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ABSTRACT Structure formation, phase behavior, and dynamics of mono-bromo hexa-peri-hexabenzocoronene (HBC-

Br) are strongly affected by the confinement of cylindrical nanopores with rigid walls. Using self-ordered nanoporous
anodic aluminum oxide (AA0)-containing arrays of aligned nanopores with narrow size distribution as a confining matrix,
pronounced alignment of the HBC-Br columns along the nanopore axes was found to be independent of the pore
diameter. Hence, arrays of one-dimensional supramolecular HBC-Br wires with the columns uniformly oriented along the
wire axes on a macroscopic scale were obtained, unlike with discotics bearing smaller cores. The formation of the
crystalline herringbone structure is shifted to lower temperatures in nanopores with diameters of a few hundred
nanometers, whereas the formation of this low-temperature phase is completely suppressed when the pore diameter is
below 20 lattice parameters. Moreover, the cylindrical confinement affects the disk axial dynamics as well as the

distribution of relaxation times.
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ontrolling the phase state and mo-

lecular packing/orientation of organ-

ic semiconductors through nano-
confinement is a challenging task. Discotic
liquid crystals (DLCs) constitute a class of
organic semiconductors where the phase
state and the perfection in molecular pack-
ing is of paramount importance for device
performance. Indeed, applications of DLCs
in nanoscale conductive devices, organic
field-effect transistors, and photovoltaic de-
vices rely on the optimal stacking of the
aromatic cores that allows for charge carrier
mobility along the columnar axis (molecular
wires).' * Hexabenzocoronenes (HBCs) are
an important class of DLCs. X-ray scattering
revealed two main columnar structures in
HBCs: first, a liquid-crystalline phase (Coly,)
at higher temperatures composed of col-
umns that are further organized in a hex-
agonal lattice; second, a crystalline phase
(C,) at lower temperatures composed of col-
umns of tilted disks (i.e., “herringbones”) in a
monoclinic unit cell. Extensive structural,>®
kinetic,”® and dynamic®'® experiments in a
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series of dipole-functionalized HBCs re-
vealed that the two phases possess not only
distinctly different unit cells but also differ-
ent dipolar and viscoelastic signatures.
Here, we explore the hard confinement
of cylindrical nanopores having rigid pore
walls to control (i) the thermodynamic
stability of the C, and Col, phases, (ii) the
columnar orientation, and (iii) the molec-
ular dynamics in a mono-bromo hexa-peri-
hexabenzocoronene (HBC-Br). HBC-Br has
been extensively investigated in the bulk with
respect to its self-assembly>® (X-ray scatter-
ing), thermodynamics5 (pressure, volume,
temperature), dynamics® (dielectric spec-
troscopy, NMR, rheology), and the kinetics
of structure formation.”® We used self-
ordered nanoporous aluminum oxide (AAO)
templates'' "7 containing arrays of aligned
cylindrical nanopores with sharp diameter
distribution and uniform pore length to
prepare aligned 1D HBC-Br nanowires.
Earlier studies'®'® on confined tripheny-
lenes indicated that the formation of low-
temperature phases can be suppressed by
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Figure 1. Scanning electron microscopy images of self-ordered AAO after infiltration with HBC-Br having pore diameters of
400 (left column), 65 (middle column), and 25 nm (right column) with ~100 #m pore length. Images in the top (bottom) row
refer to the top (bottom) view of HBC-Br embedded in AAO membranes. Images in the middle row refer to free-standing
HBC-Br nanorods obtained by selective dissolution of the AAO membrane using dilute H3;PO, solution. The scale bar is 500 nm

for all images.

confinement. In addition, attempts for a possible uni-
axial alignment of DLCs by confinement in hard tem-
plates'®?° or nanogrooves?' have been reported. How-
ever, in triphenylenes, the complete uniaxial alignment
of the columns along the pore axes was hindered
by the formation of a phase homeotropically anchored
on the pore walls. In this respect, it is important to
investigate the effect of discotics bearing larger cores.
We have recently shown that 1D confinement affects
the nematic-to-isotropic transition and completely sup-
presses the crystal-to-nematic transition in a calamitic
liquid crystal.’®

RESULTS AND DISCUSSION

Self-ordered AAO with pore diameters of 25, 35, 65,
200, and 400 nm and a pore depth of ~100 um was
prepared following the procedures reported in the lit-
erature.” " Infiltration of the HBC-Br was performed
from solution as described in the Supporting Informa-
tion. Figure 1 shows scanning electron microscopy
(SEM) images of self-ordered AAQ after infiltration with
HBC-Br having pore diameters of 400, 65, and 25 nm,
showing complete pore filling. The dynamics of HBC-Br
was studied by dielectric spectroscopy (DS). DS is a
versatile technique to probe the dynamics of mol-
ecules possessing a large dipole moment. The complex
dielectric permittivity, e* = ¢’ — i¢”, where ¢’ is the real
and ¢” is the imaginary part, is generally a function of
frequency @ and temperature T. Both, the orientation
polarization of permanent dipoles and conductivity
contribute to £*.? Orientational contributions can be
fitted using the empirical equation of Havriliak and
Negami (Supporting Information). In addition, the
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derivative of the dielectric permittivity'®**** with re-

spect to temperature, de’/dT, was employed to deter-
mine transition temperatures. Figure 2 (left) depicts the
dé’/dT as a function of T for bulk HBC-Br and HBC-Br
located inside self-ordered AAO acquired under iso-
chronal conditions (f = 1154 Hz) at a cooling rate of
2 K/min. For bulk HBC-Br, a peak in the derivative indi-
cated the transformation from the liquid-crystalline co-
lumnar Coly, phase at high temperatures to the herring-
bone C, phase at lower temperatures. The correspond-
ing dé¢’/dT cooling curve for the HBC-Br located inside
self-ordered AAO with pore diameters of 400 and
200 nm also displays a peak, but its position is shifted
to lower temperatures. No phase transition was de-
tected for HBC-Br located inside self-ordered AAO with
pore diameters d = 65 nm and below, suggesting
that the herringbone structure is completely sup-
pressed when the pore diameter is below 20 lattice
parameters of the monoclinic unit cell of the her-
ringbone C, phase (a = 2.82 nm).> Note also that
previous studies on triphenylenes confined to the
sponge-like pores of disordered nano- and mesopor-
ous glasses revealed the suppression of the low-
temperature phase.'®

Differential scanning calorimetry (nitrogen atmo-
sphere, heating and cooling rates 10 K/min) was
carried out by cooling the samples to 153 K followed
by heating to 423 K. The subsequent second cooling
and heating scans were used to determine transi-
tion temperatures Tc ;co;, and the associated heats of
fusion. The pore diameter dependence of Tc /¢, obtain-
ed from DS and DSC (Supporting Information, Figure S1)
is summarized in a pertinent “phase diagram” (Figure 2,
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Figure 2. (Left) Absolute derivative of the dielectric permittivity as a function of temperature for the bulk HBC and for HBC
located inside self-ordered AAO on cooling. All measurements were obtained at a rate of 2 K/min at a frequency of 1154 Hz.
The vertical line indicates the Coly, to C, transition temperature of bulk HBC. (Right) Dependence of the Col,, to C, transition
temperatures of bulk HBC and of HBC located inside self-ordered AAO plotted as a function of the inverse pore diameter. The
red (blue) symbols correspond to the transition temperatures on heating (cooling) and are obtained by DS (squares) and DSC
(triangles). The solid and dashed lines represent linear fits to the DS and DSC data obtained on cooling.

right). DS results revealed a reduction in Tccol, ON
cooling in confinement that can be parametrized as
Te scol, = 309.5—-640/d, where d is in nanometers. DSC
yielded a steeper pore diameter dependence Tc /o), =
306.6—990/d. The reduction in T¢ /col, can be explained
by a decreasing density of the columns in the vicinity of
the pore walls. According to the Clausius—Clapeyron
equation® describing the effect of pressure on Te scol,
according to dT¢ col,/dP = 0.256 K/MPa, a reduction in
Tccol, by ~5 K requires a reduction in pressure by
20 MPa that—as can be estimated from the known
equation of state for HBC-Br—results in a decrease in
density of 0.01 g/cm® (corresponding to the relative
reduction in density of about 1%). Such a (small)
reduction in density suffices to explain the reduction
in Tc/col,. In this view, the geometric constraint im-
posed by the hard confining AAO pore walls is equiva-
lent to external pressure.

Wide-angle X-ray scattering (WAXS) yields comple-
mentary information on the phase state as well as on
the columnar orientation in the Col,, phase. Figure 3
shows ©/20 scans of the Coly, phase taken at 353 K
using the geometry described previously.'®'”'® The
AAO surface was oriented perpendicularly, and the AAO
nanopore axes were oriented parallel to the scattering
plane. Thus, only sets of lattice planes oriented normal
to the AAO pore axes and parallel to the AAO surface
contributed to the scattered intensity. The WAXS pat-
terns of liquid-crystalline columnar HBC-Br contained a
strong intracolumnar (001) reflection from columns
oriented along the AAO nanopore axes and a weaker
intercolumnar (100) reflection from columns oriented
perpendicular to the AAO nanopore axes. The intensity
of the intercolumnar (100) reflection systematically
decreases with decreasing pore size, and for AAO pores
with d = 25 nm, the (100) reflection is completely
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Figure 3. (a) Results from the ©/20 scans with the template
surface oriented perpendicularly to the plane of the inci-
dent and scattered X-ray beam obtained at 353 K corre-
sponding to the Col,, phase. The diffractograms depict the
strong intracolumnar (001) reflection from columns ori-
ented along the nanopore axis, and for the larger pores,
the intercolumnar (100) reflection is from columns oriented
perpendicular to the nanopore axis. (b) Schematic depicts
the selective orientation of columns for the smaller nano-
pores depicting the two possible columnar orientations;
one with columns oriented along the AAO pore axes and
one oriented perpendicular to the pore axes. (c) Depen-
dence of the intensity ratio R of the intracolumnar to the
intercolumnar peaks on the inverse pore diameter.

absent. The correlation lengths along the (001) direc-
tion derived from the intramolecular peak using the
Debye—Scherrer equation range from 16 to 20 nm;
that is, the HBC-Br stacks comprise about 40—60
molecules.

To further investigate the apparent texture, we con-
ducted Schulz scans® as described previously.'®?® Schulz
scans were measured with fixed ® and 20 angles by
tilting the AAO about the W axis by a tilt angle W. The
W axis lay in the scattering plane and was oriented
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Figure 4. Comparison of the normalized Schulz scans for
the intracolumnar (001) peak for all AAO diameters made at
353 K. The value of the calculated Hermans orientation
parameter of ~0.95 suggests an alignment of the columns
along the AAO pore axes.

perpendicular to the ®/20 axis. The Schulz scans
yielded intensity profiles [(W) representing orientation
distributions of sets of lattice planes belonging to the
reflection at the selected 20 angles relative to the AAO
surface. Hence, the obtained /(W) profiles correspond-
ed to azimuthal intensity profiles along the Debye
ring belonging to the fixed scattering angle ®. How-
ever, the accessible W range is limited due to defocus-
ing effects.?”” Normalized Schulz scans of the intra-
columnar (001) peak for all AAO pore diameters coin-
cided and had a full width at half-maximum of ~8.7°
(Figure 4). The steep decrease in /(W) shows a well-
developed orientation of the (001) lattice planes nor-
mal to the AAO pore axes and, therefore, pronounced
alignment of the columns with the AAO pore axes at
353 K. Hermans orientation parameter’® amounted
to ~20.95 for all curves. Consistent with the decreasing
density of the columns in the vicinity of the pore
deduced from the pore diameter dependence of
Tc scol,s ONly very weak orientation related to the inter-
columnar (100) peak was detected (Figure S2, Support-
ing Information). Putting these findings together, a
disordered (i.e., defected) HBC-Br shell without prefer-
ential orientation surrounding well-ordered cores of
HBC-Br columns oriented along the AAO exists, the
former vanishing as the AAO pore diameter decreases.
Thus, it is reasonable to assume that in smaller AAO
pores with diameters of 65 nm and below the vast
majority of HBC-Br molecules are incorporated in the
columns aligned with the AAO pore axes (schematic
diagram in Figure 3). Such configurations characterized
by uniform columnar orientation in the two-dimen-
sional confinement of self-ordered AAO are of high
interest for applications in organic photovoltaics. It
should be noted that in the case of smaller discotic
triphenylenes confined to AAO a clear bimodal orien-
tation distribution consisting of a core of columns
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oriented along the pores surrounded by a shell of
columns with “homeotropic” flat-on anchoring at the
AAO pore walls occurred.' The main difference be-
tween the triphenylenes studied previously and HBC-
Br is the size of the aromatic cores. The triphenylenes
can be considered as equilateral triangles with me-
dians having a length of ~600 nm. The aromatic cores
of HBC-Br can be considered as circular disks with a
diameter of ~1120 nm that bear, in addition, five
octadecyl moieties acting as spacers. It is straightfor-
ward to assume that the curvature elastic properties of
both types of discotics are different and that the
difference in curvature elasticity may explain why
HBC-Br does, in contrast to the triphenylenes, not show
bimodal orientation distributions in AAO. It is impor-
tant to note that bimodal orientation distributions of
discotics in AAO pores are a drawback for the function-
ality of supramolecular wires, for which uniform uni-
axial orientation of the columns on a macroscopic scale
is required. We speculate that the larger aromatic core
of the HBC-Br molecules is the reason for the suppres-
sion of the formation of a distinct homeotropic shell
phase. In addition, their larger core better facilitates
charge transport.*?*

It should be noted that WAXS at 298 K confirmed the
suppression of the herringbone C, phase of HNC-Br
inside self-ordered AAO with diameters below 65 nm
(Figure S3, Supporting Information). No pronounced
orientation of HBC-Br molecules could be detected by
Schulz scans taken at 298 K, even though a “precolum-
nar” arrangement of the HBC-Br molecules in AAO
pores with diameters of 65 nm and below can be
deduced from an increase in /(W) toward high W
angles apparent in Schulz scans taken at 20 ~ 3.4°,
corresponding to one of the prominent intercolumnar
distances of the herringbone C, phase. Characteristic
I—V curves for HBC-Br located inside self-ordered AAO
with pore diameters of 200 and 25 nm were measured
at temperatures corresponding to the Col, and C,
phases (Figure S5, Supporting Information). These first
results reveal improved conduction properties within
the Col;, phase where well-ordered cores of HBC-Br
columns are oriented along the AAO axes.

HBC-Br has a strong dipole directly attached to
the core. Thus DS can provide not only the phase
transition but also the molecular dynamics by probing
the C—Br dipole.>>'° Earlier investigations>' in dipole-
functionalized HBCs revealed a hierarchy of molecular
motions that resemble the dynamics of polymers with
time scales ranging from 0.01 ps to hours. In particular,
concerted DS and NMR efforts®' that took advantage
of the strong molecular dipole and the nearby specific
heteronuclear sites identified two mechanisms: a “fast”
mechanism, reflecting the collective disk axial motion
associated with in-plane and out-of-plane motion of
the dipoles about the columnar axis that leaves an
uncompensated dipole moment relaxing through the
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Figure 5. Dielectric loss spectra of bulk HBC-Br (open
circles) and of HBC-Br located inside self-ordered AAO with
a pore diameter of 200 nm both shown at 328 K (obtained
on cooling). The dashed and dash-dotted curves are the
result of the fit to the Havriliak—Negami equation and
correspond to the “free-rotating” and “bound” disks,
respectively.

“slower” DS process. In addition, rheology identified
ultraslow cooperative defect diffusion within the Col,
phase related to intercolumnar exchange.'®

Figure 5 compares the dielectric loss spectra of bulk
HBC-Br and of HBC-Br located inside self-ordered AAO
with a pore diameter of 200 nm at 328 K that corre-
sponds to the undercooled Col;, phase. In bulk HBC-Br,
the main process corresponds to the fast in-plane and
out-of-plane motion of disks about the columnar axis.
The strong increase at lower frequencies is due to a
composite effect associated with the slower process
and ionic conductivity.>*'° In the HBC-Br located in-
side self-ordered AAO, dynamics is substantially differ-
ent. The faster process, with low-frequency slope of m
~ 0.9, resembles the fast process in the bulk HBC-Br,
whereas the slower process has a significantly broader
distribution of relaxation times as indicated by the
value of the Havriliak—Negami (HN) parameter m ~
0.4. We attribute the two processes to disk dynamics in
columns oriented (i) along the nanopore axis (i.e., bulk-
like or “free-rotating”) and (ii) HBC-Br molecules lo-
cated in the interphase between AAO pore walls and
oriented columns (still present in AAO pores with d =
200 nm). As discussed above, the curvature of the AAO
pore walls results in the occurrence of a distribution of
packing motifs and local environments that are re-
flected in the low value of the HN parameter and the
slower disk dynamics (as displayed in Figure S4 of the

METHODS

Sample:. The synthesis of mono-bromo hexa-peri-hexabenzo-
coronene was reported previously (Scheme 1).> HBC-Br undergoes a
first-order transformation from a low-temperature crystalline phase
(C) to a liquid-crystalline high-temperature phase (Coly,) at 344 K with
an enthalpy change of 38 J/g. On cooling from the Col,, phase, the

DURAN ET AL.

CizHos

Scheme 1. Schematic of the HBC-Br derivative.

Supporting Information). At smaller pore diameters,
confinement affects severely the distribution of relaxa-
tion times to a point that a deconvolution becomes
ambiguous.

CONCLUSION

Hard cylindrical confinement of rigid nanopores
allows manipulating the mesoscopic self-assembly
and the phase behavior of columnar discotic liquid
crystals such as HBCs. Using arrays of aligned cylind-
rical nanopores of self-ordered AAO, uniform align-
ment of the columns of the model compound HBC-Br
with the AAO nanopore axes could be achieved. Thus,
arrays of 1D supramolecular wires with uniform colum-
nar orientation on a macroscopic scale were realized. It
could be demonstrated that larger discotics such as
HBCs are particularly suitable to generate supramole-
cular 1D wires in the confinement of rigid nanopores.
The formation of columnar HBC phases with undesired
orientations is suppressed, whereas smaller discotics
such as triphenylenes were reported to form columnar
phases with flat-on anchoring on the AAO pore walls
that impede charge transport along the wire axes.
Furthermore, in larger pores a few hundred nanome-
ters in diameter, a reduction in the C,/Coly, transition
temperature was found, whereas in smaller pores, few
tens of nanometers in diameter, formation of the herring-
bone structure was completely suppressed. On the
basis of DS and DSC, the first phase diagram of a con-
fined DLC could be derived. Finally, hard confinement of
nanopores with rigid walls affects both the average time
scales of disk motion and the distribution of relaxation
times. These results are of technological relevance for
the application of DLCs as active semiconductors in
organic field-effect transistors and photovoltaic devices,
where knowledge of the exact phase state and uniform
columnar organization is essential.

transformation to the C, phase takes place at 305 K and the asso-
ciated enthalpy change is 39 J/g. In addition, HBC-Br exhibits a glass
temperature at 159 K. Reagent grade dichloromethane, DCM (Sigma-
Aldrich), was used as a solvent for HBC-Br and used as received.
Infiltration of HBC-Br into Nanoporous Alumina:. 10 mg of HBC-Br
was dissolved in 50 mL of DCM, stirred at room temperature for

VOL.6 = NO.11 = 9359-9365 = 2012 K@N&NJK)\

WWwWW.acsnano.org

WL

9363



5 min, and subsequently sonicated in an ultrasound bath for
15 min at 313 K. The homogeneous and transparent solutions
heated to 338 K were then deposited onto empty AAO mem-
branes until a dense HBC-Br layer covered the AAO surface. The
self-ordered AAO membranes infiltrated with HBC-Br were kept
at 353 K (Tcoy,/c, + 11 K) and 200 mbar for 1 h. Afterward, excess
HBC-Br was removed from the AAO surface with sharp razor
blades. The amount of infiltrated HBC-Br was determined gravi-
metrically, and the infiltration procedure was repeated several
times until the sample weight remained constant. Finally, the
self-ordered AAO membranes infiltrated with HBC-Br were
heated to 353 K at 100 mbar for 20 h in order remove residual
DCM.

Selective Dissolution of AAO Templates for Obtaining Free-
Stading HBC-Br Nanorods:. Free-standing HBC-Br nanorods
were obtained by selective dissolution of AAO membrane using
dilute H3PO,4 (10%) solution at 25 °C for 3 h (Figure 1). HBC-Br
nanorods were filtered off by a Sterlitech stainless steel syringe
equipped with PTFE laminated membrane disk filters (pore
diameter of 0.2 um), removing the supernatant liquid, and
adding deionized water. This procedure was repeated several
times until the solution became neutral. Finally, nanostructures
were dried in a vacuum oven at 50 °C at 100 mbar for 18 h.

Scanning Electron Microscopy (SEM). SEM measurements were
performed with a LEO Gemini 1530 device at acceleration
voltages ranging from 0.75 to 6 kV.

Differential Scanning Calorimetry (DSC). Thermal analyses were
carried out with a Mettler Toledo Star differential scanning
calorimeter (DSC) at heating and cooling rates of 10 K/min in
nitrogen atmosphere. DSC traces of neat HBC-Br were acquired
using an empty aluminum pan as reference. DSC traces of self-
ordered AAO infiltrated with HBC-Br were recorded using
reference pans containing empty AAO pieces having the same
size and pore diameter. The samples were first cooled from
room temperature to 153 K and then heated to 423 K. The
subsequent second heating and cooling thermographs were
used for the determination of phase transition temperatures
and phase transition enthalpies (Figure S1).

Wide-Angle X-ray Scattering (WAXS). The ©/20 scans were taken
with a D8 Avance X-ray diffractometer (Bruker). The X-ray tube
(KRISTALLOFLEX 780) generator with a Cu anode was operating
at a voltage of 40 kV and a current of 30 mA. An aperture
(divergence) slit of 0.3 mm, a scattered radiation (antiscatter) slit
of 0.3 mm together with a monochromator slit of 0.1 mm, and a
detector slit of 1 mm were employed. A diffracted beam mono-
chromator was inserted between the detector slit and the
detector to suppress fluorescence radiation and the unwanted
K radiation. The monochromator employed a graphite crystal
(2d*=0.6714 nm, for the 002 reflection). The Ka.1 and Ka2 peaks
could not be separated, and an average wavelength of
0.154184 nm was used. A scintillation counter with a 95%
quantum yield for the Cu radiation was employed as the
detector. Scans in the 20 range from 1 to 40° in steps of
0.01° were made at two temperatures (298 and 353 K) corre-
sponding to the C, and Col,, phases, respectively.

Schulz scans were measured with an X-ray diffractometer
PANalytical X'Pert Pro MRD using Cu Ko radiation. The samples
were mounted on an Anton Paar hot stage DHS 1100 connected
to an Eulerian cradle. The incident beam passed a nickel filter, a
polycapillary (length 70 mm), and a cross slit collimator (slit
width and height 500 um), the diffracted beam a parallel plate
collimator. The scattered intensity was detected with a PW3011/
20 proportional point detector.

Schulz scans for the intercolumnar (100) peak are depicted
in Figure S2. Within the experimentally accessible W range from
0to 70°, only very weak orientation related to the intercolumnar
peak was detected since (100) scattering intensity belonging to
the well-oriented columns aligned with the AAO pore axes
would appear at W &~ 90°. In case of d = 400 nm, a weak bimodal
orientation distribution with maxima at W ~ 0 and 50° appeared.
For d = 200 nm, the peak at W ~ 0° disappeared, whereas a
maximum at W ~ 50° is present. For smaller pore diameters,
only an increase in [(¥) at ¥ ~ 60° is apparent that can be
interpreted as feet of peaks appearing at ¥ ~ 90° originating

DURAN ET AL.

from the columns aligned with the AAO pore axes. The results
from the ®—20 scans at 298 K are depicted in Figure S3.

Dielectric Spectroscopy (DS). The dielectric measurements were
performed at different temperatures in the range of 123—473 K,
at atmospheric pressure, and for frequencies in the range from
1072 to 10° Hz using a Novocontrol BDS system composed of a fre-
quency response analyzer (Solartron Schlumberger FRA 1260)
and a broad-band dielectric converter and an active sample
hand. For bulk HBC-Br, the DS measurements were carried out in
the usual parallel plate geometry with electrodes of 20 mm in
diameter and a sample thickness of 50 um maintained by Teflon
spacers. For the HBC-Br infiltrated self-ordered AAO, we used
samples as those shown in the SEM images of Figure 1. In this
case, the sample cell consisted of two parallel plate electrodes
20 mm in diameter with the AAO pore axes oriented perpendi-
cular to the electrodes. The sample thickness corresponded to
the pore length of ~100 um. The measured dielectric spectra
were corrected for the geometry as follows: two capacitors in
parallel composed of e*,gc and €*ap0 Were employed, and the
measured total impedance was related to the individual values
through 1/Z*ota = 1/Z*usc + 1/Z*ano. This allowed calculating
the real and imaginary parts of the dielectric permittivity as a
function of the respective volume fractions as

! i
, _ Etotal — PpA0EAAD
&BC = ———
"

Etotal

PHac

PHBC (1)
€HBC

The latter were obtained by digitization of the SEM images.
There are two principal mechanisms that contribute to ¢* in our
case: orientation polarization of permanent dipoles (¢*4;,) and
conductivity contributions (¢*.ond) as e*(w,T,P) = e*gip(w,T,P) —
io(T,P)/(esw), where o is the dc conductivity and & the permit-
tivity of free space. The orientational contribution was fitted
using the Havriliak—Negami equation

2 Aei(T, P)
* — I A A —
efgip(w, T, P) = &o(T,P) + k; ot (T, PP T (2)

where Agy(T,P) is the relaxation strength of the process under
investigation, Ty is the relaxation time,and m,n (0 <m,mn < 1)
describe the symmetrical and asymmetrical broadening of the
distribution of relaxation times, and ¢..(T,P) is the dielectric
permittivity at the limit of high frequencies. The relaxation
times at maximum loss (t,ax) are presented herein and have
been analytically obtained from the Havriliak—Negami equa-

tion as follows:
max = THN [SiN
T, =T
ax 2+2n

[Si" (z T;n>

The relaxation times at maximum loss are summarized in
Figure S4.
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curves for two AAO pore sizes. This material is available free of
charge via the Internet at http://pubs.acs.org.
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