To minimize the
overlap of quasielastic contributions with inelastic scattering, the
vibrational density of states (VDOS) was measured at T = 80 K.
Data acquired from the TOFTOF spectrometer were analyzed
using the INX software package, which includes modules
for time-of-flight to energy conversion, background subtraction,
vanadium standard normalization, and correction for self-
attenuation effects.62 An example for inelastic neutron scattering
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raw data measured at TOFTOF is given in the SI (Fig. S1).
Sinc(q,DE) displays characteristic excess vibrational contributions
compared with the resolution of the spectrometer. The corres-
ponding data for HAT6 were taken from an earlier experiment82

on IN6 at Institut Laue-Langevin, Grenoble, France. Experimental
details and the specifications of IN6 can be found in ref. 82.

Elastic scans. To investigate molecular dynamics on a time-
scale corresponding approximately to the resolution of a neu-
tron backscattering spectrometer (ca. 2 ns), elastic fixed
window scans (DE E 0) were performed at the IN16 instrument,
a neutron backscattering spectrometer of the second genera-
tion which was located at the Institut Laue-Langevin (ILL,
Grenoble, France).63 The neutron backscattering spectrometer
IN16 was employed using unpolished Si(111) monochromators
and analyzers, operating at a neutron wavelength of l = 6.271 Å.
The instrument provided an energy resolution of approximately
0.9 meV and allowed access to momentum transfers up to a
maximum of q E 1.9 Å�1. The Doppler drive was set at rest
(DE E 0). Elastic scattering measurements at the lowest tem-
perature were conducted with improved statistical precision, as
this dataset serves as the reference point for subsequent
analysis. The employed heating rate was 0.56 K min�1. The
raw data can be found elsewhere.64

An effective mean squared displacement, hu2ieff, is derived
from the measured elastic scattering intensity, Iel(q), by fitting
the function65

IelðqÞ
I0ðqÞ

¼ exp �
u2
� �

eff
q2
.
3

1þ a2 u2h ieffq2
�
6

0
@

1
A (4)

complemented by a multiple scattering term to the data.
Here, I0(q) denotes the total scattered intensity measured at
the lowest accessible temperature. In eqn (4), a2 represents an
effective non-Gaussian parameter introduced to account
for deviations of the experimental data from the standard
Gaussian model. The incorporation of multiple scattering
effects into eqn (4) is given in detail in the SI of ref. 65.
Compared with the conventional Gaussian model, this function
provides higher reliability, particularly when the effective mean-
squared displacement hu2ieff becomes large. Furthermore, no
specific microscopic model is assumed, in contrast to the
approach described in ref. 66. Up to fourth order in q, the
expression is mathematically equivalent to a cumulant expan-
sion incorporating a non-Gaussian parameter, a2. However,
unlike a truncated expansion at the q4 term, this formulation
avoids the unphysical increase of Iel/I0 beyond unity. Moreover,
eqn (4) is further supported by the theoretical framework of
Singwi et al., which describes the intermediate scattering
function.66 To have a compatibility with the result obtained
for HOT6 here, the mean-squared displacement of HAT6 given
in ref. 44 was recalculated using eqn (4). The percentage of
multiple scattering events were 22.1% for HAT6 and 12.3% for
HOT6. A comparison with the mean square displacement
obtained in ref. 44 employing a fractal model67 and hu2ieff(T)
calculated by eqn (4) is given in the SI, Fig. S6.

Quasielastic neutron scattering (QENS). To extend the acces-
sible time window in neutron scattering experiments, time-
of-flight (TOF) spectroscopy was combined with neutron
backscattering (BS) techniques. The TOF measurements were
conducted on the spectrometer TOFTOF under the same
configuration as described above. Data reduction was carried
out with the software INX as given above.62 An example of the
TOF QENS measurement is given in the SI, Fig. S2. The spectra
measured for higher temperatures show the characteristic
quasielastic broadening compared with the resolution of
TOFTOF.

Neutron backscattering spectra were taken at the high-
resolution spectrometer SPHERES. SPHERES is a third-genera-
tion cold neutron backscattering spectrometer equipped with
focusing optics and a rotating phase-space transform chopper.
It is operated at the Heinz Maier-Leibnitz Zentrum by the Jülich
Centre Neutron Science (JCNS), Forschungszentrum Jülich
GmbH.68,69 Measurements were conducted in the standard
configuration, utilizing unpolished Si(111) monochromators
and analyzers. The incident neutron wavelength was 6.271 Å,
corresponding to an energy resolution of 0.65 meV (full width at
half maximum, FWHM) for the high-angle detectors. In this
setup, the accessible momentum transfer range spans from
0.1 Å�1 to 1.8 Å�1, but only data at and above 0.6 Å�1 were used
for analysis because of the worse resolution and statistics for
the small-angle detectors. The Doppler drive was set to achieve
a maximal energy transfer of �31 meV. Like for TOFTOF the
resolution of SPHERES R(q,DE) was obtained by measuring the
sample at 4 K. Data obtained from the SPHERES spectrometer
were processed using the SQW software,70 which performs
backscattering normalization, vanadium standard normaliza-
tion, and corrections for self-attenuation. Additionally, the
software applies an attenuation correction to the background
prior to its subtraction. Fig. S3 presents the incoherent dynamic
structure factor of HOT6 as measured with the SPHERES back-
scattering spectrometer at various temperatures. A temperature-
dependent quasielastic broadening of the spectra relative to the
instrumental resolution is observed, indicating an enhanced
molecular mobility.

The analysis of the TOF and BS data by INX and SQW yield
an effective dynamic structure factor, Sinc(q,DE), weighted by
the respective scattering cross sections. Due to the significant
difference in energy resolution between the TOFTOF and
SPHERES spectrometers (see Fig. S2 and S3), the incoherent
dynamic structure factors, Sinc(q,DE) were Fourier transformed
and subsequently normalized by the Fourier transformation of
the respective instrumental resolution functions. This proce-
dure yields absolute values of the incoherent intermediate
scattering function, Sinc(q,t), enabling a consistent time-
domain analysis of data acquired from both instruments. The
Sinc(q,t) datasets obtained from TOF and BS neutron spectro-
scopy were corrected for multiple scattering using a time-
domain-based approach.71 Due to the inability to precisely
determine the scattering geometry, the multiple scattering
contribution was treated as a fitting parameter and adjusted to
satisfy the physical constraint Sinc(q - 0,t) = 1. The optimized
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multiple scattering fractions were determined to be 31% (HAT6)/
33% (HOT6) for SPHERES and 21% (HAT6)/22% (HOT6) for
TOFTOF, relative to the single-scattering intensity.

Results and discussion
Differential scanning calorimetry and X-ray scattering

Fig. 2a gives the heat flow versus temperature for HOT6 for
cooling and heating. At low temperature HOT6 has a plastic
crystalline phase. At ca. 288 K (heating) HOT6 shows a crystal/
crystal transition. This is different for HAT6 where such a
crystal/crystal transition is not observed (see Fig. 2b). Most
probably the observed crystal/crystal transition of HOT6 is due
to the presence of the ester group which decouples the alkyl
side chain dynamically more from the triphenyl core than the
oxygen linkage in HAT6. At ca. 382 K HOT6 undergoes the
transition from the plastic crystalline to the liquid crystalline
Colh state followed by the phase transition to the ‘‘isotropic’’
state at ca. 391 K. The assignment of the phases corresponds to
that given in the literature.72 The phase transition temperatures
of HOT6 in cooling and heating are given in comparison with
data from the literature in Table 1. As known for other DCL
systems there is a hysteresis between heating and cooling.
Moreover, the values for the phase transitions temperatures
measured here agree with the data given by the producer73

and approximately with results presented in the literature.72

This agreement supports the assignment of the phases. Like for
HAT6 it is assumed for HOT6 that in the crystalline phases the
tripenylene cores are arranged in columns where the alkyl side
chains fill intercolumnar space.

Fig. 2b compares the heat flow for the second cooling for
HOT6 and HAT6. This comparison shows that the temperature
range of the Colh mesophase for HOT6 is much smaller than
that of HAT6. Probably, the more flexible ester group of HOT6
compared with the oxygen bridge in HAT6 is the reason for the
smaller mesophase range. Besides, the narrower temperature
range of the mesophase Fig. 2b shows further that the phase
transition enthalpies of all phase transition of HOT6 are much
smaller than that of HAT6. Again, the lower phase transition
enthalpies are due to the presence of the ester groups which
might lead to less stable phases at higher temperatures.

Besides the peaks in the heat flow of HOT6 associated with
the phase transition, a step-like change in the heat flow is
observed in the temperature range between 150 K and 225 K
(see Fig. 2a). This step-like change may indicate a glass transition
of HOT6. A more detailed inspection of the low-temperature
heat flow reveals a double-step structure (see Fig. 2c), which
may suggest the presence of two distinct glass transitions. This
becomes clearer considering the derivative of the heat flow with
respect to temperature where a step-like change in the heat flow
results in a peak. Although the derivative data shows some

Fig. 2 (a) Heat flow versus temperature for HOT6. Blue – cooling, red – heating. Second cooling and heating. Rate 10 K min�1. (b) Comparison of the
heat flow for HOT6 (red) and HAT6 (blue). Data for HAT6 were taken from ref. 44. Second cooling, cooling rate 10 K min�1. The heat flow for HOT6 was
shifted along the y-scale for clarity. (c) Heat flow versus temperature for HOT6 at lower temperatures during cooling. (d) Derivative of the heat flow given
in part c with respect to temperature. The arrows indicate the glass transition temperatures.
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scattering, Fig. 2d reveals two peaks which are well separated in
temperature. From the maximum positions of the peaks the
thermal glass transition temperatures are estimated. The glass
transition observed at higher temperatures is denoted as glass
transition 1 and that at lower temperatures as glass transition
2. It is worth noting that for HAT6 also two glass transitions are
detected by calorimetric methods.48 It is worth noting that the
numeration of both glass transitions chosen here for HOT6
is analogues to that given for HAT648 for compatibility. The
phenomenon will be discussed in more detail below.

Fig. 3 depicts the X-ray pattern for HOT6 in the different
phases. In the Cry2 phase an X-ray pattern of a crystalline
material with several sharp reflection peaks is observed (see
Fig. 3a). Besides the sharp Bragg peaks in the q value range
from ca. 10 nm�1 to 20 nm�1 an amorphous halo is observed
which corresponds to average carbon–carbon correlations of

the alkyl side chains.74 In the columnar phase (see Fig. 3b),
besides the amorphous halo the X-ray pattern, one relatively
sharp reflection peak is visible. It corresponds to the average
column–column distance d given by75

d ¼ 4pffiffiffi
3
p

qmax

(5)

From eqn (5) d = 2.1 nm is calculated for HOT6. Due to the
presence of the bulkier ester group in HOT6 the intercolumnar
distance is larger than for HAT6 (d = 1.8 nm) which features the
smaller oxygen bridge.83 Theoretically for a columnar phase

higher order reflections at q values �
ffiffiffi
3
p

should be observed.
These higher order reflections are not observed for HOT6. That
might point to a less perfect columnar order in HOT6 Cry2
phase compared with that of HAT6 as it is already concluded
from the phase transition enthalpies. However, an additional

reflection is observed at a smaller q value than
ffiffiffi
3
p

qmax at
ca. 4.6 nm.

A more detailed analysis of the X-ray diffraction pattern in
the vicinity of the principal reflection peak for both the crystal-
line Cry2 and columnar phases reveals a distinct peak splitting
into two subpeaks (see insets of Fig. 3a and b). This feature is
absent in the corresponding patterns of HAT6. Given that the
subpeaks occur at different q values for the crystalline and

Fig. 3 (a) X-ray spectra of HOT6 in the Cry2 phase at T = 303 K. The inset enlarges the X-ray pattern in the q range from 4 nm�1 to 5 nm�1. (b) X-Ray
spectra of HOT6 in the Colh phase at T = 385 K. The inset enlarges the X-ray pattern in the q range from 2 nm�1 to 5 nm�1. (c) X-ray spectra of HOT6 in
the isotropic phase at T = 400 K. (d) Comparison of the X-ray pattern for HOT6 (red line) and HAT6 (blue line) at T = 303 K. The X-ray data for HOT6 are
shifted by 1 for clarity.

Table 1 Phase transition temperatures of HOT6 in comparison to values
given by the producer73 and literature data72

TCry1,Cry2 [K] TCry2,Colh
[K] TColh,Iso [K]

Cooling 277 367 383
Heating 288 382 390
Producer — 379 381
Literature — 342 366
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columnar phases, the possibility of an experimental artifact can
be reasonably excluded. The splitting of the peaks is discussed
considering that the ester group can adopt different conforma-
tions. The specific conformations depend on several factors
like the rotation around the single bond between the carbonyl
carbon and the oxygen group/atom of the alkyl moiety, steric
interactions with neighboring groups or molecules, intra-
molecular interactions, such as hydrogen bonding or p-inter-
actions or crystal packing or supramolecular organization,
which is particularly relevant in columnar phases. For simple
esters, like present in HOT6, conformations are typically clas-
sified as syn or anti, depending on the relative orientation of the
carbonyl group and the alkyl chain. These conformational
differences can influence the effective length of the side chain,
thereby affecting molecular packing and lattice parameters.
These effects can lead to the observed peak splitting. However,
to be visible as separate peak in the X-ray pattern there must be
some clusters of a preferred conformation. The change of
packing and lattice parameter are probably also the reason that

higher order reflexes �
ffiffiffi
3
p

qmax are not observed. It might be
further concluded that the different packing and lattice para-
meters results also in a different structure of the alkyl side
chain in the intercolumnar space of HOT6 compared
with HAT6.

In the isotropic state one broad Bragg peak is found (see
Fig. 3c) which indicated a correlation of the triphenyl molecules
also in this phase. The width of this reflection is much broader
than that in the Colh. This increased broadness of the peak
which evidence a higher disorder in the ‘‘isotropic’’ state
compared to Colh phase. Also, the amorphous halo is found
in the isotropic phase as expected.

Fig. 3d compares the X-ray pattern of HOT6 and HAT6 at T =
303 K. At this temperature HOT6 is the in the plastic crystal
Cry2 state. Compared with HAT6 the X-ray scattering pattern
that of HOT6 is less detailed. This points to a less ordered
plastic crystalline structure in the Cry2 state compared with the
plastic crystal state of HAT6. Unfortunately, no X-ray measure-
ments could be carried out at temperatures where HOT6 is in
the Cry1 phase which could be more comparable or even more
ordered than the plastic crystal phase of HAT6.

Dielectric spectroscopy. Fig. 4a depicts the dielectric spectra
of HOT6 as function of frequency and temperature in a
3D representation. In order of increasing temperature, a
g-relaxation is observed followed by a process which is called
a2-relaxation and a conductivity contribution. For compatibility
the same notation of the relaxation processes is employed for
HOT6 than for HAT6. At lower frequency characteristic for the
a2-relaxation a further relaxation process is detected which is
called a1-relaxation. For HAT6 a dielectric spectrum is observed
which is comparable in some points (see Fig. 4b). Firstly, it is
worth noting that the dielectric loss of HOT6 is higher than that
of HAT6. This increased dielectric loss is due to the presence of
the ester groups in HOT6 which have a higher dipole moment
than the oxygen bridge in HAT6. Secondly, the a1-relaxation is
not detected in the dielectric spectra of HAT6 but it is observed
by a combination of different calorimetric methods.44 The
result that the a1-relaxation is found by dielectric spectroscopy
for HOT6 is also attributed to the presence of the ester groups
in that material.

The g-relaxation of HOT6 is analyzed by standard methods
fitting the model function of Havriliak/Negami (see SI, Section
fitting of dielectric data by the HN-function) to the dielectric
loss. For details see ref. 76. From the fits, the frequency of
maximal loss fp is obtained which is called relaxation rate.
Fig. 5 depicts the temperature dependence of the of the
logarithm of the relaxation rates of the g-relaxation versus
inverse temperature in the relaxation map or Arrhenius dia-
gram. Fig. 5a gives the data for HOT6 and Fig. 5b for HAT6. fp(T)
for the g-relaxation is linear when plotted versus 1/T and can be
therefore described by the Arrhenius equation. For HOT6 a
value of the activation energy of 29.2 kJ mol�1 is obtained while
for HAT6 a value of 20.6 kJ mol�1 is reported in ref. 44. The
g-relaxation of HAT6 and of other discotic liquid crystals is
assigned to localized fluctuations of methylene units of the
alkyl chains filling the intercolumnar space involving also polar
groups.42–50 Therefore, also the g-relaxation of HOT6 is assig-
ned to localized fluctuations of CH2 units of the alkyl chains in
the intercolumnar space. In ref. 48 the activation energy of the
g-relaxation for the series homologous of HATn (n = 5, 6, 8,
10, 12) with that of polyethylene. The value of the activation

Fig. 4 Dielectric loss versus frequency and temperature in a 3D representation: (a) HOT6; (b) HAT6. The figure for HAT6 was adopted from ref. 44.
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energy of the g-relaxation estimated for HOT6 is closer to the
activation energy of ca. 40 kJ mol�1 of the g-relaxation of
polyethylene (PE)77 one must conclude that the molecular
fluctuations responsible for the g-relaxation of HOT6 are more
restricted than that of HAT6. At the first glance that seems to

disagree with the conclusion drawn from the X-ray measure-
ments that the Cry2 phase is less ordered that the plastic
crystalline state of HAT6. However, the g-relaxation of HOT6
takes place at lower temperature in the Cry1 phase of HOT6.
Although no X-ray data for the Cry1 phase are available it is
concluded that the Cry1 state of HOT6 is more ordered than
that of HAT6.

At low temperature the a2-relaxation of HOT6 can be also
analyzed by fitting the HN model function directly to the data.
However, at higher temperatures the a2-relaxation overlaps with
the g-relaxation which prevents a reliable analysis of the a2-
relaxation (see Fig. 4a). Therefore, that process is further analyzed
by a so-called derivative approach.78 It has been demonstrated
that the Debye function exhibits the following behavior:

e00Deriv ¼ �
p
2

de0

d lnðoÞ ¼ e
0 02 (6)

Owing to the squared dependence in the derivative of
the dielectric function, e00Deriv, the width of the conduction-free
loss peak is narrower than that of the primary dielectric loss
function e00 leading to a separation of overlapping relaxation
processes. Details and examples for this analysis are given in
the SI (Section Analysis of dielectric spectra by the derivative
approach). Fig. 5 compares the temperature dependence of the
relaxation rates of the a2-relaxation of HOT6 (Fig. 5a) with that
of HAT6 (Fig. 5b). The a2-relaxation of HOT6 is observed in a
comparable temperature/frequency window than that of HAT6.
In ref. 44 evidence was presented that the a2-relaxation is
related to a glassy mobility of the columns, which can be
considered as glassy dynamics of a one-dimensional liquid.
As the core of HOT6 is analogous to that of HAT6 and because
the a2-relaxation for HOT6 is observed in a comparable tem-
perature/frequency, the a2-relaxation of HOT6 is also assigned
to glassy mobility of the columns. Like for HAT6 the tempera-
ture dependence of the relaxation rates of the a2-relaxation is
quite complex and can be described neither by the Arrhenius
nor by the VFT equation. Firstly, fp(T) increases relatively
strongly with increasing temperature up to ca. 210 K following
approximately the Arrhenius law. Secondly, at higher tempera-
tures fp(T) increases further Arrhenius-like but with a lower
apparent activation energy (see Fig. 5). For HAT6 the change in
fp(T) correlates with the thermal glass transition temperature
Tg,1 (see Fig. 5b). Although Tg,1 of HOT6 is found close to the
change of fp(T), no exact correlation is found for HOT6. Never-
theless, it is argued that the change in the temperature depen-
dence of the a2-relaxation is related to the glass transition 2
which is assigned to the glass transition of the alkyl side chains
in the intercolumnar space.

From the DSC measurements a thermal relaxation rate can
be estimated by79

fp ¼
_T

2paDTg
: (7)

The heating or cooling rate is denoted as
:
T and DTg is the

width of the glass transition. DTg is estimated as temperature

Fig. 5 (a) Relaxation map for HOT6 in Arrhenius coordinates: asterisks –
methyl group rotation. The dashed dotted–dotted line is a common fit of
the Arrhenius equation to the data of HOT6 and HAT6. Squares – dielectric
g-relaxation. The solid lines are fits of the Arrhenius equation to the
corresponding data. Pentagons – second process measured by neutron
scattering. The dashed dotted line is a fit of the Arrhenius equation to the
relaxation rates of the second process measured by neutron scattering.
The red dashed-dotted line is a fit of the Arrhenius equation to the data
of HOT6. Circles – dielectric a2-relaxation. Solid triangles – dielectric a1-
relaxation diamonds – heating rate (HR) versus inverse glass transition
temperature estimated from the FSC measurements. Open triangles – HR
versus inverse Tg taken from the DSC measurements. The dotted line is a
linear fit to heating rates of FSC and Tg,1 measured by DSC. Phase
transitions temperatures are indicated by black dotted lines. (b) Relaxation
map for HAT6 in Arrhenius coordinates. All data were taken from ref. 48:
asterisks – methyl group rotation. The dashed dotted–dotted line is a
common fit of the Arrhenius equation to the data of HOT6 and HAT6.
Squares – dielectric g-relaxation. The solid lines are fits of the Arrhenius
equation to the corresponding data. Pentagons – second process mea-
sured by neutron scattering. The solid blue line is a fit of the Arhenius
equation to the data of the g-relaxation. Triangles – thermal data for the
a1-relaxation. The dashed line is a fit of the VFT equation to the thermal
data. Phase transitions temperatures are indicated by black dotted lines.
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difference between onset and endset of the glass transition step
a is a constant of the order of one. The thermal relaxation rate
estimated for the glass transition 2 is added to the relaxation
map (Fig. 5a). It correlates approximately with the lower tem-
perature branch of the a2-relaxation which supports the assign-
ment of the a2-relaxation to the glass-like mobility within the
columns.

In addition to the well-established a2-relaxation, the dielec-
tric spectra of HOT6 reveal an additional an a1-process, which
is not detectable in the dielectric response of HAT6 (see Fig. 4)
but has been identified through advanced calorimetric techni-
ques. The a1-relaxation in HOT6 was further analyzed using the
derivative approach described previously (see SI). The corres-
ponding relaxation rates were incorporated into the relaxation
map (Fig. 5a). The dielectric a1-process occurs in a comparable
temperature/frequency window as the a1-relaxation of HAT6
measured by a combination of calorimetric methods. In ref. 44
the a1-relaxation was attributed to the glassy dynamics of the
alkyl chains in the intercolumnar space. A similar interpreta-
tion is made here for the molecular origin of the a1-relaxation
of HOT6, supported by the correlation between dielectric and
thermal relaxation rates derived from the glass transition 1
measured via DSC.

To investigate the glassy dynamics of HOT6 further fast
scanning calorimetric measurements employing the Flash
DSC1 have been carried out. An example for these measure-
ments is given in the SI (Section Fast scanning calorimetry).
From these measurements a thermal glass transition tempera-
ture is estimated by a derivative technique as described for the
DSC measurements. As the data show considerable scatter, no
thermal relaxation rates for FSC measurements according to
eqn (7) can be extracted as the width DTg cannot be estimated
unambiguously. Therefore, the heating rates (HR) are plotted
versus the inverse of the estimated glass transition tempera-
ture in Fig. 5a (right y-axis). The absolute values and the tempera-
ture dependence of the FSC data agrees with that of the dielectric
a1-relaxation of HOT6. Moreover, the heating rate and corres-
ponding Tg estimated for the glass transition 1 measured by DSC
were added to the heating rate plot. Both data sets agree with each
other and can be described by a common fit of the Arrhenius
equation. From these agreements it is concluded that the dielectric
a1-relaxation of HOT6 is really a glass transition.

While the temperature dependence of the relaxation rates of
the a1-process in HAT6 follows the VFT behavior, that of the
a1-relaxation of HOT6 seems to follow the Arrhenius equation.
Within the framework of the fragility concept to the glass
transition, this suggests that the a1-relaxation in HOT6 exhibits
stronger (i.e., less fragile) glassy dynamics compared to that of
HAT6. Consistent with conclusions drawn regarding the g-
relaxation, the Cry1 phase of HOT6 is structurally more ordered
than the plastic crystalline phase of HAT6. This increased order
likely imposes stronger constraints on the mobility of the alkyl
side chains, resulting in more localized fluctuations of the alkyl
chains relative to those of HAT6.

It is worth mentioning that glass transition 2 could not be
investigated by FSC due to the limitations of Flash DSC1.

Neutron scattering

Inelastic neutron scattering – low frequency density of states.
The determination of the low frequency vibrational density of states
g(o) from neutron scattering measurements is grounded in the
conventional theoretical framework of one-phonon scattering
under the incoherent approximation.80 This approach presumes
the presence of a single atomic species, thereby simplifying the
analysis. Within this context, the VDOS is quantitatively linked to
the incoherent dynamic structure factor by:

Sinc q;oð Þ ¼ e�2W qð Þ d oð Þ þ �hq2

2 �m

g oð Þ
o
� exp

�ho
kBT

� �
� 1

� ��1 !

(8a)

The exponential term e�2W(q) is the Debye–Waller factor and
d represents the delta function. %m gives the average atomic
mass. Owing to the high incoherent scattering cross-section
and the low atomic mass of hydrogen, its dynamical contribu-
tions are disproportionately amplified in the neutron scattering
signal. Nevertheless, if the vibrational modes associated with
hydrogen atoms are uniformly distributed across the relevant
frequency range, the resulting spectral signal may be consid-
ered a valid representation of the VDOS from a thermodynamic
perspective.

The experimentally observed scattering intensity, Sobs(q,o),
corresponds to the convolution of the intrinsic scattering
response of the sample with the instrumental resolution func-
tion of the spectrometer. Given that the Boson peak typically
appears as a broad spectral feature, this convolution can be
effectively approximated by a discrete summation. Under this
approximation, eqn (8a) simplifies to:81

Sobs q;oð Þ ¼Sinc q;oð Þ�R q;oð Þ

� e�2W qð Þ R q;oð Þþ�hq2

2 �m

g oð Þ
o
� exp

�ho
kBT

� �
�1

� ��1 !

(8b)

R(q,o) represents the resolution of the spectrometer.
Eqn (8b) describes a linear relationship between g(o) and
R(q,o). By acquiring scattering data at two distinct tempera-
tures (in this case, 4 K and 80 K), it is possible to estimate both
g(o) and R(o) from eqn (8b). The detailed procedure for the
calculation of the VDOS is given in the SI. This calculation also
includes a correction for multiple scattering events. At this
point it must be mentioned that in earlier publication78 this
correction has not been made, leading to apparently higher
values of g(o). But due to the linear nature of the correction,
this does not affect the shape and peak position of the result.

Fig. 6 compares g(o)/o2 versus frequency for HOT6 and
HAT6. As known from ref. 82 g(o)/o2 versus o shows a broad
Boson peak for HAT6 with a maximum frequency oBP of ca.
2.77 ps�1. This is a bit different for HOT6. Besides a main peak
at a frequency of approximately 3.1 ps�1, g(o)/o2 versus fre-
quency shows a broad shoulder in the frequency range of 4 ps�1

to 8 ps�1 which is not present for HAT6.
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Firstly, the shift in the main maximum frequency position of
HOT6 in comparison to that of HAT6 will be discussed. Within
the framework of elastic disorder models addressing the Boson
peak, the characteristic frequency of the BP is commonly
associated with the elastic moduli of the material.83 In materi-
als with a reduced stiffness (softer materials) on a local scale,
the Boson peak is observed to shift toward lower frequencies
compared with stiffer (harder) counterparts. To validate this
correlation, experimental studies have been conducted in
which the mechanical stiffness of the material was system-
atically modulated – either through continuous structural
modifications82 or by incorporating an additional component
into the host matrix.84 Recently, this approach has been
extended to investigate the correlation between the frequency
position of the Boson peak and the Brunauer–Emmett–Teller
(BET) surface area in intrinsic microporous polymers.85–87 The
higher value of oBP for HOT6 in comparison with that of HAT6

would imply that HOT6 is stiffer on a molecular scale in
comparison to HAT6. This conclusion agrees with the results
obtained by dielectric spectroscopy that the alkyl chains in the
intercolumnar space are more constrained for HOT6 than that
of HAT6 leading to a higher local elastic modulus.

Secondly, the shoulder in g(o)/o2 versus o observed in the
frequency range of ca. 4 ps�1 to 8 ps�1 for HOT6 will be
addressed (see Fig. 6). From the dielectric experiments, it was
concluded that the structure of the alkyl side chains in the
intercolumnar space is changed for HOT6 in comparison to
that of HAT6. Most probably the changed packing and structure
of the alkyl chains for HOT6 leads to additional vibrations
giving rise to the shoulder in the VDOS of HOT6.

Elastic scans. Fixed elastic window scans are a powerful tool
to monitor the molecular dynamics of a material at a time scale
corresponding to the resolution of a neutron back scattering
spectrometer.88,89 Fig. 7a compares the effective mean squared
displacement hu2ieff versus temperature for HAT6 and HOT6.
As a first result, the phase transitions can be verified in the
temperature dependence of hu2ieff for both materials. The inset
of Fig. 7a enlarges the temperature scale of the effective mean
squared displacement for HOT6 in the lower temperature
range. Multiple processes can be identified from variations in
the temperature dependence of the effective mean squared
displacement. At low temperature the change of hu2ieff(T) is
due to vibrations. This linear increase of hu2ieff with tempera-
ture is predicted theoretically.80 At temperatures from 100 K to
150 K the temperature dependence of hu2ieff changes due to
onset of the methyl group rotation as HOT6 like HAT6 has six
methyl groups per molecule.90 In the temperature range
between 150 K and approximately 270 K, additional changes
in the temperature dependence of the effective mean-square
displacement, hu2ieff (T), are observed for HOT6. This behavior
is attributed to the onset of the relaxation processes like the
g- and the a-relaxations, which are corroborated by dielectric
spectroscopy measurements. The assignment of the methyl
group rotation and the further relaxation process agree with the
quasielastic neutron scattering discussed below. At ca. 300 K a

Fig. 6 Comparison of the low frequency vibrational density of states
normalized by o2 vs. frequency for HOT6 (red spheres) and HAT6 (blue
squares). Lines are guides to the eyes for the corresponding data. The lines
are obtained by a smoothing approach. Dashed lines indicate the max-
imum positions of the BPs.

Fig. 7 (a) Temperature dependence of the effective mean squared displacement hu2ieff: red circles – HOT6, blue squares – HAT6. The dashed lines
represent the phase transition temperatures measured by DSC. The inset enlarges the temperature scale for HOT6 in the lower temperature range. The
dashed lines are linear to the data in the corresponding temperatures ranges. (b) Comparison of hu2ieff (T) in the lower temperature range for HOT6
(red circles) and HAT6 (blue squares). The dashed lines are linear to the data in the corresponding temperatures ranges.
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further change in hu2ieff(T) is revealed for HOT6 which is
attributed to the Cry1/Cry2 phase transition.

Fig. 7b compares the temperature dependence of hu2ieff of
HOT6 and HAT6 in the lower temperature range. In the
temperature where the vibrations are revealed in the elastic
scans the effective mean squared displacement for both mate-
rials are approximately similar as the vibrations are localized.
As the methyl group rotation is also a localized relaxation
process, the mean squared displacement is also approximately
similar for this relaxation process. For temperatures above than
characteristic for the methyl group rotation, hu2ieff(T) is essen-
tial higher for HOT6 compared with that of HAT6. This beha-
vior indicates that the molecular mobility in HOT6 is higher
than for HAT6. Moreover, for HOT6 the temperature depen-
dence of hu2ieff seems to be more complex than that of HAT6.

Quasielastic neutron scattering. Fig. 8a depicts the incoher-
ent intermediate (time dependent) scattering function SInc(q,t)
for the used q values at 150 K. The data in the time range from
0.1 ps to ca. 30 ps were acquired using the TOFTOF spectro-
meter, whereas measurements for the range from ca. 60 ps to
approximately 3 ns were conducted on the SPHERES instru-
ment. At 150 K SInc(q,t) shows a single-step decay indicating a
relaxation process which is assigned to the methyl group
rotation. In general, the rotation rate distribution model is
employed to analyze the methyl group rotation.90 However, for
simplicity here a stretched exponential is fitted to SInc(q,t). The
fit function reads

SInc q; tð Þ ¼ DWF

� 1� EISFMð Þ exp � t

tM

� �bM
 !

þ EISFM

 !

(9)

where DWF denotes the Debye–Waller factor, EISFM symbolizes
the elastic incoherent structure factor for methyl group rotation,
tM is the relaxation time for methyl group rotation and bM the
corresponding stretching parameter. Fig. 8a shows that this
approach describes the data well.

The q dependence of the EISFM can be most effectively
described by a model based on jump rotation within a threefold
rotational potential. This potential is given by V(f) B (1 �
cos(3f))/2 which reflects the presence of three energetically
equivalent minima corresponding to the rotational symmetry
of the methyl group around its axis. This model captures the
essential physics of the rotational dynamics and leads to an
analytical expression for the EISFM

90,91

EISFM qð Þ ¼ 1

3
1þ 2

sin
ffiffiffi
3
p

qr
� 	
ffiffiffi
3
p

qr

 !
(10a)

The spatial arrangement of the hydrogen nuclei in a methyl
group defines a circular trajectory with a radius of r = 1.027 Å.
The theoretical prediction of eqn (10a) is given in Fig. 8b.
During the deduction of eqn (10a) it was assumed that all
hydrogen nuclei in a system undergo the methyl group rotation.
Fig. 1a shows that is not true as HOT6 contains 84 hydrogen
nuclei into total of which only 18 are in the methyl groups.
Therefore eqn (10a) must be corrected by

EISFM,corr(q) = (1 � Cfix)EISFM(q) + Cfix (10b)

taking only into account the number of hydrogen nuclei which
undergo the methyl group rotation. Here Cfix is the ratio (nH,total

� nH,methyl group)/nH,total = 0.785. Fig. 8b reveals that this
approach describes the data well. Fig. 8b shows further that
the q dependence of the EISF for HOT6 is identical to that of
HAT6 within error bars. This should be expected as the number
of hydrogen nuclei in the methyl groups is identical for both
materials, and the methyl group rotation is a localized process
and thus independent of the linkage of the alkyl side chain to
the triphenylene core.

From the relaxation time tM obtained by the fit of eqn (9) to
the data a mean relaxation time can be calculated by

tavh i ¼ t
b
G b�1
� 	

: (11)

In eqn (11) G(x) denotes the Gamma function. The relaxation
times for the methyl group rotation are independent of the q

Fig. 8 (a) Incoherent intermediate scattering function SInc(q,t) of HOT6 versus time at T = 150 K at different values of the q vector: black squares
q = 1.78 Å�1; blue circles q = 1.42 Å�1, red asterisk –q = 1.04 Å�1 and green triangle –q = 0.69 Å�1. Lines are fits of eqn (9) to the data. (b) EISF versus q
for HOT6 (solid red circles) and HAT6 (open blue squares). The dashed line is the prediction of eqn (10a). The solid line is calculated by eqn (10b) with
Cfix = 0.785.
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value which is expected for a localized relaxation process.
Therefore, an arithmetically average relaxation time is calcu-
lated for each temperature. The relaxation rates for the methyl
group of HOT6 are included in Fig. 5a and compared with those
of HAT6. Both sets of data for the methyl group rotation can be
described by a common Arrhenius equation with an average
activation energy of approximately 11.3 kJ mol�1. This is
expected as the methyl group rotation is a localized relaxation
process and should be independent from the linker of the alkyl
side chain to the triphenyl core.

Fig. 9a compares the time dependence of Sinc(q,t) for HOT6
and HAT6 for a q value of 1.79 Å�1 at T = 250 K. As already
concluded from the elastic scans, for HOT6 the intermediate
scattering function decays much stronger for HOT6 than for
HAT6. As most of the scattering is due to the hydrogen nuclei
located in the intercolumnar space, that indicates that the
structure of the intercolumnar state is different for HOT6
compared to HAT6. Moreover, for temperatures higher than
150 K, Sinc(q,t) exhibits a two-step decay. This indicates two
underlying relaxation processes where the process at shorter
times is methyl group rotation. To analyze the intermediate
(time dependent) scattering function for these temperatures,
two stretched exponentials are fitted to Sinc(q,t) for tempera-
tures higher than T = 150 K. The whole fit function reads

SInc q; tð Þ ¼ DWF� 1� EISFMð Þ exp � t

tM

� �bM
 ! 

þ EISFM � EISFg
� 	

exp � t

tg

� �bg
 !

þ EISFg

!
:

(12)

EISFg, tg and bg are the corresponding elastic incoherent
structure factor, the relaxation time and the shape parameter
for the relaxation process taking place observed at longer times.
Examples for the fit of eqn (12) to the data are given in Fig. 9b.
To reduce the number of free fit parameters it was assumed
that the elastic incoherent structure factor is independent of
temperature. This assumption is supported by the result that

the q dependence follows eqn (10b) with a value of Cfix

estimated from the chemical structure of HOT6. Therefore,
the values of the EISFM obtained at T = 150 K were fixed for the
fits of eqn (12) to the data measured at higher temperatures.
Moreover, for bg the value obtained from the dielectric experi-
ment was taken and fixed during the fits. The average relaxa-
tion for the process at longer times is calculated by eqn (11). As
for the methyl group rotation, the relaxation times for the
process observed at longer times are independent of the q
vector within error bars which points to a localized relaxation
process. The relaxation times were arithmetically averaged with
respect to q. The corresponding relaxation rates are included
in Fig. 5a.

For HAT6 the relaxation rates of the low frequency process
observed with neutron scattering correspond in both its abso-
lute values and its activation energy with that of the g-relaxation
found by dielectric spectroscopy (see Fig. 5b). This is a bit
different for HOT6. Here the values of the relaxation rates
observed by neutron scattering are by ca. 1 decade higher than
that estimated by dielectric spectroscopy. However, the
deduced activation energy of 29 kJ mol�1 for the relaxation
process observed by neutron scattering is similar to that found
for the g-relaxation by dielectric spectroscopy (29.2 kJ mol�1)
(see Fig. 5a). Therefore, it is concluded that the relaxation process
observed by neutron scattering is at least related to the dielectric
g-relaxation. It might be further argued that dielectric and neutron
scattering sense different aspects of the same process.

Conclusion

This study presents a comprehensive comparison of the molecu-
lar dynamics of two structurally related discotic liquid crystals,
HOT6 and HAT6, using a multi-technique approach including
dielectric spectroscopy, calorimetry, X-ray scattering, and neu-
tron scattering. The substitution of an oxygen bridge in HAT6
with an ester linkage in HOT6 significantly alters the dyna-
mic behavior and structural organization of the material
in the intercolumnar space. Also, the dielectric loss of HOT6
is enhanced compared to that of HAT6 which is due to the

Fig. 9 (a) Comparison of the incoherent intermediated scattering function SInc(q,t) of HOT6 (red circles) and HAT6 (blue squares) for a q vector of
1.78 Å�1 at T = 250 K. Lines are guides to the eyes. (b) SInc(q,t) of HOT6 versus time at T = 250 K for different values of the q vector: black squares
q = 1.78 Å�1; blue circles q = 1.42 Å�1, red asterisk –q = 1.04 Å�1 and green triangle –q = 0.69 Å�1. Lines are fits of eqn (9) to the data.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

12
:2

8:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm01247c


1876 |  Soft Matter, 2026, 22, 1863–1879 This journal is © The Royal Society of Chemistry 2026

presence of the polar ester group in HOT6. HOT6 exhibits
two distinct glass transitions, indicated by dielectric a1- and
a2-relaxations. The a1-relaxation is assigned to the glassy
dynamics of the alkyl side chains in the intercolumnar space
while the a2-relaxation is attributed to the glassy dynamics of
the columns. This process can be considered as a glass transi-
tion of a one-dimensional liquid. Besides the a-relaxations a
g-relaxation is observed by dielectric spectroscopy. Compared
to HAT6 the activation energy of the g-relaxation is higher for
HOT6 which points to a more constrained molecular mobility
in the intercolumnar space. This conclusion is supported by a
modified low frequency vibrational density of states measured
by inelastic neutron scattering.

X-ray diffraction reveals a peak splitting and increased
intercolumnar distances in HOT6, indicating altered packing
due to conformational variability of the ester groups. Neutron
scattering confirms the localized methyl group rotations for
HOT6 which are identical to that of HAT6. An additional
relaxation process is found by quasielastic neutron scattering.
This process shows a close resemblance to the g-relaxation
revealed by dielectric spectroscopy.

Overall, the findings underscore the sensitivity of glassy
dynamics to subtle changes in molecular architecture and
highlight the importance of combining complementary experi-
mental techniques to unravel the intricate behavior of partially
ordered soft matter systems. These insights contribute to the
broader understanding of glass transition phenomena in dis-
cotic liquid crystals and may inform the design of advanced
functional materials for electronic applications.
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