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The molecular dynamics of three dipole functionalized hexa-peri-hexabenzocoronenes have been
studied using site-specific NMR techniques and dielectric spectroscopy as a function of temperature
and pressure. These probes (i) suggest that the thermodynamic state completely controls the dynamic
response, (ii) clarify the origin of two dynamic processes associated with the presence of two glass
temperatures, and (iii) provide the first phase diagram for substances of this kind.
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Discotic liquid crystals, with potential applications in
electronic devices [1], are materials where self-assembly is
driven by noncovalent intermolecular interactions [2].
These materials consist of a flat and rigid aromatic core
substituted by flexible aliphatic side chains. The former is
responsible for the � stacking and the latter for the in-
creased solubility, processability, and rich thermotropic
behavior. During the self-organization process, the disc-
shaped molecules organize into columns that further as-
semble into two-dimensional arrays whereas the alkyl
chains fill the intercolumnar space giving rise to a nano-
phase separated state [3]. Typical examples of these
materials are the triphenylene and hexa-peri-hexabenzo-
coronene (HBC) derivatives. Highly ordered columnar
structures of the latter were found to be very promising
as active semiconductors in organic field-effect transistors
[4] and photovoltaic devices with a charge carrier mobility
of up to 1:1 cm2=V s (in HBCs) [5].

For applications such as advanced electronic materials,
the intrinsic disc mobility can influence the charge carrier
mobility and thus needs to be explored in detail. Earlier
efforts through NMR [6–13], dielectric spectroscopy (DS)
[11–18], neutron scattering [19,20], and computer simula-
tions [20–22] have shed light on the dynamics. The NMR
studies identified (i) the main � process as reflecting the
axial motion of the discs around the columnar axis [6,11]
and (ii) quasiperiodic regions of high and low packing
density along the columns [8] as proposed by de Gennes
[23]. Hexabenzocoronenes posses lower order within the
columnar mesophase than conventional triphenylenes [9].
In this respect, a study of the molecular dynamics in HBCs
over a broad range of frequencies could be more
informative.

What is still missing, however, is the assignment of the
slower dynamics (pertinent to the long range organization),
the origin of the multiple glass temperatures and the com-
plete phase state. Understanding the molecular dynamics
requires model systems that allow direct probing of the
core dynamics within the columnar stacks by combining
microscopic techniques with access to both the time scale

and geometry of motion. Knowledge of the phase state, on
the other hand, requires the use of pressure. For this
purpose, we study three dipole functionalized HBCs pos-
sessing variable dipole moments directly attached to the
disc core. At first we investigate the structure and thermo-
tropic behavior. Subsequently, we employ site-specific
NMR techniques to study the geometry of motion coupled
with temperature (T) and, for the first time, pressure (P)
dependent dielectric spectroscopy techniques that provide
the corresponding time scales. Finally, these techniques
allow constructing the first phase diagram for compounds
of this kind.

Three dipole functionalized HBC derivatives (with
monocyano, monobromo [24] and monoethynyl, see
Fig. 1) were synthesized. The thermal behavior was deter-
mined by differential scanning calorimetry (DSC) at
10 K=min revealing the absence of a phase transformation
for the monocyano and monobromo compounds within the
investigated T range. However a glass temperature was
identified at 235 K. Wide-angle x-ray scattering (WAXS)
measurements were made on macroscopically oriented
(extruded) filaments. DS was employed under ‘‘isobaric’’
conditions as a function of temperature in the range
123.15– 423.15 K and under ‘‘isothermal’’ conditions as
a function of pressure for pressures up to 300 MPa. In every
case the complex dielectric permittivity "� � "0 � i"00,
where "0 is the real and "00 is the imaginary part, was
obtained as a function of frequency !, temperature T,
and pressure P, i.e., "��T; P;!� [25]. Both T- and
P-dependent experiments were analyzed using the empiri-
cal equation of Havriliak and Negami as described else-
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FIG. 1. Schematic structures of the three HBCs investigated.
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where [26]. In addition, the ionic mobility was extracted
using the electric modulus representation as M� � 1="� �
M0 � iM00 [25]. Solid-state NMR was employed for the
molecular dynamics investigation by recording 13C-1H
rotor-encoded rotational echo double-resonance
(REREDOR) spinning sideband patterns [27] at 243, 267,
and 360 K for various recoupling times �RC of 40, 80, and
160 �s, and 25 kHz magic angle spinning (MAS) on a
Bruker Avance 700 spectrometer using a standard double-
resonance probe supporting rotors of 2.5 mm outer diame-
ter. In addition, 13C cross-polarization (CP) NMR spectra
were recorded for the monocyano HBC as a function of
temperature in the range 237–412 K. All experimental
temperatures were corrected for the frictional heating ef-
fects [28].

The main effect of dipole substitution is to stabilize the
columnar hexagonal liquid crystalline phase (Colh) [29].
The WAXS images (Fig. 2) exhibit strong meridional
reflections and a set of equatorial reflections with ratios
1:
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:
���
4
p

relative to the primary peak. In addition, a weak
reflection at intermediate distances is observed. The strong
meridional reflection with a spacing of 0.36 nm (in the
monocyano HBC) reflects intracolumnar distances while

the equatorial reflections are of intercolumnar origin. The
weak reflection at intermediate distances indicates dipole-
dipole correlations with an angle of about 90� as revealed
by the azimuthal intensity distribution. From the T depen-
dence of the corresponding meridional and equatorial re-
flections the corresponding intracolumnar and inter-
columnar thermal expansion coefficients were extracted
and found to be different (�intra � 7:6	 10�5 K�1 and
�inter � 1:35	 10�4 K�1). The anisotropy in thermal ex-
pansivity originates from the anisotropic nature of the
system composed from graphene discs and flexible hydro-
carbon tails [16].

The analysis of the heteronuclear REREDOR NMR
spinning sideband patterns (Fig. 2) provides site-specific
information on the mobility. This is facilitated through the
effective 1H-13C dipole-dipole coupling constants DCH,
with the related local dynamic order parameters S repre-
senting the residual motional anisotropy of a given mo-
lecular segment [10]. S is given in terms of the second-
order Legendre polynomial and is obtained experimentally
as the ratio of the measured effective dipolar coupling
constant to the dipolar coupling constant of a static pair:

 SCH �

�
1

2
�3cos2�CH�t� � 1�

�
t
�
hDCH�t�it
DCH;static

: (1)

For the monocyano HBC derivative a solid behavior is
detected at temperatures below �240 K, in agreement
with the DSC Tg, where the aromatic core is practically
frozen (D � 21:0 kHz, S! 1). For the alkyl chains, the
1H-13C dipole-dipole coupling constants of the CH2 groups
are reduced but to an average D � 14:5 kHz, S � 0:69,
apart from the chain ends. In the Colh mesophase, the
1H-13C dipolar coupling constant for the aromatic CH
moiety is reduced substantially due to the fast in-plane
rotation [6,9,30]. Further reduction of the dynamic order
parameter of the CH segment to S � 0:42 at 360 K is
ascribed to out-of-plane disc excursions. The mean angle
(38�) of this motion is obtained by assuming that the local
dynamic order parameter S results from a Gaussian distri-
bution of displacement angles [30]. At intermediate tem-
peratures, the disc dynamics interferes with the frequencies
in the kilohertz range pertinent to the NMR experiments.
This leads to severely reduced 13C signals in the CPMAS
spectra (not shown). At the glass transition of organic
glasses, the time scale of the molecular dynamics often
exhibits a heterogeneous distribution of correlation times
[31]. Indeed, such behavior is found here by recording
13C-1H sideband patterns at an intermediate temperature
of 267 K. For a short �RC of 40 �s, spectra of still frozen
discs with S! 1 are observed, whereas the spectrum for
�RC of 160 �s gives S � 0:42, due to the fraction of
mobile discs performing in-plane and out-of-plane motion
(see Fig. 2). At this temperature, the two experimental time
scales are at 10 and 0.1 s (see below). Thus, the faster DS
process must correspond to the axial motion possessing a

FIG. 2 (color online). Top: 2D-WAXS image of the mono-
cyano HBC obtained from an oriented fiber (Textr � 273 K) at
423 K revealing a columnar hexagonal liquid crystalline phase
(Colh) (left). 13C-1H REREDOR spinning sideband patterns
recorded at 25 kHz spinning at the magic angle and 360 K
and 160 �s recoupling time (middle) and at 243 K and 40 �s
recoupling time (right) with the simulated patterns [continuous
(blue) lines] superimposed, resulting in local dynamic order
parameters of S � 0:42 and 1, respectively. Bottom: Arrhenius
relaxation map (left) for all dielectrically active processes and of
the ionic mobility. Notice (i) the � process (circles) with an
Arrhenius T dependence, (ii) the � (up triangles) and �0 (down
triangles) processes with VFT dependence, and (iii) the slow
process (rhombus) due to the ionic mobility and the columnar
structure indicating both in-plane and out-of-plane
motions (right).
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distribution of relaxation times. Indeed, for �RC of 80 �s,
the spectrum exhibits both features.

The corresponding time scales of this complex hetero-
geneous dynamics can best be studied by DS in the HBCs
bearing strong dipole moments [monocyano (� �
4:55 D], monobromo (� � 1:62 D) and monoethynyl
(� � 0:25 D). We discuss first the dynamics of the mono-
cyano HBC bearing the strongest dipole moment. Three
dielectrically active processes are detected associated with
the cyano dipole relaxation and one process associated
with the ionic mobility. The relaxation times of the differ-
ent processes are shown in Fig. 2, in the usual Arrhenius
representation. The low-temperature � process has an
Arrhenius T dependence � � �0 exp�E=RT�, with a single
activation energy E � 55
 5 kJ=mol and a �0 �
4	 10�16 s, characteristic of a local process. Thus the �
process is assigned to small-angle vibrational motions of
the cyano group induced by the more mobile alkyl chains.
At higher temperatures two processes exist, called � and
�0, with a steeper temperature dependence that can be
described by the Vogel-Fulcher-Tammann (VFT) equation

 � � �0 exp
�

B
T � T0

�
(2)

where �0 is the relaxation time in the high T limit, B is the
activation parameter, and T0 is the ‘‘ideal’’ glass tempera-
ture. The B, T0, and Tg parameters assume the following
values: 900
 23 K, 161
 2 K, and 237
 3 K for the �
and 1730
 115 K, 128
 6 K, and 255
 6 K for the �0

process. The characteristic relaxation times of the ion
mobility (obtained from the crossing of the M0 and M00)
also display the common VFT dependence. Interestingly,
the DSC Tg corresponds to the freezing of the DS �
process (at �� 102 s). This process is less restricted and
less volume demanding (see below with respect to the
pressure dependence) and thus freezes at a lower tempera-
ture. Both processes are non-Debye with low (m)- and
high- (mn)-frequency Havriliak-Negami slopes of m �
mn � 0:7 (corresponding stretching exponent �� 0:75)
and m � mn � 0:4 (�� 0:45) for the � and �0 processes,
respectively, and intensities of T�"� 240 and 150 K.
Clearly, the fast axial motion, as seen in NMR, leaves an
uncompensated residual dipole moment as the dipole
breaks the symmetry of the HBC disc and results in un-
evenly populated sites for the axial motion, stabilized by
the dipole-dipole correlations of adjacent discs as revealed
by WAXS. This residual dipole moment then relaxes
through the slower (�0) process with considerably lower
relaxation strength. Combining the results of DS, NMR,
and x rays, the � process reflects collective axial motions
of the discs, which leaves a residual dipole with a defined
average orientation within the column. The orientation
correlation of the dipoles within the columns, however,
has a limited lifetime and relaxes through highly collective

intracolumnar and perhaps intercolumnar rotational dy-
namics (�0 process).

To explore further the origin of the slower process and to
construct the phase diagram, we employ pressure as the
additional relevant thermodynamic parameter. In these ex-
periments, pressure is applied isothermally at temperatures
where � and �0 processes are probed within the experi-
mental window (Fig. 3). Increasing pressure results in the
slowing down of both processes, but remarkably there is a
steeper P dependence for the slower �0 process. The
linear dependence of log� versus pressure can be used to
define an apparent activation volume �V as �V �
2:303RT�@ log�=@P�T . This quantity is plotted in the inset
of Fig. 3 as a function of the temperature difference from
the respective Tg. Note that �V�0 > �V� indicating that
pressure slows down more the highly collective slower
process as compared with the less volume demanding axial
motion of the discs.

Based on the T and P investigations a phase diagram can
be constructed for the monocyano HBC that is depicted in
Fig. 4. The two Tg�P� dependencies corresponding to the
freezing of the fast axial (� process) and of the slower
collective reorganization (�0 process) can be described by
the empirical equation [25]:

 Tg�P� � Tg�0�
�

1�
b
c
P
�

1=b
(3)

where b and c are fitting parameters [b � 3:9, c �
540 MPa, and �dT=dP�P!0 � 0:44 K=MPa for the � pro-
cess and b � 4:8, c � 370 MPa, and �dT=dP�P!0 �
0:69 K=MPa for the �0 process]. These dependencies sepa-
rate the T-P phase space in three regimes depicted as
glass I, glass II, and Colh. As a result of the stronger
pressure dependence for the slow collective reorganization,
increasing pressure effectively stabilizes the glass II phase.
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FIG. 3 (color online). Pressure dependence of the relaxation
times at maximum loss corresponding to the � (left) and
�0 (right) processes of monocyano HBC. The symbols indicate
temperatures in the range from 303 (squares) to 403 K (crosses)
in steps of 10 K. The lines are the result of the fit giving rise to
the apparent activation volume. Inset: Temperature dependence
of the apparent activation volumes (�V) plotted as a function of
the temperature difference from the respective Tg.
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Comparing the dynamics of all three functionalized
HBCs we note that � and �0 processes are clearly sepa-
rated only for the HBCs bearing the stronger dipoles
(monocyano and monobromo HBCs). In the monoethynyl
HBC the peak shape is still asymmetric, yet deconvolution
of the two processes is difficult. This is consistent with our
assignment of the �0 process, as the orientational correla-
tion of the discs within the columns is expected to be more
stable the stronger the dipole moment.

In conclusion, by employing static (x rays) and dynamic
techniques (site-specific NMR and dielectric spectroscopy)
it was possible to identify the liquid crystalline mesophase
and the associated dynamics in a series of dipole function-
alized HBCs. The combined NMR and DS investigations
have shown unambiguously that the ‘‘fast’’ and ‘‘slow’’
dielectrically active processes are associated, respectively,
with the axial disc motion and a collective reorganization
of the columns that completely relaxes the dipole moment.
The latter is particularly important to understand the align-
ment of the columns on surfaces [12] in the presence of
electric field. All samples display similar dynamics within
the Colh phase suggesting that the thermodynamic state
controls the dynamic response. The pressure investigation
assists in identifying the slower dynamics and provides the
first phase diagram for substances of this kind. Last, but not
least, these results are supported by independent computer
simulations along the lines described in Ref. [21].
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FIG. 4 (color online). ‘‘Phase diagram’’ for the monocyano
HBC showing two ‘‘glass’’ phases and the columnar hexagonal
liquid crystalline phase (Colh) at higher temperatures. The lines
are the result of the fit to Eq. (3).
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