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Frequency dispersion measurements of proton spin—lattice relaxation rates (R;) of
liquid crystal 4-propyl-4'-pentylazoxybenzene in bulk and confined samples (in
random porous network of aerosil nano-particles) are reported in isotropic and
nematic phases. Significant low-frequency increase in R; in confined samples
indicates slow molecular reorientations mediated by translational displacements
near the adsorbing porous surface. The resulting dispersion behavior of R,
(~w~?) reflects the nature of the random surface (p =0.5 for equi-partition of the
diffusive modes). The observed temperature-independent exponent in the
isotropic phase (p=0.34) indicates the abundance of low-wavelength surface
modes. Its temperature-dependent higher values in the nematic phase (from
0.59 to 0.65 on cooling), and increased spin—lattice coupling via this mechanism,
show progressive onset of longer wavelength modes. A detailed analysis shows the
effect of confinement on the order director fluctuations, molecular reorientations,
and translational diffusion of the molecules.

Keywords: liquid crystals; porous media; RMTD process; molecular dynamics;
NMR relaxometry

1. Introduction

Interest in liquid crystalline materials confined to various types of geometries expanded
greatly in the last two decades because of their important role in electro-optic devices and
physical properties, which require basic understanding of surface—fluid interactions.
Independent of the methods used to confine the liquid crystals (LCs), these systems have
one underlying common theme: a symmetry-breaking, non-planar confinement imposed
by the surrounding matrix. In addition, confined LCs differ significantly from
macroscopic bulk systems because of their large surface-to-volume ratio. Their composite
nature profoundly affects the ordering of the LC molecules and their susceptibility to
external fields, making them ideal for electro-optic applications [1].

Among the confined LC systems, LC-aerosil dispersions are demonstrated to be
particularly interesting to study through many distinct experimental and theoretical
methodologies [2-17]. While porous matrices like nucleopore, anopore, millipore, and
controlled porous glass (CPG) all have a well-defined geometry of the pores, aerosil, and
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aerogel systems in contrast provide random porous structures. Aerosil gels are partly
similar to silica aerogel, a different type of fractal silica gel used to confine LC. Aerosil and
aerogel systems are nearly identical in several aspects: fractal-like nature of the gel
structure, surface composition, chemical properties, as well as density. The crucial
difference between the two systems is their differing response to elastic strains since
aerogels possess much larger shear modulus than aerosil gels. In LC-aerogel systems, the
silica network is fixed in space and the elastic strains imposed by the random anchoring
surfaces are fully quenched. The disorder introduced by even the low-density aerogels is so
severe that the features of phase transitions are dramatically smeared [16]. In contrast, in
aerosil gels, a weaker, better-controlled random disorder can be introduced: elastic strains
can be partially annealed, thus reducing some of the disordering effects. In addition, the
ability to grow a network directly within the LC permits the formation of structures of
higher porosity [17,18]. Indeed, a distinct advantage of aerosil systems is the ease of
producing nearly arbitrary silica densities.

Nuclear magnetic relaxation methods, widely used to probe molecular dynamics in
many condensed systems, are extremely sensitive to the orientational order of molecules
and have the potential to report on the dynamic processes over a wide time scale [19]. The
random network confining the LC induces ordering near the surface, which decreases
exponentially with a correlation length depending on the disordering density. For example,
the deuterium NMR studies on the LC 8CB confined to aecrosil matrix [6,9] revealed the
details of the director configuration and the orientational order in the voids, supporting
this scenario. The proton NMR relaxometry in this context provides a valuable
supplementing technique, which throws further light on the degree of surface-induced
order and on the changes in the molecular dynamics induced upon confinement [14,15].

In this article, we present a detailed dispersion study of proton spin—lattice relaxation
rates in bulk 4-propyl-4’-pentylazoxybenzene (PPA) and PPA confined to acrosil matrix at
two different concentrations. These relaxation rates of confined systems are found to be
very sensitive in the presence of the silica network, and show qualitatively different
frequency dependence compared to the bulk sample. We analyze the additional
contribution to the relaxation rate on confinement, in terms of slow reorientation of
molecules very near the porous surfaces due to adsorption kinetics. This article is
organized as follows: the experimental details are given in Section 2. The relaxation models
and the analysis of the experimental data are discussed in Sections 3 and 4. The last section
summarizes the results of this work.

2. Experimental details

The LC PPA was synthesized in the laboratories in Warsaw, Poland. The molecular
structure and its phase sequence are shown in Figure 1. The LC—aerosil mixtures were
prepared by the solvent method [3]. Aerosil (type A300 from Degussa Corp.) was initially
dried over-night at 200°C under vacuum before adding to a dilute solution of the LC in
pure acetone. This solution was kept in the sonicator for over 2h to achieve a
homogeneous dispersion. The solvent was then evaporated by keeping the sample at 60°C
for over 15h. The mixture was then transferred into an NMR tube and was sealed under
vacuum. Aerosil A300 consists of small silica spheres of diameter 7nm and a specific
surface area of 300m?g~". The surface of these spheres is covered with hydroxyl groups
that interact with each other via hydrogen bonding, and the resulting system thus forms a
3-D random network. Due to the hydrophilic nature of the spheres and the polar nature of
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4-propyl-4'-pentylazoxybenzene (PPA)

CsH7 N=—/=N CsHyq

Cr 0°C N 61.8°C I

Figure 1. Molecular structure and phase sequence of the liquid crystal PPA.

the LC, the alignment of the molecules at the silica surfaces is homeotropic. The density of
silica particles in our samples was 0.05 (Sample A) and 0.07 g cm ™~ (Sample B). The shift
of the isotropic-to-nematic transition temperature (7'y;) is within 1 K at both the aerosil
concentrations.

Proton spin—lattice relaxation rates (R;) were measured over a range of Larmor
frequencies using the field-cycling NMR relaxometry (Stelar Spinmaster FFC 2000) from
10kHz to 10 MHz and a pulsed variable field spectrometer at 20 MHz. The decay of the
observed magnetization was exponential over several decades of the observation time,
indicating single relaxation time constant. The errors in the R; measurements were within
3% and the temperature of the sample was controlled to +0.1 K. The frequency
dependence of these rates in bulk and confined PPA systems (at two different
concentrations) in the isotropic and nematic phases are shown in Figure 2(a—c). Their
temperature dependences at different Larmor frequencies (in bulk and confined samples)
are shown in Figure 3(a—c). These plots bring out clearly the pre-transitional behavior near
the nematic—isotropic point, and also portray specific features of the different phases in the
bulk as well as in confined LC systems.

3. Relaxation models

The proton spin—lattice relaxation is mediated via the time modulation of dipole—dipole
interactions between the neighboring spins [19,20], effected through various molecular
processes characteristic of the liquid crystalline systems. It is customary to assume their
statistical independence, and hence express the observed relaxation rate R;7 as a sum of
individual contributions {R,},, as

Rir=Y_ {Ri}.i=R,SD,CF,OPF,ODF, and RMTD (1)

where the summation index i covers different molecular mechanisms, like: local molecular
reorientations (R), translational self-diffusion (SD), orientational order critical fluctua-
tions (CF), order parameter fluctuations (OPF), order director fluctuations (ODF), and
rotations/reorientations mediated by translational displacements (RMTD).

In the case of LC molecules, the molecular reorientations about their long and short
axes can be distinguished due to separated time scales: reorientations around the long axes
are fast on the typical NMR experimental time scale and hence give a frequency-
independent contribution. On the other hand, dynamics about the short axes are slow, and
could fall in the time window of the experiment. The relaxation rate contribution due to
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Figure 2. Frequency dispersions of proton spin—lattice relaxation rate R; for PPA in the bulk (a),
in Sample A (b), and in Sample B (c) in the isotropic and nematic phases.

these reorientations is given by the well-known BPP expression [21], which depends on a
correlation time tr and a pre-factor Ar. The translational self-diffusion modulates the
intermolecular spin interactions and its contribution to the total relaxation rate in the
isotropic phase was calculated analytically [22] and later extended to the liquid crystalline
phases [23,24]. This contribution primarily depends on the diffusion coefficient D and a
related pre-factor Ap.

The collective processes observed in LC systems are critical fluctuations of the
orientational order just above the nematic—isotropic transition (7j), order parameter
fluctuations just below this transition, and order director fluctuations in the nematic
phase. The first of these contributions arises from the time-modulation of the dipolar
interactions due to short-range nematic order fluctuations [19], and is quantified by a
correlation time tcp and a pre-factor Acg. In contrast to short-range nematic order
fluctuations in the isotropic phase, fluctuations in the magnitude of the nematic order
parameter S are effective in relaxing the nuclear spins just below nematic—isotropic
transition [19]. Order director fluctuations observed in the nematic phase are typically
characterized by a spin-lattice relaxation rate that depends on frequency as R, ~ o~ "/
However, this characteristic frequency dependence is modified in the limiting cases of both
high- and low-frequency cut-off values. The relaxation rate becomes independent below a
lower cut-off frequency and it varies as R;~w > above an upper cut-off frequency.
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Figure 3. Temperature dependences of proton spin—lattice relaxation rate R; for PPA in the bulk (a),
in Sample A (b), and in Sample B (c) in the isotropic and nematic phases.

The pre-factor Aopr and the cut-off frequencies associated with ODF depend on the
temperature, nematic order parameter S, and visco-elastic properties of the liquid
crystalline medium [19].

In the case of LCs confined to nanometer size cavities, the molecular rotations and
translational displacements close to the cavity surfaces are restricted, and are affected by
the influence of the surface. Such constrained dynamics was observed in many LC systems
confined to different types of random porous matrices [14,15,25-28], and the underlying
rotational processes are referred to as RMTD. The translational displacements close to the
surface is analyzed in terms of diffusion modes with different wave numbers ¢, decaying in
time with damping constant 7, =1 /Dg*. The relaxation rate for this mechanism is the sum
of all diffusion modes taking into account that each mode might contribute with a
different weight. The weights depend on the structure of the confined porous matrix, and
in general the orientational structure factor quantifying their relative importance is a
complex function of the wave number. But in some cases, it can be approximated by a
power law with an exponent p. Therefore the spin—lattice relaxation rate associated with
this mechanism for an arbitrary value of the exponent p was calculated as [28]

1 Zmax 53 _ 1 N R
(R)rmtD = ARMTD{_/ Pa d } 2

7 dz+ e
154 l+z Quwy i) 5 l+z

Zmin
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where me=(CURMTDmin/CO)1/2 and Zmax=(0)RMTDmax/w)l/2- ArmTp 18 a pre-factor
depending on the diffusion coefficient, geometrical features of the confined matrix, and
residual dipole—dipole proton—spin interaction. The frequencies WrMTPmin ANd ORMTDmax
are the lower and higher cut-off limits, and are related to the largest and smallest
molecular displacements /., and /,;, of a molecule through the following relation:
a)RMTDmmzlimMD and a)RMTDmaX:IfmnMD. Apart from the additional RMTD contri-
bution in the nano-confined samples, all the other relaxation mechanisms are common for

both the bulk and confined systems.

4. Analysis and discussion

The spin—lattice relaxation rate profiles in different phases of the LCs are analyzed in
terms of the above-mentioned different relaxation mechanisms. The parameters quanti-
fying these processes were evaluated by employing a non-linear least square fitting
procedure based on the Levenberg—Marquardt (LM) algorithm [29]. The broad objective
of this regression analysis is to locate efficiently the region of parameter space which is best
suited to account for the experimental data according to the chosen model, and then
minimize the deviation (mean square error, x°) between the experimental and computed
results, based on maximum likelihood criterion. The LM algorithm combines the gradient
search method with parabolic approximation by modifying exclusively the diagonal
components of the Jacobian (curvature) matrix associated with the model during the
gradient search, and asymptotically withdrawing these modifications in the immediate
neighborhood of the x* minimum, to recover the parabolic approximation. Further
simplification results by considering only the linearized version of the Jacobian matrix.
This analysis is carried out under these conditions, and the errors in the fitted parameters
thus obtained are to be taken as indicative (particularly if there are significant correlations
among some of them). To reduce the complexity of the fitting procedure, we used
experimentally measured values, wherever available, as inputs for the model parameters.

4.1. Isotropic phase

The relaxation rate dispersions of the bulk PPA at higher temperatures
(ATn1=T— TN1=10°C and 15°C) in the isotropic phase are well described by a super-
position of the two relevant relaxation mechanisms: molecular reorientations (R) and
translational self-diffusion (SD). We made use of the reported value of diffusion constant
D of a related azoxybenzene [30] in analyzing the present data, noting that bulk properties
of diffusion in the isotropic phase of such similar systems are very much comparable.
We found that the coupling constant Ap has not varied significantly over the temperature
range (within the estimated errors) in the isotropic phase; so its average value was used at
all temperatures in this phase. The reorientational correlation time tr has been found to
increase with the decrease of temperature, while its strength Ar decreased. Close to the
phase transition, i.e., at ATny=0.6°C, 2°C, and 6°C, a better fit to the experimental data
was obtained with an additional mechanism, taking into account the critical fluctuations
of the orientational order (CF) in addition to the R and SD. The correlation time tcg and
the strength of the interaction Acg were found to increase on approaching the transition
from above. The observed behavior of all these parameters (with respect to frequency and
temperature) is very much comparable to the earlier observations reported in typical bulk
LC samples. The fitted experimental data at 10°C and 0.6°C away from Ty are shown in
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Figure 4. (color online) Frequency dispersion of the proton spin—lattice relaxation rate R; of PPA at
ATn;=10°C: in the bulk (a), Sample A (b), and Sample B (c). The solid line represents the calculated
total relaxation rate obtained by fitting the experimental data to the theoretical models explained in
Section 3. The dashed (color lines) lines represent the corresponding relaxation mechanisms. The fit
parameters are given in Table 1.

Figures 4 and 5, respectively, and the associated parameters at different temperatures are
presented in Table 1.

The relative increase in the relaxation rate in the confined systems (particularly in the
low-frequency region) can be consistently explained by invoking the RMTD mechanism,
and the corresponding dispersion data were fitted by including this process also. The
analysis clearly indicates the dominant role of RMTD below 1 MHz. It exhibits a
characteristic power law frequency dependence between the two cut-off regimes,
(R)rmTD X @7, with p=0.34 £ 0.05, which is different from the other reported confined
systems [27,28]. The deviation of p from its equi-partition value (0.5) signals the important
contribution of low wavelength diffusion modes in this phase of the system. It may be
noted that our recent work on 80CB confined to identical environment also yielded
almost the same value of p within errors of estimation [15]. It appears that practically
identical confining environment provided for two different LCs is leading to a very similar
distribution of diffusive modes, thereby clearly alluding to the strong possibility that the
observed power law is essentially arising from the underlying structure factor of the
(random) porous surfaces. Changes in the cut-off frequencies of the RMTD mechanism
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Figure 5. (color online) Frequency dispersion of the proton spin—lattice relaxation rate R; of PPA at
ATN;=0.6°C: in the bulk (a), Sample A (b), and Sample B (c). The solid line represents the
calculated total relaxation rate obtained by fitting the experimental data to the theoretical models
explained in Section 3. The dashed (color lines) lines represent the corresponding relaxation
mechanisms. The fit parameters are given in Table 1.

with the decrease in temperature are manifestations of the decrease in the diffusion
coefficient on cooling, and are in turn associated with the largest and smallest molecular
displacements near the surface (/,.x and /,;,) that could cause significant loss in the
correlation of molecular orientations. The experimental data on PPA report rather a
nominal change in /;,, steadily increasing from about 1.5nm to 2nm over 15°C
(Figure 6). In comparison, in the case of 8OCB, for a similar variation of temperature
above its Ty value, it is observed that /,;, is comparable (~1.5nm) at ATx;=15°C, but
increases to about 9 nm very close to Ty;. Further, its variation with temperature in SOCB
appears to approximate to a power law, unlike PPA. This contrasting variation of /;, in
these two LC systems, with a confining matrix having very similar structure factor (i.e.,
very close p values), brings about an interesting point for discussion. The larger value of
Imin near the transition, and its apparent pre-transitional behavior, in the case of 8OCB are
indicative of the presence of significant ordering near the surface, relative to PPA [15].
In addition, this length scale is fairly insensitive to temperature in the present system.
Taking into account the fact that both the systems seem to need RMTD mechanism for
interpretation of their data in the isotropic phase (thus confirming observable adsorption
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Figure 6. Variation of /.,;, with the temperature in the isotropic phase.

effects in both the cases), we attribute this dissimilar behavior with respect to /,;, to the
difference in the orientations of the dipoles on the two molecules vis-a-vis the aligning
direction preferred by the local structure due to the anchoring interactions. The strength of
this interaction Agpmtp shows an Arrhenius behavior with temperature in both the LCs,
the associated activation energy with this process being about 35kJmole™' for both the
samples. This seems to provide another pointer to the qualitative difference in the surface
interactions of the two LC systems.

4.2. Nematic phase

The dispersion profiles in the nematic phase of PPA in bulk as well as in confined samples
are discussed in this section, focusing first on the nematic phase, very near to the transition
temperature (ATny=T— Tni=—1°C), where order parameter fluctuations are known
to provide the dominant mechanism for relaxation in the bulk samples (Figure 7).
By analyzing the data based on this mechanism [19], the characteristic time associated with
these fluctuations topg is estimated to be about 134 ns. The effect of confinement at this
temperature, relative to the bulk sample, is interesting. There is practically no change in tg
due to confinement in PPA remaining at about 3 ns, while it changes from 8.14 to 5.4 ns in
80OCB.This observation seems to be interestingly correlated to the exponent p in the power
law governing the frequency dependence between the corresponding frequency limits,
WRMTDmin aNd WrMTDmax- L he exponent in the nematic phase of the confined PPA system
remains the same (at ~0.34) as in the isotropic phase for PPA, while it shows a perceptible
increase in the confined 80OCB on the onset of the nematic phase (from 0.39 in the isotropic
phase to 0.45 just below the transition). Common to 8OCB and PPA is the observation
that progressive confinement (i.e., from Sample A to Sample B) leads in both the systems,
an increased coupling to the lattice via the RMTD mechanism (namely, Arytp increases
with network density in these samples) [31].

We now discuss the results of our analysis at three temperatures deep in the nematic
phase (ATNi=-3°C, —7°C, and —10°C). In the bulk sample (Table 2), tg decreases
progressively on cooling due to the gradual increase in the orientational order in the
sample. Within the frequency range of the experiment, no leveling of the relaxation rate
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Figure 7. (Color online) Frequency dispersion of the proton spin—lattice relaxation rate R; of PPA
at ATy;=—1°C: in the bulk (a), Sample A (b), and Sample B (c). The solid line represents the
calculated total relaxation rate obtained by fitting the experimental data to the theoretical models
explained in Section 3. The dashed (color lines) lines represent the corresponding relaxation
mechanisms. The fit parameters are given in Table 2.

(i.e., reaching a plateau) at low-frequency end could be observed, indicating that woprmin
should be significantly below the lowest frequency studied. Appp, representing the
coupling of the spin system to the lattice via ODF, marginally increases initially on cooling
and saturates at ATny=—10°C (Table 2).

Effect due to confinement on the dynamic parameters of the PPA at these temperatures
of the nematic phase is summarized in Table 2, and Figure 8 shows the contribution of
different relaxation mechanisms at ATN\y=—7°C. One immediate discernible effect of
confinement is the significant increase of wopEmin to the range of MHz. The confinement
due to the aerosil 3-D network seems to be placing a severe restriction on the long-
wavelength ODF modes, pushing the value of the corresponding cut-off frequency by an
order of magnitude. This circumstance leaves room for other slow mechanisms, like
RMTD, to play their visible role at much lower frequencies. An interesting consequence of
confinement on PPA system is that the exponent p changes from 0.34 (within the vicinity
of the transition ATxN;=—1°C) to 0.63. This is of course an indication of the qualitative
changes in the effective structure factor probed by the diffusing molecules, signaling a
change, on cooling, to a regime where long wavelength diffusive modes are more probable.
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Figure 8. (Color online) Frequency dispersion of the proton spin—lattice relaxation rate R; of PPA
at ATyy=—7°C: in the bulk (a), Sample A (b), and Sample B (c). The solid line represents the
calculated total relaxation rate obtained by fitting the experimental data to the theoretical models
explained in Section 3. The dashed (color lines) lines represent the corresponding relaxation
mechanisms. The fit parameters are given in Table 2.

A similar change was observed in the case of 8OCB on confinement (p =0.58) [31], and in
other such systems. In the case of CPG matrix, however, with confining lengths in the
range of ~15nm, the distinguishing features of the phase transition were smeared out and
the exponent was observed to increase continuously [28]. In this case, the exponent
however increases marginally in the deep nematic phase. The difference between these two
cases suggests that the exponent value in the present system is limited by pore size. Finally,
the progressive onset of the orientational order on cooling into the nematic phase has
profound effect in the confined samples. The effect, for example, on woprFmin and ArmTD
is seen in both the samples (A and B), correspondingly more in Sample B.

5. Conclusions

We present the frequency dispersions of spin—lattice relaxation rates at various
temperatures covering the isotropic and nematic phases of LC PPA, and compare the
results obtained in the bulk sample with two confined systems with different average pore
sizes. In the isotropic phase, PPA exhibits pre-transitional effects on the relaxation profiles
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within a range of about 6-7°C above Ty, like in the case of a typical LC. Surface
interactions of the LC medium as a result of confinement induce RMTD mechanism,
which provides an insight into the surface topology (in terms of its orientational structure
factor) and adsorption kinetics (wrmtp cut-off values). We find that the exponent
p obtained from confined PPA samples is lower than the equi-partition value (0.5), and is
essentially the same as was reported by 8OCB under essentially identical random
environment. The observed value (0.34-0.38) is indicative of the relative abundance of
low-wavelength diffusion modes, reflecting the nature of the surface formed by the 3-D
network of the chosen acrosil particles. Temperature variation of /,;, in the isotropic
phase of PPA is compared with confined 8OCB. The observed qualitative difference seems
to be related to the difference in the direction of the dipoles located on the two molecules
(relative to the respective long axis) and hence the observed differing sensitivity to
decoherence effects on diffusion. The effect of increasing orientational order on cooling
the nematic PPA, and confinement related effects at each of the temperatures in this phase,
are qualitatively analyzed. The lower cut-off frequency of the ODF mechanism is observed
to shift to higher frequencies, yielding to RMTD mechanism to play a dominant role at
low frequencies even in this phase. This mechanism has been observed to be more effective
in the nematic phase (by an order of magnitude) relative to its isotropic phase.
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