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Abstract: 

The molecular dynamics of the triphenylene-based discotic liquid crystal HAT6 is 

investigated by broadband dielectric spectroscopy, advanced dynamical calorimetry and 

neutron scattering. Differential scanning calorimetry in combination with X-ray scattering 

reveals that HAT6 has a plastic crystalline phase at low temperatures, a hexagonally ordered 

liquid crystalline phase at higher temperatures and undergoes a clearing transition at even 

higher temperatures. The dielectric spectra show several relaxation processes: a localized γ-

relaxation a lower temperature and a so called α2-relaxation at higher temperatures. The 

relaxation rates of the α2-relaxation have a complex temperature dependence and bear 

similarities to a dynamic glass transition. The relaxation rates estimated by hyper DSC, Fast 

Scanning calorimetry and AC Chip calorimetry have a different temperature dependence than 

the dielectric α2-relaxation and follows the VFT-behavior characteristic for glassy dynamics. 

Therefore, this process is called α1-relaxation. Its relaxation rates show a similarity with that 

of polyethylene. For this reason, the α1-relaxation is assigned to the dynamic glass transition 

of the alkyl chains in the intercolumnar space. Moreover, this process is not observed by 

dielectric spectroscopy which supports its assignment. The α2-relaxation was assigned to 

small scale translatorial and/or small angle fluctuations of the cores.  

The neutron scattering data reveal two relaxation processes. The process observed at shorter 

relaxation times is assigned to the methyl group rotation. The second relaxation process at 

longer time scales agree in the temperature dependence of its relaxation rates with that of the 

dielectric γ-relaxation.  
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Introduction 

The molecular dynamics related to the glass transition is a current problem of condensed 

matter physics.1-6 Till today it is only partly understood why a glass-forming system freezes in 

a disordered, glassy state instead forming a crystal. One of the most challenging fact is the 

dramatic increase of both the structural relaxation time τ (relaxation rate fp=1/(2πτ)) and the 

viscosity when a glass-forming system is cooled down. When decreasing the temperature by a 

factor of two towards the glass transition temperature Tg, τ increases by more than 14 orders 

of magnitude and microscopic and macroscopic time scales are bridged. The corresponding 

molecular process is called α-relaxation (structural relaxation) or dynamic glass transition. In 

the vicinity of Tg the temperature dependence of τ or fp=1/(2πτ) can be approximated by the 

Vogel-Fulcher-Tammannequation7-9 

log fp = log f! −
!

!!!!
 .         (1) 

Here f! is the relaxation rate at infinite temperatures and B a constant witch is related to the 

fragility strength D=B/(ln(10) T0) (D-fragility parameter). The fragility concept to the glass 

transition is a useful scheme to classify glass-forming systems.10,11 Glass-forming systems are 

classified as "fragile" if the temperature dependence of τ deviates strongly from an Arrhenius-

type dependence and "strong" if τ(T) is close to the latter. T0 is called Vogel or ideal glass 

transition temperature and empirically found 30 – 70 K below the Tg measured by 

conventional methods like Differential Scanning Calorimetry (DSC). 

In the cooperativity approach to the glass transition,12-15 which is widely discussed, the strong 

increase of the relaxation time close to the glass transition temperature is related to the 

assumption that in an environment of a given molecule other molecules have to re-arrange 

cooperatively to reach the minimum of a complex energy landscape. 

Further dynamical processes are observed, which are relevant for the glass transition besides 

the α-relaxation. Goldstein and Johari pioneered the idea that a so-called slow β-relaxation 

can be considered as a precursor of the α-relaxation in cases where the process (true genuine 

β-relaxation) cannot be assigned to internal degrees of freedom.16,17 The temperature 

dependence of the relaxation rate of the β-relaxation is characterized by the Arrhenius law 

 

f! =  f!exp − !!
!!!

          (2) 

where EA is the activation energy and kB the Boltzmann constant. 
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The most known materials showing a glass transition are the widely studied low molecular 

weight liquids, silica glasses, or polymers. Besides these materials a glass transition can be 

also observed for materials with partial order and restricted mobility.10,11 For the first time, 

Seki and Suga reported a glass transition of plastic crystals.18 Further examples for a glass 

transition in plastic crystal are for instance discussed in references.19-23 It is worth noting that 

also discotic liquid crystals show a kind of glassy dynamics as discussed elsewhere.24-26 Till 

today it is an open question which molecular processes are responsible for glassy dynamics in 

systems with restricted mobility and partial order. Investigations on such systems like liquid 

crystals might be suited to study the glass transition phenomena in general. 

Discotic liquid crystals (DLCs) are advanced soft matter materials with a variety of potential 

application in the field of electronics.27-29 In principle, discotic liquid crystals are formed by 

molecules having a disc-like core and longer alkyl chains connected to the core structure. At 

low temperatures DLCs often form a plastic crystalline phase followed by a hexagonal 

columnar liquid crystalline phase at higher temperatures where the disc-like molecules are 

stacked into columns which can be considered as a one-dimensional fluid.30 Furthermore, the 

columns are arranged on a hexagonal lattice. The potential applications of DLCs are related to 

this liquid crystalline hexagonal ordered phase. Besides the hexagonal columnar phase also 

nematic phases can be observed. At even higher temperature than the range of the hexagonal 

columnar liquid crystalline phase DLCs undergo an isotropization transition where the 

molecules become more or less disordered. 

In this paper, the molecular dynamics of a triphenylene model system for discotic liquid 

crystals is investigated by broadband dielectric spectroscopy (BDS), neutron scattering and 

advanced calorimetric measurements. Recently a study concerning functionalized 

triphenylene model compounds has been published by some of the authors.31 It should be 

noted that in the literature the molecular dynamics of DLCs having a more complex core is 

reported.32-33,34 

 

Experimental 
Materials: The discotic liquid crystal Hexakis(hexa-alkyloxy)triphenylene (HAT6) was 

purchased from Synthon Chemicals (Bitterfeld, Germany) and used without further 

purifications. The chemical structure is given in Figure 1. At low temperature HAT6 has a 

plastic crystal phase, followed by hexagonal ordered columnar liquid crystal phase in the 

temperature range from 342 K to 372.3 K. At temperatures above 372.3 K, HAT6 is in the 

isotropic state. All phase transition temperatures were taken from the second heating run of a 
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differential scanning calorimetry measurement (heating rate 10 K/min, see Figure 1). For 

experimental details including X-ray scattering data see ref.35 
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Figure 1: DSC thermogram of HAT6 during cooling (dashed line) and heating (solid line) at 
a rate of 10 K/min. The inset gives the chemical structure of HAT6. Further the different 
phases are illustrated.  
 

Differential Scanning Calorimetry (DSC): DSC measurements were carried out by a Perkin 

Elmer DSC 8500. Nitrogen was used as a purge gas at a flow rate of 20 ml/min for 

temperatures higher than 173 K. For measurements at lower temperatures than 173 K helium 

was applied as purge gas also at a flow rate of 20 ml/min. Moreover, the calibration of the 

DSC was checked before the measurement by measuring an indium standard. A baseline 

measurement was conducted by measuring an empty pan under the same conditions as the 

sample. 

To investigate the phase transition behavior ca. 6 mg HAT6 was inserted in a standard DSC 

pan with a volume of 50 µl and investigated in the temperature range from 173 K to 423 K 

with a heating/cooling rate of 10 K/min. The data were taken from the second heating run. 

To investigate the glass transition behavior Hyper DSC with heating rates up to 300 K/min 

was employed also by utilizing DSC 8500. For these measurements specialized DSC pans are 

applied allowing for high rates (Perkin Elmer N520-3115, Folding Hyper DSC Aluminum 

sample pans). In the case of Hyper DSC measurements samples of about 1 mg are used. To 
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guarantee the same sample state before each heating run the sample was heated to 423 K in 

the isotropic state and cooled down with a cooling rate of 10 K/min to 173 K. 

Fast Scanning Calorimetry (FSC): FSC employing a Mettler-Toledo Flash DSC1, which is a 

chip-based power compensated DSC, was further used to investigate the glass transition of the 

samples.36 The MultiSTAR UFS 1 used in Flash DSC 1 is a twin chip sensors.37 Because of 

the chip-based technology heating rates from 10 K/s to 10000 K/s can be applied. As purge 

gas Nitrogen was used at a flow rate of 40 ml/min. For temperature control a Huber TC100 

intercooler was used. The calibration of the Flash DSC 1 was carried out according to the 

recommendations of the producer. A detailed description can be found in reference 38. The 

error in the estimated glass transition temperatures results mainly from the thermal lag which 

is estimated to be ± 3 K. 

AC Chip Calorimetry: For AC chip calorimetry the calorimeter chip XEN 39390 (Xensor 

integrations, Nl) was employed as measuring cell. Two 4-wire heaters (bias and guard heater) 

are located in the center of a free-standing thin silicon nitride membrane (thickness 1 µm) 

supported by a Si frame. The nanocalorimeter chip has a theoretical heated hot spot area of 

about 30×30 µm2, with an integrated 6-couple thermopile.39 In addition to the 30×30 µm2 hot 
spot also the heater strips contribute to the heated area. A SiO2 layer with a of thickness 0.5-1 
µm) protects the heaters and thermopiles. The sample is melted directly on the sensor at the 
heated area under a microscope.  

A differential approach was used which minimizes the contribution of the heat capacity of the 

empty sensor to the measured data.40 In the approximation of thin films (submicron) the heat 

capacity of the sample CS is given by 

 

𝐶! = 𝑖𝜔𝐶!""(∆𝑈 − ∆𝑈!)/𝑃!𝑆 (3) 

 

where S is the sensitivity of the thermopile, P0 is the applied heating power. 𝐶!"" ≡ 𝐶! +

𝐺/𝑖𝜔 describes the effective heat capacity of the empty sensor were G/iω is the heat loss 

through the surrounding atmosphere and ω is angular frequency (ω=2πf, f-frequency). 

𝑖 = −1 denotes the imaginary unit. ΔU is the complex differential thermopile voltage for an 

empty and a sensor with a sample, and ΔU0 is the complex differential signal obtained for two 

empty sensors. For identical sensors, ΔU0=0 holds. For details see reference 40. Absolute 

values of the complex specific heat capacity41 can be deduced from the complex differential 

voltage using calibration techniques. Here the real part of the complex differential voltage and 

the phase angle are considered. 
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The temperature-scan-mode was employed, which means that the frequency was kept 

constant while the temperature was scanned with a heating/cooling rate of 1 K/min … 2.0 

K/min depending on the used frequency. The heating power for the modulation was kept 

constant at about 25 µW, which ensures that the amplitude of the temperature modulation is 

less than 0.5 K. The frequency is varied between 1 Hz and 1000 Hz 

Broadband Dielectric Spectroscopy: The complex dielectric function ε*(f)=ε´(f) - iε´´(f) is 

measured in the frequency range from 10-2 Hz to 3*109 Hz where ε´ and ε´´ denote the real 

and loss part of the complex dielectric function. All measurements were carried out in parallel 

plate geometry with gold plated brass electrodes. Fused silica spacers were employed to 

maintain a sample thickness of 50 µm. 

In the frequency range from 10-2 Hz to 107 Hz the measurements were performed by a high-

resolution Alpha analyzer with an active sample head (Novocontrol, Montabaur, Germany). 

For more details see ref.42. The diameter of the sample for these measurements was 20 mm. 

In the frequency range from 106 Hz to 3*109 Hz the measurements were carried out by a 

coaxial line reflectometer based on the Agilent impedance analyzer E4991. For these 

measurements, the sample is modelled as part of the inner conductor. For more details see 

ref.42 Here the diameter of the sample capacitor was 6 mm. 

In both setups, the temperature of the sample was controlled by a Quatro temperature 

controller (Novocontrol). The temperature stability was better than 0.1 K. 

Broadband Neutron Spectroscopy: To cover also a broad time window by inelastic neutron 

scattering different spectrometer based on different principles are combined. Inelastic neutron 

scattering is sensitive to molecular motions at microscopic length and time scales.43 During 

the scattering process momentum and energy are exchanged between the neutrons and the 

nuclei of the sample. This yields to information about the space and time dependence of the 

underlying dynamical processes. The double differential cross section 

 
!!!
!! !"

=  !
!!

 !!
!!

 (𝜎!"!𝑆!"! 𝑞,𝜔 +  𝜎!"#𝑆!"# 𝑞,𝜔 )      (4) 

 

is obtained during a neutron scattering experiment as main experimental quantity. Here q 

denotes the scattering vector while ki and kf are the incident and final wave vectors of the 

neutron beam respectively. The angular frequency ω is a related to the measured energy 

transfer ΔE by ω=ΔE/ħ. Ω is the solid angle of detection. Si(q,ω) are the incoherent and 

coherent dynamic structure factors (scattering functions), σcoh and σinc are the scattering cross-

sections for coherent and incoherent scattering. HAT6 consists of hydrogen (H), carbon (C), 
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and oxygen (O). The corresponding scattering cross-sections for coherent and incoherent 

scattering are given in Table 1. Hydrogen is the strongest incoherent scatterer and the 

coherent contributions of all nuclei for HAT6 are much smaller. Therefore, the observed 

scattering is predominantly incoherent and related to the H-distribution in the alkyl chains. 

 

Table 1: Cross-section for incoherent and coherent scattering of the relevant nuclei. 

Nuclei σinc [barn] σcoh [barn] 

H 80.27 1.756 

C 0 5.551 

O 0 4.232 

 

Elastic scans: To have an overview about the molecular dynamics at a time scale of ca. 1.7 ns 

elastic fixed window scans (ΔE≈0) are carried out by neutron backscattering employing the 

backscattering instrument IN16B operated at the Institut Laue-Langevin (ILL, Grenoble, 

France)44. IN16B is a third-generation cold neutron backscattering spectrometer with focusing 

optics and a rotating phase-space-transform chopper. IN16B was used in standard 

configuration (unpolished Si-111) with wavelength of the incident neutron beam of 6.271 Å 

corresponding to a resolution of 0.75 µeV (full width at half maximum). In this configuration 

the scattering vector q ranges from 0.1 Å to 1.8 Å. From the elastic scattered intensities an 

effective mean-square displacement <u2> eff is calculated by a fractal model45 which in case of 

a clear separation of elastic and inelastic scattering reduces to the usual Gaussian form 

 

I!" / I! =  e(!!!!!!!!""/!)         (5) 

 

(Iel and I0 are the elastically and totally scattered intensities) but is more reliable in the high 

<u2>eff value region. I0 was measured at temperatures below 2K with an increased statistic. 

The measurements were carried out with a heating rate of 1.9 K/min below 300 K and 0.43 

K/min in the range 300–470 K where the more interesting dynamics is observed. These rates 

correspond to one data point per 4 K and per 1 K, respectively. 

Combination of neutron time-of-flight and backscattering: To cover a broad time range by 

neutron scattering too, neutron time-of-flight was combined with neutron backscattering. 

Time-of-flight scattering was carried out at the multi-chopper cold neutron time-of-flight 

spectrometer TOFTOF.46 It is operated by the Technische Universität München at the Heinz 



	 9	

Maier-Leibnitz Zentrum (MLZ) in Garching, Germany. An incident wavelength of λn= 5.0 Å 

was used employing a standard configuration of TOFTOF. This corresponds to a resolution of 

85–100 µeV (full width at half maximum) and a maximal accessible elastic scattering vector 

of q=2.3 Å-1. Figure 2a depicts the incoherent dynamic structure factor for HAT6 measured at 

TOFTOF for different temperatures. In comparison to the resolution measured at 4 K (see 

below) the spectra measured for higher temperatures show the characteristic quasielastic 

broadening.  
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Figure 2a: Neutron Time-of-Flight spectra measured at TOFTOF for the indicated 
temperatures at a q vector of 1.42 Å-1. The spectra were normalized by the peak value of the 
elastic line. The scattering of the empty can is already subtracted. The statistics of the 
measurement can be judged from the scatter of the data. 
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Figure 2b: Neutron backscattering spectra from SPHERES at an angle of 90°. The spectra 
were normalized by the peak value of the elastic line. The scattering of the empty can is 
already subtracted. Thin solid line – 4 K (resolution), asterisk – 200 K, squares – 300 K. The 
thick solid line is a guide to the eyes for the data at 200 K where the dashed line is a guide to 
the eyes for the data at 300 K. The statistics of the measurement can be judged from the 
scatter of the data. 
 

Neutron backscattering spectra were taken at the high-resolution spectrometer SPHERES.47,48 

SPHERES is a third-generation cold neutron backscattering spectrometer with focusing optics 

and a rotating phase-space-transform chopper. It is operated by the Jülich Centre for Neutron 

Science JCNS, Forschungszentrum Jülich at the MLZ. SPHERES was used in standard 

configuration with an incident wavelength of λn= 6.27 Å and a maximal resolution of 0.64 

µeV. The maximal accessible elastic scattering vector was q=1.76 Å-1. Figure 2b gives the 

incoherent dynamic structure factor for HAT6 measured at SPHERES for different 

temperatures. Also, here the quasielastic broadening of the spectra with respect to the 

resolution is observed. 

To obtain the resolution for both instruments R(q,ΔE) the sample was measured at 4 K. At 

this temperature, it can be expected that except for quantum-mechanical zero-point motions 

all molecular fluctuations leading to quasielastic scattering are frozen. Data from TOFTOF 

were evaluated by the program INX49 featuring TOF to energy conversion, background 

subtraction, vanadium normalization, and self-attenuation correction. Data from SPHERES 

were evaluated by the program SQW50 which applies backscattering normalization, vanadium 

normalization, self-attenuation correction, and in addition performs an attenuation correction 
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on the background to be subtracted. Both programs produce an effective (scattering cross 

section weighted) S(q,ΔE). 

Because of the large difference in the resolution of TOFTOF and SPHERES (see Figure 2) 

the dynamic structure factors SInc(q,ΔE) were Fourier transformed and divided by the Fourier 

transform of the corresponding resolution. This procedure leads to absolute values of the 

incoherent intermediated scattering function SInc(q,t) which can be jointly analyzed for data 

measured on both instruments in time domain. The Sinc(q,t) data sets from time-of-flight and 

backscattering spectroscopy were corrected for multiple scattering using a procedure acting in 

time domain51. Because the exact scattering geometry cannot be determined, the multiple 

scattering fraction was fitted to optimize the limit Sinc(q→0,t)=1. The resulting multiple 

scattering fractions were 15% and 20% with respect to the first scattering for SPHERES and 

TOFTOF respectively. 

 

Results 
Broadband dielectric spectroscopy: Figure 3 gives the dielectric loss spectra of HAT versus 

frequency and temperature in a 3D representation. Several dielectrically active processes are 

observed. At lowest temperature a so called γ-relaxation is observed indicated by a peak. At 

higher temperatures than the γ-relaxation a so-called α2-relaxation becomes active. At even 

higher temperatures a conductivity contribution is observed. 
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Figure 3: Dielectric loss versus frequency and temperature for HAT6 in a 3D representation 
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during cooling in the frequency range from 10-1 Hz to 106 Hz. I – isotropic, Col – columnar 
hexagonal ordered, and Cry – plastic crystalline phase. 
 

In order to analyze the dielectric data quantitatively the model function of Havriliak and 

Negami (HN-function) was fitted to the data. The HN-function reads 

 

𝜀!"∗ 𝜔 =  𝜀∞ +
∆!

!! !"!!" ! !          (6) 

 

where Δε denotes the dielectric strength. The fractional parameters β and γ (0<β; βγ≤1) 

describe the symmetric and the asymmetric broadening of the complex dielectric function 

with respect to the Debye one.52 The frequency of the maximum in the dielectric loss fp 

(relaxation rate) is related to the relaxation time τHN and is given by 

𝑓! =  !
!!

 =  !
!!!!"

 sin !"
!!!!

!/!
sin !"#

!!!!

!!/!
.      (7) 

 

This analysis results in the relaxation rate fp and the dielectric strength Δε for the different 

relaxation processes. Conduction effects are treated by adding the contribution 𝜀!"#$´´ =

𝜎!
𝜔! 𝜀!

 to the dielectric loss. σ0 is related to the DC conductivity of the sample and ε0 is 

the permittivity of vacuum. The parameter s (0<s≤1) describes for s=1 Ohmic and for s<1 

non-Ohmic effects in the conductivity. Details can be found in reference.52 Figure 4 gives 

some examples for the fitting procedure in the temperature range of the α2-relaxation. 
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Figure 4: Dielectric loss versus frequency for different temperatures: square – 183 K, circle – 
204 K, triangle – 219 K, and asterisk – 234 K. In the frequency range from 1 Hz to 105 Hz 
the error of the data corresponds approximately to the size of the symbols. Dashed lines are 
fits of the HN-function to the data. 
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Figure 5: Relaxation map of HAT6: Asterisk – methyl group rotation, Open circles – 
dielectric γ-relaxation. The solid lines are corresponding fits of the Arrhenius equation to the 
data. Solid squares – dielectric α2-relaxation, Solid right oriented triangle – low temperature 
glass transition estimated from DSC experiments with He as purge gas. Thermal data: Right 
oriented open triangle – DSC experiment with 10 K/min, open squares – Hyper DSC 
experiments, left oriented open triangles – Flash DSC experiments, down sited open triangles 
– AC chip calorimetry. The dashed-dotted line is a fit of the VFT – equation to the data. 
Solid curved line – dielectric α-relaxation rates for polyethylene taken from reference 57, 
solid pentagons – neutron scattering data taken from reference 60. Typical error bars are 
given for thermal and neutron data. The error bars of the dielectric data are smaller than the 
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size of the symbols. 
 

Figure 5 gives the relaxation rate versus inverse temperature in the Arrhenius diagram. The 

data for the γ-relaxation follow the Arrhenius law, with an activation energy of 20.6 ± 2 

kJ/mol. In reference53 a quite similar value of 23 kJ/mol is reported. Moreover, the data for 

the γ-relaxation of HAT6 show a close resemblance to the temperature dependence of the 

relaxation rates of the γ-relaxation found for polyethylene as also discussed in reference.53 

Therefore it is concluded that the γ-relaxation of HAT6 is related to localized fluctuations of 

methylene groups. 

In comparison to the temperature dependence of the γ-relaxation that of the α2-relaxation is 

more complex (see Figure 5). At first glance the temperature dependence of the relaxation 

rates of the α-relaxation follows neither the Arrhenius nor the VFT equation. It seems that the 

temperature dependence of log fp,α2(T) changes around 230 K. 

Differential scanning calorimetry: To investigate the glass transition behavior of HAT6 

Hyper DSC54 with heating rates up to 300 K/min was carried out. Before each heating run the 

sample was cooled down from the isotropic state (333 K) to the plastic crystalline phase with 

the same cooling rate of 10 K/min. Figure 6 depicts the heat flow versus temperature for 

selected heating rates. A step-like change in the heat flow is detected indicating a glass 

transition. With increasing heating rate, the step becomes more pronounced because the 

measured heat flow is proportional to the heating rate and shifts to higher temperatures. Tg 

was estimated from the half-step height of the step. For comparison with the dielectric results 

a thermal relaxation rate is calculated by55,56  

𝑓! =
Ṫ

! ! ! ∆!!
,            (8) 

where T is the heating rate and ΔTg is the width of the glass transition estimated as the 

difference between the endset and the onset temperatures of the step of the glass transition. (a 

is a constant in the order of one.) The observed overshoot in the heat flow might result in a 

larger error in ΔTg. The thermal relaxation rates estimated by Hyper DSC was included in the 

relaxation map of HAT6 (see Figure 5). 
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Figure 6: DSC thermograms measured by HyperDSC at the indicated heating rates. The 
curves are shifted along the y-scale for sake of clarity. 
 

In addition to Hyper DSC, fast scanning calorimetry36 employing a Flash DSC 1 was further 

used to investigate the glass transition of HAT6. Heating rates from 10 K/s to 500 K/s were 

used. Also, here prior each heating run the sample is cooled down from 333 K to the plastic 

crystalline state (183 K) with same cooling rate of 500 K/s. Figure 7 gives typical heat flow 

curves at the indicated heating rates. The glass transition is observed and a Tg is estimated. 

The heating rates are converted into a thermal relaxation rate according to Equ. 8 and 

included to Figure 5. 
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Figure 7: DSC thermograms measured by Flash DSC at the indicated heating rates. The 
curves are shifted along the y-scale for sake of clarity. 
 

Figure 8 gives the real part of the complex differential voltage UR measured with AC chip 

calorimetry as a measure for the heat capacity. A step-like change of UR is observed with 

increasing temperature indicating the dynamic glass transition. A dynamic glass transition 

temperature T!
!"#$%&' is estimated from the mid-step height of ΔUR and added together with 

the measuring frequency to the relaxation map of HAT6 (Figure 5). 

It becomes obvious from Figure 5 that the thermal data, which can be approximated in the 

measured frequency range by the VFT equation, do not agree with the dielectric results. The 

thermal data are shifted to higher temperatures in comparison to the dielectric ones and have 

also a different temperature dependence. Therefore, this relaxation process is called α1-

relaxation. Further the change observed in the temperature dependence of the dielectric α2-

relaxation seems to correspond to the thermal glass transition temperature of HAT6 measured 

at a relaxation rate of ca. 10-2 Hz. 
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Figure 8: Temperature dependence of the real part UR of the complex differential voltage 
measured at the indicated frequencies. 
 

The temperature dependence of the calorimetric relaxation rates (α1-relaxation) shows a close 

resemblance with that of dielectric α-process of polyethylene.57 From this coincidence, 

discussed also for other discotic liquid crystals24,25,31,58 and materials like ionic liquid crystals 

too59, the α1-relaxation is assigned to cooperative fluctuations (glassy dynamics) of the alkyl 

chains in the intercolumnar space. This glass transition can be considered as a glass transition 

in a three-dimensional confinement. Because no dipole moment is involved in these 

fluctuations this process is not observed by dielectric spectroscopy, in contrast to 

functionalized triphenylene compounds.31 This result confirms further the molecular 

assignment of the α1-relaxation. 

To investigate the molecular origin of the α2-relaxation DSC measurements under He 

atmosphere are carried out (see figure 9). Measurements with He as purge gas allows for 

lower measurements temperature than these carried out with nitrogen. The corresponding 

DSC thermogram shows two glass transitions: one at higher temperatures around 213 K 

which is already discussed above. A second step-like change of the heat flow is observed at 

lower temperatures around 157 K. This data point is included in figure 5. It agrees well with 

the dielectric α2-relaxation. From that coincidence it is concluded that the α2-relaxation 

corresponds to a glass transition. 
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Figure 9: Heat flow versus temperature for a DSC experiment during heating carried out 
under He atmosphere. The heating rate was 10 K/min. 
 

As discussed in ref. 31, because Tg,2 is much lower than Tg,1 this means that the cooperative 

fluctuations of the alkyl chains are frozen. The only motional processes which seems possible 

are small scale fluctuations of the cores. Indeed, molecular dynamics simulations predict 

translational movements of the core (parallel and perpendicular to the column axis), where 

alkyl chains motions only weakly correlate with the parallel translation of the core.60 

Therefore, the α2-relaxation is assigned to small scale translational and/or small angle 

rotational fluctuations of the cores. These fluctuations take probably place in the distorted 

regions of the columns. The oxygen atoms which can create the only possible dipole moment 

in the system are located close to the cores. Therefore, this process can be detected by 

dielectric spectroscopy. As discussed above the columns can be considered as a one-

dimensional liquid. For this reason, the α2-relaxation can be also assigned to glassy dynamics 
in a one-dimensional liquid. 

In the framework of the fluctuation approach61 to the glass transition a length scale ξ for the 

cooperative fluctuations can be derived  

ξ ≈
!!!!!∆

!
!!

! !" !

!

          (9) 

where Δ(1/cp)=1/cp,glass-1/cp,liquid were cV≈cP is assumed. ρ is the density and δT is the width of the 

glass transition. The most important quantity influencing the value of the cooperativity length 

scale is the width of the glass transition. For conventional polymers δT is found to be ca. 10 to 

20 K for comparable heating rates. Figure 9 shows that the width of the glass transition for α2-
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relaxation is extremely broad. In turn this means that the cooperativity length scale for the α2-
relaxation is expected to be quite small. This expected small value of the cooperativity length 

scale of the α2-relaxation is in agreement with the assigned molecular mechanism. 
Unfortunately, no quantitative values could be deduced here due to the large uncertainties in 

the estimation of δT. 

The Debye theory of dielectric relaxation predicts for the temperature dependence of the 

dielectric strength Δε55,56,62  

Δε =  !
!!!

 !
!

!!!
 !
!

          (10) 

where µ2 is the mean squared dipole moment and N/V is the number density of involved 

dipoles. For glassy dynamics it is known that Δε decreases with increasing temperature.63 

Already from the raw data given in Figure 3 and 4 it becomes obvious the Δε2 for the α2-

relaxation has a more complex temperature dependence which seems to increase with 

increasing temperature. In figure 10 the dielectric strength for the α2-relaxation is plotted 

versus temperature. Δε2 increases slightly with increasing temperature for low temperatures. 
At around 208 K this temperature dependence changes to a much stronger dependence. The 
temperature of 208 K corresponds to the glass transition temperature Tg1=213 K. At Tg1 the 
alkyl chain in the intercolumnar space become mobile. This means the intercolumnar space 
becomes more and more soft with further increase of temperature. For that reason, constraints 
to the fluctuations of the core superimposed from the frozen alkyl chain will be more and 
more released. This will ease the fluctuation of the cores leading to an increase of the number 
density of the related dipoles or to an increase of its fluctuation angle which would likewise 

lead to an increase of Δε2. The observed temperature dependence of Δε2 of the α2-relaxation 

supports its molecular assignment. Moreover, the change in the temperature of Δε2 

corresponds to the change in the temperature dependence of the relaxation rate of the α2-
relaxation. A similar behavior was also observed for different nanoconfined soft matter 
systems.64-68 
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Figure 10: Dielectric strength of the α2-relaxation Δε2 versus temperature. An example of a 
typical error bar for the data is given. 
 

At temperatures above 240 K Δε2 starts to decrease as expected for glassy dynamics. 

 

Neutron scattering: Figure 11 gives the temperature dependence of the mean squared 

displacement <u2>eff. At low temperatures the data measured at IN16B shown here agree with 

preliminary results obtained from experiments carried out on IN10 (data not shown here).69 At 

higher temperature both data sets give slightly different values for <u2>eff due to the different 

analysis method. As a first result, the phase transitions of HAT6 are also detected by changes 

in the temperature dependence of <u2>eff where the estimated values agree with the phase 

transition temperatures obtained by DSC. 

The inset of figure 11 gives <u2>eff(T) up to 300 K. Several processes can be detected by 

changes of the temperature dependence of <u2>eff. At lowest temperatures the mean squared 

displacement is due to vibrations as discussed in references.35,70 A step-like change of 

<u2>eff(T) is observed in the temperature range from approximately 100 K to 150 K. From the 

literature it is known that at these temperatures the methyl group rotations become active at a 

time scale of ca. 1 ns.71,72 The chemical structure of HAT6 (see Figure 1) shows that there are 

6 methyl groups per molecule. Therefore, the molecular process taking place between 100 K 

and 150 K is assigned to the methyl group rotation in HAT6. This will be further discussed in 

detail below. 

In the temperature range from 150 K to ca. 220 K a further change of <u2>eff(T) is detected 

which is related to the γ-relaxation evidenced also be dielectric spectroscopy. 
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At around 220 K, another change in the temperature dependence of the mean squared 

displacement is observed. This change in the temperature dependence of <u2>eff(T) coincides 

well in its temperature position with the glass transition (α1-relaxation) observed by DSC (see 

Figure 6). Therefore, this change in the temperature dependence of the mean squared 

displacement is assigned to the glass transition. 
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Figure 11: Temperature dependence of the effective mean squared displacement <u2>eff. The 
inset shows <u2>eff(T) up to 300 K. 
 

To investigate the molecular mobility observed by the temperature dependence of the mean 

squared displacement in more detail, quasielastic neutron scattering is carried out. The inset 

of Figure 12 depicts the incoherent intermediate time dependent scattering function SInc(q,t) at 

200 K at q-vector of q=1.8 Å-1. The data in the range from 0.1 ps to 30 ps corresponds to 

measurements on TOFTOF while the data from 30 ps to ca. 3 ns were measured at SPHERES. 

A single decay of SInc(q,t) is observed at that temperature which is assigned to the methyl 

group rotation. The methyl group rotation is usually described in terms of the Rotation Rate 

Distribution Model (RRDM).71 For simplicity here the data are analyzed by fitting a stretched 

exponential to SInc(q,t) 

 

S!"# q, t = DWF ∗ 1− EISF! exp − !
!!

!!
+ EISF! .    (11) 
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Here DWF symbolizes the Debye-Waller factor, EISFM is the Elastic Incoherent Structure 

Factor for methyl group rotation. τM is the relaxation time for methyl group rotation and βM 

the corresponding stretched exponential parameter. As expected for a localized process the 

relaxation time τM is independent of the q vector (not shown here). 

-1 0 1 2 3 4

0.6

0.7

0.8

-1 0 1 2 3 4 5

0.4

0.6

0.8

1.0

 

 

S
In

c(
q,

t)

log(t [ps])

Backscattering

S
In

c(
q,

t)

log(t [ps])

Time-of-Flight scattering

 

Figure 12. Incoherent intermediate time dependent scattering function SInc(q,t) versus time at 
T=250 K for q=1.8 Å-1. The inset depicts SInc(q,t) versus time for T=200 K for q=1.8 Å-1. 
 

The most straightforward model for the Elastic Incoherent Structure Factor of the methyl 

groups EISFM is that of jump rotation in a threefold potential V(ϕ)~ 1− cos 3ϕ /2 which 

results from the three equivalent energy minima with respect to the rotation angle Φ of the 

methyl group. One obtains for the EISFM
71,73 

 

EISF! q =  !
!

 1+ 2 !"# ( ! !")
! !"

        (12) 

 

where r = 1.027 Å is the radius of the circle spanned by the positions of the hydrogen nuclei 

of the methyl group. Figure 13 depicts the EISFM as calculated from Eq. 12 in comparison to 

the experimental data obtained at T=150 K. The experimental data deviate significantly from 

the calculated value. A much higher contribution of elastic scattering is observed than 

predicted by Eq. 12. The derivation of Eq. 12 assumes that all hydrogen nuclei in the system 

are located in methyl groups and participate in the methyl group rotation. The chemical 
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structure of HAT6 (see Figure 1) shows that most hydrogens are located in the alkyl chains in 

CH2. At the temperatures were the methyl group rotation is active the methylene groups are 

immobilized. Therefore, it can be assumed that the hydrogens of the CH2 scatter elastically. 

Therefore, Eq. 12 has to be corrected for that elastic scattering as already discussed in 

references51,7274  

 

EISF!,!"## q = 1− C!"# EISF!(q)+  C!"#      (13) 

 

where Cfix is the fraction of hydrogen nuclei which are immobilized at the time scale of the 

methyl group rotation. Figure 13 shows that Eq. 13 describes the experimental data well. For 

Cfix a value of Cfix of 0.736 is obtained. The structure of HAT6 contains 84 hydrogen nuclei 

where 18 hydrogen nuclei are located in the methyl groups. From that numbers one can 

calculated the fraction of immobilized hydrogen nuclei to (84-18)/84=0.785. This theoretical 

number corresponds well to the value of 0.736 extracted from the fit. 

From the relaxation time τ a mean relaxation time is calculated by 

< τ!" > =  !
!

 Γ(β!!)           (14) 

where Γ(x) is the Gamma function. The estimated relaxation rate for the methyl group 

rotation is included in Figure 5. As expected, the temperature dependence of the relaxation 

rate of the methyl group rotation follows the Arrhenius equation with an activation energy of 

12 ± 2 kJ/mol. This value is typical for the CH3 rotation for instance also for polymers.71 
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Figure 13. EISF versus q: circles – EISFM at T=150 K. Solid line – fit of Equ. 13 to the data. 
Dashed line – calculated according to Equ. 12. Dashed -dotted line – calculated according to 
Equ. 13 with Cfix=0.785 (theoretical value). A typical error bars is given. 
 

For temperatures higher than 200 K the incoherent intermediate time dependent scattering 

function SInc(q,t) shows a two-step decay indicating two relaxation processes (see Figure 12). 

It is interesting to note that even for the highest temperature, SInc(q,t) does not decay to zero. 

This means that there is a second EISF related to the spatial signature of the second relaxation 

process. 

SInc(q,t) for temperature higher than 200 K is analyzed by two stretched exponentials  

 

S!"# q, t = DWF ∗ 1 − EISF! exp − !
!!

!!
+ (EISF! − EISF!)exp − !

!!

!!
+ EISF! . (15) 

 

EISFγ, τγ and βγ are the corresponding elastic incoherent structure factor, the relaxation time 

and the shape parameter. An example for the fit is included in Figure 12. Again Equ. 14 is 

used to calculate a mean relaxation time from τγ. The corresponding relaxation rates are 

included to Figure 5. The estimated relaxation rate from neutron scattering agree well with the 

data of the dielectric γ-relaxation. 

Haverkate et al.60 revealed the dynamics of HAT6 at picosecond time scale by quasi-elastic 

neutron scattering. (Some further data are also published elsewhere by the same group of 

authors75,76) The experimental data obtained by neutron scattering were compared with 

molecular dynamic simulations. For the simulations only twelve columns having six 

molecules have been considered. This model does not consider the full liquid crystalline 

structure in the hexagonal ordered phase of HAT6. In the quasi-elastic neutron scattering 

spectra two relaxation processes were observed, a slow process and a fast process which has a 

relaxation time which is ca. 2 orders of magnitude shorter than that of the slow process. 

Considering the simulation results the slow process is attributed to rotational fluctuations of 

the core (tilt and twist), where the movements of the core and the alkyl chains are correlated. 

The fast process is assigned to translational fluctuations of the core (parallel and 

perpendicular to the column axis), where the alkyl chains motions are only weakly correlated 

with the parallel motion of the core. The neutron scattering data reported by Haverkate et al.60 

are included in Figure 5. The comparison with the data measured here reveals that the process 

with the shorter relaxation time cannot be observed in our experiments in the selected 

configuration of the TOF spectrometer. Nevertheless, our data are consistent with a process at 
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shorter timescale because our incoherent intermediate time dependent scattering function is 

for the measured shortest time SInc(q,t)<1 (see Figure 12). The process with the longer 

relaxation time corresponds well to that of the methyl group rotation observed here. In the 

light of this discussion the interpretation of the data in ref.60 seems to be at least questionable. 

 

Conclusions 
Discotic liquid crystals have promising potential applications in electronics, solar cells etc. 

For most applications an understanding of the molecular dynamics is required to tune the 

discotic liquid crystals for applications. Here the molecular dynamics of model discotic liquid 

crystal, Hexakis(hexa-alkyloxy)triphenylene (HAT6) is investigated by a combination of 

broadband dielectric spectroscopy, advanced calorimetry and neutron scattering. The different 

methods are sensitive to different probes and can so shine light on the relaxation processes 

from different perspectives. Besides a γ-relaxation due to localized fluctuations, one main 

relaxation process called α2-relaxation was detected by dielectric spectroscopy. The 

relaxation rate of the α2-relaxation is quite complex and follows neither the Arrhenius nor the 

Vogel-Fulcher-Tammann equation. An α1-relaxation is observed by calorimetry. The 

temperature dependence of the relaxation rates of the α1-relaxation is completely different 

from that of the α2-relaxation. Therefore, it is concluded that both processes have different 

molecular origins. The relaxation rate of the α1-relaxation shows a close resemblance to that 

of the dielectric glassy dynamics of polyethylene. For that reason, the α1-relaxation of HAT6 

is assigned to the cooperative fluctuations of the alkyl chains in the intercolumnar space, this 

means a glass transition. This glass transition can be considered as a one in 3-dimensional 

confinement. This process cannot be observed by dielectric spectroscopy because no dipole 

moment is involved. 

The agreement of the temperature dependence of the relaxation rates of the α2-relaxation with 

calorimetric data proves that this process is a glass transition. The α2-relaxation is observed at 

temperatures lower than that characteristic for the α1-process. This means that the fluctuations 

of the alkyl chains in the intercolumnar space are frozen. Therefore, the only motional 

processes in the system which might be active are small scale translational and/or small angle 

fluctuations of the cores. Such processes were evidenced by both molecular dynamic 

simulations and NMR measurements. Therefore the α2-relaxation is assigned to small scale 

translational and/or small angle fluctuations of the cores. This process can be considered as a 

glass transition in one-dimensional fluid. 
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