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Dielectric spectroscopy reveals a radial partitioning in the structure and dynamics of a thermotropic 

liquid crystal confined in silica nanochannels. 
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We report filling-fraction dependent dielectric spectroscopy measurements on the relaxation dynamics of the rod-like nematogen
7CB condensed in 13 nm silica nanochannels. In the film-condensed regime, a slow interface relaxation dominates the dielectric
spectra, whereas from the capillary-condensed state up to complete filling an additional, fast relaxation in the core of the channels
is found. The temperature-dependence of the static capacitance, representative of the averaged, collective molecular orientational
ordering, indicates a continuous, paranematic-to-nematic (P-N) transition, in contrast to the discontinuous bulk behaviour. It is
well described by a Landau-de-Gennes free energy model for a phase transition in cylindrical confinement. The large tensile
pressure of 10 MPa in the capillary-condensed state, resulting from the Young-Laplace pressure at highly curved liquid menisci,
accounts for a downward-shift of the P-N transition and an increased molecular mobility in comparison to the unstretched liquid
state of the complete filling. The strengths of the slow and fast relaxations provide local information on the orientational order:
The thermotropic behaviour in the core region is bulk-like, i.e. it is characterized by an abrupt onset of the nematic order at
the P-N transition. By contrast, the interface ordering exhibits a continuous evolution at the P-N transition. Thus, the phase
behaviour of the entirely filled liquid crystal-silica nanocomposite can be quantitatively described by a linear superposition of
these distinct nematic order contributions.

1 Introduction

Liquid crystals (LCs) spatially confined on the nanometer
scale exhibit structural and thermodynamical properties which
differ often markedly from their bulk counterparts. Both the
collective orientational (isotropic-to-nematic) and the trans-
lational (smectic-to-liquid or smectic-to-nematic) transitions
have turned out to be significantly affected by finite size
and interfacial (solid-liquid or liquid-liquid) interactions in-
troduced by confining walls1–6 or the geometrical constraints
in nanoporous media7–24.

For example, the second-order nematic-to-smectic-A tran-
sition is absent or greatly broadened in rod-like liquid crys-
tals immersed in aerogels. This allowed a detailed study
and comparison with theoretical predictions of the influence
of quenched disorder introduced by random spatial confine-
ment on the critical exponents of this prominent phase tran-
sition7,9,18. Similarly, spatial restrictions and interface inter-
actions in mesoporous silica and alumina induce pronounced

modifications of smectic ordering, e.g. often pre-smectic be-
haviour is observable far above the bulk nematic-to-smectic A
transition.7,25 It has also been shown experimentally12,26,27,
in agreement with expectations from theory7,28, that there is
no ”true” isotropic-nematic (I-N) transition for LCs spatially
restricted in at least one direction to a few nanometers. The
molecular anchoring at the confining walls, quantified by an
interfacial field, imposes a partial orientational, that results in
a partially nematic ordering of the confined LCs, even at tem-
peratures T far above the bulk I-N transition temperature T b

IN .
The symmetry breaking and thus entropy change does not oc-
cur spontaneously, as characteristic of a genuine phase transi-
tion. It is enforced over relevant distances by the interaction
with the walls. Thus confinement plays here a similar role as
an external magnetic field for a spin system18,29: The strong
first order I-N transition is replaced by a weak first order or
continuous paranematic-to-nematic (P-N) transition at a tem-
perature TPN and may also be accompanied by pre transitional
phenomena in the molecular orientational distribution30. An
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Fig. 1 (color online). Schematic side view on distinct mesoscopic
arrangements of a nematic liquid in a nano channel as a function of
filling fraction f above and below the paranematic-to-nematic
transition point, TPN : (a) and (b) refer to the film-condensed, (c) and
(d) to the capillary-condensed state and (e), (f) to the entirely filled
channel. The critical filling fraction fc separates the film-condensed
from the capillary-condensed state. The molecules in the interface
layer (next to the pore walls), at the liquid-vapor interface and inside
the core region of the channels are marked by different colors and
labeled as species ”1”, ”2” or ”3”.

understanding of these phenomonenologies is of high funda-
ment interest, for it allows to explore the validity (and break-
down) of basic concepts of condensed matter science at the
nanoscale3,8,13,15,22.

Moreover, LC confined in nanoporous solids provide
promising composite materials for organic electronics and the
emerging field of nano photonics, because of the mechanical
rigidity of the solid host and the large variation in electrical
and optical properties offered by the plethora of available LC
systems along with the advent of tailorable nanoporous me-
dia31–34.

Referring to the pioneering theoretical work of Sheng,
Poniewierski, and Sluckin28,35 as well as experimental work
by Yokoyama36 on LCs in semi-infinite, planar confinement,
Kutnjak, Kralj, Lahajnar, and Zumer developed a Landau-de
Gennes free energy ansatz27,37 (hereafter denoted as KKLZ
model) for the I-N transition in cylindrical pore geometry.
This model describes the external orientational field as an ef-
fective nematic ordering field s . The KKLZ model very suc-
cessfully describes the general features of the P-N transition
observed in spatial confinement12,27,37–40, in particular the T -
dependence of the effective order parameter averaged over the
entire pore geometry. However, it does not give any micro-
scopic details on the orientational behaviour with regard to
spatial inhomogeneities.

Computer simulations on LCs in thin film and pore geome-
try can give here important complementary insights13,24,41–50.
These studies indicate pronounced spatial heterogeneities, in
particular interface-induced molecular layering and radial gra-
dients both in the orientational order and reorientational dy-
namics in cylindrical pore geometry51. Despite recent exper-
imental advancements in optical techniques directly probing
orientational order parameter profiles in the proximity of pla-
nar, solid walls52–55, achieving the spatial (and temporal) res-
olution necessary to rigorously explore such inhomogeneities
in nanometer-sized capillaries remains still experimentally ex-
tremely demanding, if not impossible.

Dielectric spectroscopy on confined LCs, that is a mea-
surement of the frequency-dependent complex electric capac-
ity C(w) can make important contributions in that respect56.
This technique is based on the interaction of an external, al-
ternating electric field with the electric dipole moments of the
molecules. The molecules try to arrange their dipoles parallel
to the extern field, however the resulting polarisation is dis-
turbed by thermal noise and influenced by the interfacial ori-
entational field. The time needed for dipoles to relax and to
adjust to the alternating electrical field is sensitively depend-
ing on the local, collective mobility, most prominently the ro-
tational viscosity56. Thus it sensitively affects the dielectric
response, in particular the so-called ”d -relaxation process”
which characterizes the movement of the permanent molecular
dipole moment about the short geometrical axis of a dielectric
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positively anisotropic LC-molecule57.
A sizeable number of studies on LCs in porous media evi-

dently document that the rate of dipolar relaxations (and thus
orientational and translational mobility) usually differ signif-
icantly between the molecules in the pore wall proximity and
the ones in the channel center58–66. In seminal dielectric stud-
ies (complemented by dynamic light scattering and calorimet-
ric experiments) Aliev et al.67–69 could document a slow sur-
face mobility in comparison to the dynamics in the pore centre
for liquid crystals confined in tortuous and tubular mesopores.
Moreover, a significant broadening of the dielectric spectra
was found and traced by the authors to inhomogeneous cou-
plings of the molecules to the pore walls and coupling varia-
tions among the molecules themselves70.

However, the detailed partitioning, the evolution of the re-
laxation behaviour and the superposition of the distinct re-
laxation contributions of LCs as a function of the filling of
nanoporous media has been elusive so far and also contro-
versially discussed44,71,72. Here we employ dielectric relax-
ation spectroscopy on an archetypical rod-like liquid crystal
(7 CB) confined in an array of isolated channels of approxi-
mately 7 nm radius in a monolithic silica membrane. Char-
acteristic fillings (film condensate, capillary condensate and
complete filling) - see illustrations in Fig. 1, which we docu-
mented in a previous optical birefringence and light scattering
study on the identical system39, are explored as a function of
T . This along with the simple parallel capacitor geometry (see
inset in Fig. 2) allows us to derive detailed insights with re-
gard to the heterogeneous mobility and orientational order of
the confined molecular assemblies. Particularly, we can quan-
titatively describe the thermotropic behaviour with the KKLZ-
model described above and show that the dielectric response
of the organic-inorganic nano composite can be described by a
linear superposition of two distinct molecular populations, an
interface species strongly affected in their molecular mobility
and orientational order by the silica walls, and the collective
molecular order in the pore centre.

2 Experimental

2.1 Sample Preparation

The nematogen liquid crystal 7CB (4-heptyl-4’-cyano
biphenyl) has been purchased from Merck. The porous silicon
membranes were prepared by electrochemical anodic etching
of highly p-doped h100i silicon wafers73–75. The samples
were then subjected to thermal oxidation for 12 h at T =800 oC
under standard atmosphere. The resulting porous silica mem-
branes are permeated by parallel channels aligned along the
surface normal of the membrane76. The average channel ra-
dius was R = 6.6±0.5 nm (porosity P = 54±2%) according to
volumetric N2-sorption isotherms recorded at T =77 K.

13 nm

340
μm

Fig. 2 (top) Illustration of a dielectric relaxation experiment on a
monolithic mesoporous membrane traversed by parallel nano
channels filled with a liquid. The arrows indicate the nano channel’s
width and length, respectively. (a) Frequency dispersion of the
imaginary part of the complex capacitance and (b) Cole-Cole plots
for four different fractional fillings f of 7CB in silica nanochannels
(R = 6.6 nm) at T = 295.1 K. Symbols correspond to the
experimental data points, whereas solid lines are fits with a
two-relaxation model discussed in the text.
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The entirely filled sample (fraction filling f =1.0) has been
obtained by melt infiltration, that is capillarity-driven filling
of the channels8,77–79. To prepare the partially filled sam-
ples (0 < f < 1) we imbibed the porous matrix with binary
7CB/cyclohexane solutions of selected concentrations. Af-
ter evaporation of the high-vapor-pressure cyclohexane, the
matrix remained filled by the low-vapor-pressure LC with a
filling fraction f that depends on the initial solute concentra-
tion. The filling fraction has been determined by weighting
of the partially filled matrix and a comparison with the mass
of the empty matrix. The evaporation of the solvent is con-
trolled by time-dependent mass measurements of the sample
at a temperature of 325 K and followed an exponential decay
with time. After 1 hour, the cyclohexane had evaporated to
1/100 of its initial concentration, and thus for the low- f sam-
ples the further mass drop was below the detection limits of
our balance, which was 5 · 10�5 g. By a gradual increase of
the solute concentration, we have prepared three filling frac-
tions, f = 0.17±0.01, 0.51±0.01 and 0.81±0.01 in addition to
the completely filled sample, f =1.0. These selected fillings
cover all known regimes of pore filling, as sketched in Fig. 1
and documented in a previous optical birefringence and light
scattering study39: the film-condensed regime ( f < fc), the
capillary-condensed regime ( fc < f < 1) and the complete fill-
ing ( f = 1). Note that according to our previous f -dependent
optical data sets the critical filling fraction, separating the film-
condensed and the capillary-condensed state, is fc ⇡ 0.2539.

2.2 Dielectric Relaxation Spectroscopy

For the dielectric measurements, gold electrodes with thick-
nesses of 50 nm have been sputtered onto the porous mem-
brane. All measurements were performed on samples that had
an electrode area of 111 mm2 and a thickness of 340 µm. The
geometric capacitance of the samples is C0 = 2.89 pF. Dielec-
tric spectra have been recorded in the frequency range from
0.5 kHz to 15 MHz using the Impedance/Gain-Phase Analyzer
Solatron-1260A. The measurements have been performed at
100 selected temperatures between 292 K and 324 K and the
sample temperature was controlled with an accuracy of 0.01 K
by a LakeShore 340 temperature controller.

3 Results and Discussion

3.1 Molecular mobility upon channel filling probed by
dielectric spectroscopy

In Fig. 2 we display the frequency dependencies of the imag-
inary part of the capacitance C00(n) for four filling fractions
at T =295.1 K. This is far below the P-N transition tempera-
ture TPN = 315 K, as determined in our previous birefringence
study39. C00(n) is a measure of the frequency-dependent en-

ergy absorption of the nanocomposite, when the d -relaxation
occurs. Given the absence of any relaxation of the empty sil-
ica matrix in the frequency regime investigated, it represents
a direct measure of the molecular relaxation behaviour of the
confined LC molecules. Whereas the film-condensed regime
( f =0.17) is characterized by a single, broad peak, indicating
a slow relaxation with a rather broad distribution of relaxation
frequencies, another peak, typical of a fast relaxation process,
evidently emerges on top of its high-frequency wing at higher
filling fractions, f . It is characterized by a relatively narrow
relaxation frequency distribution and its relaxation strength
(height) rises with f up to the entire filling. Thus, the series
of dielectric dispersions shown in Fig. 2 are quite instructive,
since they document a partitioning of the pore filling in two
components with distinct molecular mobility: (i) slowly re-
laxing molecules that are located in a direct contact with the
pore walls (”interface species”, see Fig. 1) and (ii) fast relax-
ing molecules that are located in the core region of the capil-
lary bridges (a ”core” component, see Fig. 1).

In order to analyse the observed relaxation behaviour in
more detail, we resort to a representation of the dielectric data
in so-called Cole-Cole diagrams, i.e. we plot C00(n) vs. C0(n)
with frequency n as the independent parameter, see Fig. 2c.
In such a diagram, a material that has a single relaxation time
t , as typical of the classical Debye relaxator, will appear as a
semicircle with its centre lying on the horizontal (at C00 = 0)
and the peak of the loss factor occurs at 1/t . Here, t is a mea-
sure of the dipolar mobility, i.e. it characterises the time re-
quired by the system to relax by thermally activated molecular
motions to 1/e times the dipolar ordering induced by the exter-
nal electrical field. A material with a symmetric distribution
of relaxation times will be a semicircle with its center lying
below the horizontal at C(n) = 0. An asymmetric distribu-
tion of relaxation times, e.g. the Havriliak-Negami relaxation,
results in an asymmetric arc. In that sense, the Cole-Cole rep-
resentation allows one to geometrically illustrate and analyse
the relaxation behaviour of a given system in a quite simple
manner.56,80

As can be seen in Fig. 2c the relaxation behaviour of our
confined liquid crystalline system is characterized by one or
two semicircles, depending on the filling fraction. Thus, its
dielectric relaxation behaviour can be described by one or two,
so-called Cole-Cole processes:

C⇤(w) = e⇤(w)C0 =

= C• +
DC1

1+(iwt1)1�a1
+

DC2

1+(iwt2)1�a2
, (1)

Here w = 2pn is the cyclic frequency, e⇤(w) is the complex
dielectric constant of the composite, C• = e•C0 is the high
frequency limit capacitance expressed via the high frequency
permittivity e•, DC1 = De1C0 and DC2 = De2C0 are the ca-
pacitance relaxation strengths expressed via the dielectric re-
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laxation strengths De1 and De2 of the slow process I and of the
fast process II, respectively. The dielectric relaxation strengths
quantify the amplitude of the different relaxation contribu-
tions, and thus characterise the extent of dipolar orientational
polarization typical of each elementary process. The corre-
sponding mean relaxation times are t1 and t2, respectively.
The exponent parameter a , can take values between 0 and 1,
and allows one to describe different spectral shapes. When
a = 0, the Cole-Cole model reduces to the Debye model (with
a single relaxation frequency). When a >0, the relaxation is
stretched, i.e. it extends over a wider range on a logarithmic
frequency scale than the Debye process.

We will see below, that the spectral relaxation shapes (and
thus a values) change in a characteristic manner as a func-
tion of temperature and filling fraction for our system. How-
ever, they are well represented by two symmetric Cole-Cole
processes. Deviations of the experimental data from the fit-
ting curves at low frequencies can be attributed to ionic DC-
conductivity. For this reason, the low-frequency region was al-
ways excluded from the fitting process. A special remark has
to be made regarding the fitting procedure in the high tempera-
ture region (see dielectric spectra in the electronic supplemen-
tary), particularly just above TPN , for the fractional fillings,
f =0.51, 0.81 and 1.0. There, the maximum of the imagi-
nary part, C00(n) shifts out of the upper limit of the frequency
window (nm >15 MHz) employed in our experiment. Thus
only a part of the left wing of the relaxation band is observed.
This leads to an increased uncertainty of the extracted fit pa-
rameters, especially for the fast relaxation process II. Fortu-
nately, one of the parameters affected, namely the capacitance
relaxation strength DC2, can be determined in an alternative
way. Thereby uncertainties can be resolved in respect to all
other fit parameters for this process. In the low-frequency limit
(n ! 0) Eq. 1 gives the static capacitance Cst. It reads:

Cst =C• +DC1 +DC2. (2)

Since the nanochannels in the silica membrane are parallel-
aligned to the applied electric field, the entirely filled sample
forms a simple parallel circuit. Therefore, the effective permit-
tivity of the composite is given as e = (1�P)eSiO2 +Pe7CB,
where eSiO2 = 3.8 and e7CB are the permittivities of the sil-
ica host and 7CB guest, respectively. With a C• =9.5 pF,
as determined at 293 K from a Cole-Cole plot, one obtains
e7CB ⇡ 2.85 by its extrapolation to high frequencies, i.e. the
value nearly equal to the dielectric permittivity of 7CB at op-
tical frequencies. This means that the contribution of the LC
component to the dielectric permittivity at high frequencies is
due to electronic polarizability only, which is weakly temper-
ature dependent.

Based on refractometric data81, we estimated that the rel-
ative contribution to the changes of the static capacitance of
the composite should not exceed 5%, which is within the error

margins of our fitting analysis. Therefore, the assumption of a
temperature-independent C• is a good approximation. More-
over, the static dielectric constant, Cst, as determined from the
Cole-Cole plot by its extrapolation to lower frequencies, does
not depend on other extracted fit parameters. Hence, DC2 can
be alternatively evaluated by using the equation 2. The mag-
nitudes of DC2, representing the extracted fit parameters and
calculated via equation 2, are depicted in Fig. 3. In our fit-
ting procedure the parameter set has been optimised in order
to achieve a minimal difference between the DC2 values ex-
tracted by this alternative calculation procedure.

Solid lines in Fig. 2 are the best fits obtained by a simultane-
ous analysis of the measured real and imaginary parts as out-
lined above. As a Supplementary the dielectric spectroscopy
raw data sets along with fits for several selected temperatures
and for all four fraction fillings can be found.

The relaxation time of the fast process practically coincides
with that of bulk 7CB59. It is typical of the rotational dynam-
ics around the short molecular axis (d -relaxation), the end-
over-end tumbling64,68,82,83. The T dependences of the ex-
tracted fit parameters are depicted in Figs. 3 and 4.

In the monolayer regime ( f =0.17) the dielectric relaxation
is dominated by the slow interface process I. However, also
a weak contribution of the fast relaxation process II devel-
ops as a function of increasing T - see Fig. 3b. This be-
haviour could originate in nonequivalent positions of the ne-
matogen molecules forming the interface layer as a function of
T . Whereas the filling fraction, f = 0.17 at T = 293K, corre-
sponds approximately to one monolayer, some molecules are
expected to be pushed into the next molecular layer at higher
T s, as sketched in Fig. 1a, because of the increase in thermal
activity and intermolecular spacing. As molecular dynam-
ics studies suggest44, such molecules are less spatially con-
strained and thus exhibit considerably faster relaxations than
those being in direct contact with the pore wall (guest-host in-
teraction). Note however that one has to distinguish this fast
relaxation process in the film-condensed regime from the one
observed in the capillary-condensed regime or in the entirely
filled state. Whereas in the first case, the increased mobility is
caused by the molecules located at the liquid-vapor interface
(Fig. 1a, type 2 molecules), in the second case the fast relax-
ations are attributable to the molecules in the core region of
the pore filling with negligible pore wall/nematogen interac-
tion (Fig. 1, type 3 molecules). This partitioning is corrobo-
rated by the smooth T variations of all Cole-Cole parameters
of the relaxation process I and II in the film-condensed regime,
whereas for higher fractional fillings the relaxation character-
istics of the process II are considerably influenced by the P-N
transition inside the core region, see Figs. 3b and 4.

In the capillary condensation regime ( f =0.51 and 0.81)
and for the entire filling ( f =1.0) the Cole-Cole parameters,
a1 and a2 (see Fig. 4a) exhibit opposite tendencies in their
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Fig. 4 Temperature-dependent Cole-Cole relaxation distribution parameters of (a) a1, and (b) a2 and the corresponding relaxation times (c) t1
(d), t2 of the slow and fast relaxation process I and II, respectively, as extracted for four characteristic filling fractions f of silica nanochannels
with 7CB. Note that the relaxation times are presented in an Arrhenius plot, i.e. on a logarithmic scale versus the inverse temperature.

T variation: The interface relaxation I is characterized by
a rather broad distribution at room temperature (a1 ⇠ 0.48-
0.50). However, it becomes narrower at high T s and ap-
proaches in the paranematic phase a value 0.36±0.01. Inter-
estingly, for the fractional fillings, f � 0.51, the correspond-
ing a1(T )-dependences are all shifted upwards in comparison
to the monolayer filling ( f = 0.17). This indicates that by
adding molecular layers one modifies also the dynamics of
the layer in direct contact with the silica wall. This observa-
tion is intuitively understandable and also in good agreement
with observations on the reorientational dynamics of methanol
molecules upon silica nanopore fillings84. By contrast, the
core relaxation II for the entirely filled sample is character-
ized by a narrow relaxation rate distribution at room tempera-
ture (a2 ⇠ 0.06), which broadens in the paranematic state, up
to a2 ⇠ 0.11. Moreover, as f decreases the a2(T )-curves are
systematically shifted upwards. One may speculate that this
broadening of the relaxation time distribution can be attributed
to molecules located in the menisci regions of the liquid-vapor
interfaces (see Fig. 1c and d, - type 3 molecules). Their relax-
ation properties should differ from the molecules located in
the core region, since they encounter more heterogeneous sur-
roundings and thus interaction potentials leading to broader
distributions of relaxation times. Also the relative number of
these molecules increases with decreasing f 39,85,86, in agree-
ment with the increased broadening observed for decreasing

f .

In order to compare the confined molecular relaxation with
the documented molecular dynamics of the bulk LC system,
it is instructive to analyse the T -dependence of the relax-
ation times of the interface and core processes, as displayed
in Fig. 4b. The relaxation times t1(T ) and t2(T ) rise strongly
with increasing orientational ordering. The interface relax-
ation, however, is much slower than the core relaxation pro-
cess, which can be traced to the attractive silica potential and
the expected larger rotational and translational viscosities, if
one has a continuum picture in mind44,68. Both in the nematic
and in the paranematic phase the fast relaxation in the core re-
gion exhibit Arrhenius-like behaviour, ti = toi exp(Eai/kbT )
(kb is the Boltzmann constant), typical of a thermally acti-
vated dipolar reorientation process across an energy barrier
Eai. For the composites with f =0.51, 0.81 and 1.0 Arrhe-
nius plots far below TPN yields the activation energies, Eo2,
64.6, 64.9 and 66.2 kJ/mol, respectively, for the fast, core
d -relaxation process. These values are close to the value of
67.5 kJ/mol reported for bulk 7CB in Ref59. As expected
for the less ordered and thus less constrained state, the acti-
vation energies are smaller in the paranematic phase, namely
39.5, 41.0 and 43.0 kJ/mol, respectively. Note, however, that
in the vicinity of TPN non-Arrhenius, step-like changes occur
(see arrows in the Figure). They can be attributed to the spe-
cific relaxation time behaviour, to2, caused by the collective
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Fig. 3 Temperature-dependent capacitance relaxation strength of (a)
the slow relaxation process I, DC1 and (b) the fast relaxation process
II DC2 for four selected fraction fillings f of 7CB condensed in
silica nanochannels. The dash-dotted line is the isotropic baselines,
DCiso

s (T ) and DCiso
c (T ) ( f =1.0) obtained by the linear extrapolation

of DC1(T ) and DC2(T ) from the paranematic region, as discussed in
the text.

Fig. 5 Static capacitance, Cst for four characteristic filling fractions
f of silica nanochannels with 7CB. The solid line is the best fit of
the Cst(T )-dependence ( f =1.0) based on the KKLZ model. The
dash-dotted line is the corresponding baseline, Ciso

t (T ), obtained by
fitting the KKLZ model.
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orientational molecular ordering at the P-N transition. Over-
all, the behaviour of t2(T�1) is analogous to the characteristic
changes of the static capacitance in the vicinity of TPN , see
Fig. 5.

The interface relaxation, t1 exhibits a smooth variation ac-
companied by a gradual slope change, only. There are no
sharp features in the vicinity of TPN . Obviously, the ther-
motropic ordering in the interface layer next to the pore wall
differs considerably from the one in the core region. This con-
clusion is also corroborated by the behaviour of the capac-
itance relaxation strengths, DC1(T ) and DC2(T ), as will be
discussed in more detail below. Comparing the slopes of Ar-
rhenius plots t1(T�1) in the composites with different fraction
fillings, we again see an evident effect of subsequent molecu-
lar layers on the mobility characteristic of the interface layer.
The Arrhenius plot far below TPN yields the activation en-
ergy, Eo1, of 29.8 kJ/mol for the monolayer which rises with
f reaching a magnitude of 45.4 kJ/mol for the composite with
f = 1.

3.2 Thermotropic nematic order: Landau-de Gennes
Analysis and Shell/Core Partitioning

Both relaxation processes contribute to the static permittivity
with considerably different relaxation strengths. As will be
outlined in the following this allows us to decompose an effec-
tive (average) order parameter behaviour in elementary con-
tributions attributable to molecular rearrangements in the core
and in the shell regions, respectively. The orientational order
parameter Q of a nematic liquid crystal quantifies the collec-
tive preferred molecular orientation in the nematic state. It is
defined as Q = 1

2 h3cos2 q �1i, where q is the angle between
the long axis of a 7 CB molecule and the director, the mean
direction. The brackets mean an averaging over the molecules
under consideration. In general, Q has a local character in a
nematic liquid confined in a porous medium, since the orien-
tational ordering near the pore walls and in the core region
may differ44. Encouraged by the observation of the two dis-
tinct mobility populations, we suggest to approximate the total
order parameter, Q̄, which characterizes the molecular order-
ing averaged over the entire pore volume, by a sum of two
contributions, an interface (or shell), Q̄s, and a core, Q̄c, con-
tribution:

Q̄ = Q̄s + Q̄c = wsQs +wcQc. (3)

Here the elementary contributions, Q̄s and Q̄c, are defined
by local order parameters Qs and Qc and weighted according
to their volume fractions, ws and wc with ws +wc = 1. Note
that Qs and Qc are assumed to be constant over the distinct
pore regions.

The relation between the static dielectric permittivity and
the orientational order parameter Q is given by the Mayer and

Meier equation87. Hence, for a nematic molecule having the
dipole moment nearly parallel to the molecular long axis and
with the director aligned parallel to the probing field, the ca-
pacitance relaxation strength, DC can then be expressed in a
quite simple way:

DC = DCiso + pQ, (4)

where the first term and the factor of proportionality, p, de-
pend on the molecular dipole moment and its orientation with
respect to the long principal axis, the molecular number den-
sity, the internal molecular fields and the temperature. Both
DCiso and p are in principle T dependent, but in most cases the
corresponding changes are weak, particularly if the relative
changes in the absolute temperature are small, as is the case
here. For the bulk nematic LC DCiso(T ) represents the bare
T dependence of the capacitance relaxation strength in the
isotropic phase, whereas its extrapolation to the nematic phase
gives an isotropic baseline relative to which an excess con-
tribution due to orientational ordering (p-term) occurs. The
Maier-Meier equation can be applied in principle to each con-
tribution separately. Thus, the static capacitance is given as

Cst =Ciso
t + p(Q̄s + Q̄c) =Ciso

t + pQ̄, (5)

where Ciso
t (T ) = C• + DCiso

s (T ) + DCiso
c (T ) is the isotropic

baseline of static capacitance, DCiso
s (T ) and DCiso

c (T ) are the
isotropic baselines of shell and core relaxation strengths, re-
spectively.

Note that in the paranematic state (T > TPN) Cst 6=Ciso
t , be-

cause of a residual nematic ordering in the interface region.
In the presented approach the excess capacitance, Cst(T )�
Ciso

t (T ) is proportional to the effective order parameter, Q̄, and
will be subjected to a further analysis.

The difference, Cst(T )�Ciso
t (T ) µ Q̄ normalized to a value

at T = 293 K, Q̄(T )-dependence is depicted in Fig. 6a. The
effective (averaged) order parameter Q̄ can be deconvoluted
into elementary contributions characterizing the molecular or-
derings in the interface shell (Q̄s) and core (Q̄c) regions:

Q̄s(T ) µ DC1(T )�DCiso
s (T ); (6)

Q̄c(T ) µ DC2(T )�DCiso
c (T ).

where DC1(T ) and DC2(T ) are the capacitance relaxation
strengths of the slow and fast processes, respectively.
DCiso

s (T ) and DCiso
c (T ) are the isotropic baselines. DCiso

c (T )
can be easily determined, if one takes into account that DC2(T )
saturates to nearly T independent values immediately above
the nematic-to-paranematic transition point, TPN . We believe
that a linear extrapolation of this dependence below TPN , as it
is depicted in Fig. 5a (see dash-dot line), properly describes
the corresponding baseline in the confined nematic phase.
DC1(T ), on the other hand, evidently exhibits a nonlinear
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asymptotic behaviour which extents far above TPN . Never-
theless, the baseline can be determined, if one considers Eq.
5: DCiso

s (T ) =Ciso
t (T )�C• �DCiso

c (T ), see the dash-dot line
in Fig. 3(a)

In Fig. 5 we present the T dependences of the static capaci-
tance for the composites for all f s investigated. In the mono-
layer regime ( f = 0.17), there is only a gradual increase of
Cst upon cooling, indicating a weak increase in orientational
ordering. At higher f s pronounced changes with a charac-
teristic kink at TPN in the Cst(T ) dependences are observed.
Their continuous evolution (with a precursor behaviour at high
T s) contrasts with the discontinuous behaviour observed at the
isotropic-to-nematic transition of bulk 7CB12.

More quantitative insights in this phenomenology can be
achieved by a comparison with the KKLZ-model27,37 for the
isotropic-to-nematic transition in cylindrical pore geometries
briefly discussed in the introduction. According to the KKLZ
approach the orientational ordering in confinement is char-
acterized by the reduced order parameter q = Q̄/Q0, where
Q0 = Q(TIN) is the bulk value of the order parameter taken at
the isotropic-to-nematic transition temperature, TIN. The di-
mensionless Landau-de Gennes free energy of the nematic LC
is then represented as

f = tq2 �2q3 +q4 �qs +kq2, (7)

where t = (T �T ⇤)/(TIN �T ⇤) is the dimensionless temper-
ature27. A crucial parameter of the model is the difference
TIN�T ⇤ =DT ⇤, which sets the ”effective” temperature T ⇤ and
thus calibrates the T -scale of the KKLZ-model. Based on the
bulk birefringence behaviour in the isotropic-to-nematic tran-
sition40, DT ⇤ was determined to 4.9 K. A bilinear coupling
between the order parameter and the nematic ordering field,
i.e. the qs -term, is a key feature of the KKLZ theory. It re-
sults in an upward shift of the effective transition temperature,
TPN , and a residual nematic ordering at T > TPN , typical of
the paranematic state, as a function of increasing strength of
the interface ordering field, s . A s -value of sc = 0.5 corre-
sponds to a critical point in the s �T phase diagram, which
separates lines of continuous and discontinuous phase transi-
tion evolution27. The k-term accounts for quenched disorder
effects attributable to static variations of s , here most promi-
nently attributable to pore wall inhomogeneities12,27. It rises
the free energy of the low temperature phase and thus pro-
vides, in contrast to a finite value of s , a downward shift of
the effective transition temperature.

The KKLZ model is applicable to entire filled chan-
nels only, since the orientational distortions occurring at the
menisci interfaces for the partially filled state are not consid-
ered. In addition, our experimental results are affected by de-
polarization effects at the menisci interfaces. Therefore, we
restricted our analysis to the entirely filled samples ( f = 1).
Minimization of Eq. 7 with respect to q gave the equilibrium

value of the scaled order parameter, qe, which can be con-
verted to the T -dependence of the static capacitance and com-
pared with experiment. By an iterative least-square numeri-
cal fitting procedure a very good agreement between experi-
ment and theory was obtained for s=0.76 and k =0.96, see
solid curve in Fig. 5. It quantitatively accounts for both the
paranematic behaviour above, and the continuous transition
behaviour at TPN . According to the KKLZ model s is pro-
portional to the inverse pore radius, R�1. This allows one to
calculate a theoretical, critical channel radius, Rc = Rs/sc

27

which would separate a continuous (for R<Rc) from a discon-
tinuous P-N transition (for R > Rc). It corresponds to 10 nm, a
value in agreement with the one experimentally determined
from channel-radius dependent birefringence measurements
on 7CB40.

Another interesting feature in Fig. 5 is a T -shift of the tran-
sition temperate, TPN of DT ⇠3.5 K, between the capillary-
condensed fillings ( f =0.51, 0.81) and the entirely filled chan-
nel ( f =1). One may speculate that competing anchoring
forces and elastic deformations at the liquid-vapor menisci
interfaces in the partially filled state (as sketched in Fig. 1c)
could be responsible for this stronger preference of the dis-
ordered state in the partial fillings. There is, however, an-
other, quantitatively verifiable and arguably more simple ex-
planation, which is related to the hydrostatics of the con-
fined liquid: In the partially filled, capillary-condensed state,
the liquid experiences a tensile pressure, dictated by the con-
cave curvature of the menisci terminating the liquid bridges.
This negative pressure causes not only subtle deformations of
the rigid, nanoporous matrix88–90, it also significantly affects
density, and thus pressure-dependent phase transformations,
most prominently the liquid-solid transition91–94, but also the
isotropic-to-nematic transition studied here95,96. According
to the Young-Laplace formula applied to the menisci in the
capillaries (mean curvature radius = - pore radius = -6.6 nm,
surface tension of 7 CB=31.7 mN/m97) the tensile pressure in
the liquid bridges amounts to ⇠-9.6 MPa for fc < f < 1. This
pressure is completely released upon reaching f = 1 (mean
curvature radius = •). An extrapolation of TIN of bulk 7CB
as a function of positive, compression pressure, reported in
the literature95, towards this magnitude of negative, tensile
pressures yields an expected, 3.5 K Young-Laplace pressure
induced downward shift of the transition, in excellent agree-
ment with the DT observed. Therefore, we think that the T -
shift is rather another vivid manifestation of the high tensile
pressures in the capillary-condensed state, than attributable to
competing anchoring conditions. This conclusions is further
corroborated by the observation that the core relaxation time
t2 is evidently shorter in the capillary-condensed state than in
the completely filled state, see Fig. 4. This faster molecu-
lar reorientation relaxation is also compatible with a negative
Young-Laplace pressure. It results in a reduced density in the
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Fig. 6 The effective (averaged) orientational order parameter, Q̄ vs
T (a) and its deconvolution on the elementary local order parameters
describing molecular orderings in the shell (Q̄s(T )) and core
(Q̄c(T )) regions (b) - see also the colored illustration of the different
molecular populations. For convenience, all order parameters are
normalized to the value Q̄ at 293 K. The relation Q̄ = Q̄s + Q̄c holds
for each T .

liquid bridges, compared to the un-stretched liquid, and thus
in a reduced rotational viscosity of the confined liquid.

Given the additivity in the Maier-Meier equation for the
static dielectric relaxations and the resulting orientational or-
der, we discuss in the following a superposition of the orienta-
tional order in a shell and in a core contribution under a con-
sideration of a proper treatment of the T -dependent baselines
of the static capacitance contributions (see Methods). The re-
sulting T -dependent behaviour of the order parameter aver-
aged over the silica nano channels and normalised to its value
at T =293 K, Q̄(T ) is depicted in Fig. 6a. It can be decom-
posed into elementary contributions, calculated by the base-
line corrected relaxation strengths, which are characteristic of
the molecular orderings in the shell (Q̄s) and core (Q̄c) regions,
as displayed in Fig. 6b. The T variations of the different com-
ponents in the proximity of TPN differ considerably, indicating
a distinct thermotropic orientational behaviour: Whereas the
core ordering exhibits an abrupt and almost jump-like increase

in nematic ordering, reminiscent of the bulk behaviour, the in-
terface ordering shows continuous changes with a ”rounded”
kink near TPN and an asymptotic decrease above this temper-
ature.

It is understood that this linear decomposition is a simplifi-
cation, for it assumes an entirely decoupled thermotropic be-
haviour between shell and core. There is, however, evidence
that this is not strictly true: (i) We saw changes in the relax-
ation dynamics of the slow interface process as a function of
f . (ii) The core order parameter exhibits a small, but system-
atic decrease with T below 305 K. This peculiarity could be an
artefact of the decomposition, but it also could be real. For ex-
ample, the increase in Qi (and the related stiffening) in the in-
terface layer may lead to an increased impact of the pore wall
irregularities on the thermotropic order in the core, and thus
to a decrease of Qs. (iii) As one can learn from the DC1(T )-
dependences, typical of the order parameter Qs, the slope of
the dependences above TPN are nearly the same for all f s, see
Fig. 3a. However, below TPN DC1(T ) remains unchanged for
the composite with a monolayer (or shell) filling ( f = 0.17),
only, and obviously exhibits an increasing slope as a function
of increasing f . This indicates, that the paranematic order-
ing in the host-guest interface evolves independently solely
for the monolayer filling. By contrast, upon additional chan-
nel filling the thermotropic ordering in the interface layer is
enhanced by thermotropic ordering processes of the core, pre-
sumably via intermolecular interactions. Thus, we believe that
the distinct behaviour of the relaxation strength and relaxation
dynamics (broadening and relaxation times) of the two pro-
cesses well justify a qualitative partitioning in a core and a
shell behaviour, there is, however, still a final interaction be-
tween the two molecular populations. It is interesting to note
that such a coupling is also found in Molecular Dynamics sim-
ulations by Ji et al. on rod-like LCs in tubular channels44,
even though their radially resolved order parameter and relax-
ation time profiles suggest an even stronger mutual influence
of the shell and the core behaviour as observed here.

4 Conclusions

We reported dielectric studies on the nematic crystal 7CB
confined in parallel-aligned nanochannels in monolithic silica
membranes. The measurements have been performed on com-
posites characterized by different fractional fillings that cover
film condensation at the channel wall, capillary condensation
and the entire filling. Whereas for the composite with a LC
film a slow interface relaxation dominates the dielectric prop-
erties, in all other cases the dielectric spectra can be well de-
scribed by two thermally activated Cole-Cole processes with
considerably different relaxation rates, i.e. (i) a slow relax-
ation at the interface region in the LC layer next to pore walls
and (ii) a fast relaxation in the core of the nano channel filling.
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Our findings compare well with experimental results on the
dynamics of ”conventional” liquid condensates8,84,98–103 con-
fined in nanoporous media. In particular, the observation of
distinct core and shell molecular mobilities is also in good
agreement with experimental studies on pore-confined liq-
uid crystalline systems presented in the past7,58–66,69,70, most
prominently with the work by Aliev et al. discussed in the in-
troduction. Going beyond this work, we demonstrate here that
the core ordering is reminiscent of the abrupt, discontinuous
bulk order behaviour, whereas the surface ordering exhibits
a much more continuous evolution with a gradual change in
slope at the P-N transition point. It is asymptotically decreas-
ing above this temperature and the superposition of both be-
haviours results in an effective isotropic-to-paranematic tran-
sition which can be well described by a phenomenological
Landau-de Gennes Ansatz (KKLZ-model).

These experimental results corroborate the radial partition-
ing and gradual thermotropic orientational ordering behaviour
found in computer simulations for rod-like LCs in cylindrical
nanochannels.24,44,71,72 Albeit the simulation studies indicate
a rather smooth transition in the molecular mobility44,71,72

between the interface region and the core, whereas accord-
ing to our experiments this transition is quite sharp, resulting
in a very distinct monolayer and core behaviour. Moreover,
our filling-fraction dependent experiments provide informa-
tion on the thermotropic orientational order as a function of
mesoscopic arrangement of the nematic liquid in the channels
(capillary- and film-condensed states). These different fillings
states have not been explored in simulation studies so far.

For the future, it would be interesting to what extent com-
puter simulations can shed additional light on the impact of
the tensile pressure in the capillary-condensed state in com-
parison to the influence of possible heterogeneous anchoring
conditions in this state of the confined liquid. In fact, the ad-
vent of high brilliant Synchrotron-based X-ray sources may
allow one to perform already in the near future single-channel
experiments in order to explore spatially resolved anchoring
profiles and the intimately related translational liquid crys-
talline order. Such structural information would be of high
importance in order to complement the dynamic and static in-
formation regarding the orientational order of highly spatially
confined nematic liquids unravelled here by dielectric spec-
troscopy experiments on arrays of nanochannels.

Supporting Information Available: The frequency disper-
sions of the complex capacitance for seven selected temper-
atures and four fraction fillings of 7CB embedded into sil-
ica nanochannels (R = 6.6 nm) is available free of charge via
the Internet as RSC’s Electronic Supplementary Information
(ESI).
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