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We have studied a system composed of an hydrophobic aerosil (R812) dispersed in the

liquid crystal 4-n-octyl-4’-cyanobiphenyl (8CB) using the spin probe ESR technique and,

in particular, we have determined, for different aerosil concentrations, the temperature de-

pendence of the orientational order parameter 〈P2〉 and the rotational diffusion coefficient

D⊥ of the probe 5-doxyl stearic acid in the ordered and isotropic phases of the system. We

have found that increasing the silica concentration up to 10 wt % does not significantly

change the transition temperatures of the system. The probe order parameter is instead

depressed and we found that the β exponent of an empirical Haller-type equation, used

to fit its temperature dependence, changes roughly linearly with the aerosil concentration.

The concentration effect on the probe dynamics is relatively small in the isotropic phase,

where the D⊥ temperature dependence is well fitted for all the systems with an Arrhenius-

type equation. In the nematic phase the dynamical behavior is more complex: we found

that while local probe motion is still rather fast even when the macroscopic behavior is

gel-like, the temperature dependence of D⊥ is still of Arrhenius-type up to 3 wt % aerosil

concentration, but it becomes of Vogel-Fulcher-Tammann type for the 10 wt % R812 system.
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1. INTRODUCTION

Liquid crystals1 containing a suspension of pyrolitic silica particles (aerosils)2 of nano-

metric size present fascinating fundamental3 and applicative aspects.4 From the fundamental

point of view the interest stems from the intricacies of the effect of a random perturbation

on ordered phases, with the silica particles playing the role of the perturber. In particular,

according to the “Imry-Ma argument”, an arbitrarily low amount of static disorder should

suppress long range order (LRO) in a large enough continuous symmetry system in three

dimensions.3,5 The system also presents technological interest in view of scattering displays

with memory.4 In these displays the nematic “filled” with a small concentration of aerosil

(up to a few percent) strongly scatters light in its field-off state because of the large optical

anisotropy of the macroscopically disordered nematic. Application of an electric field aligns

the nematic domains yielding a transparent state and for appropriate combinations of aerosil

type and liquid crystal this clear state remains even after removal of the field (“memory ef-

fect”). Notice that the small concentration of silica does not change the optical properties

of the liquid crystal by itself, indeed no optical matching between liquid crystal and aerosil

is needed. The display can be easily switched back to its scattering state in various ways,

e.g. thermally by application of a focused laser beam.6

Eidenschink and de Jeu explained the electro-optical behavior assuming the formation of

a network of aerosil particles and liquid crystal.7,8 This process is more understandable in

aerosils with dangling silanol groups where hydrogen bonding can lead to diffusion-limited

aggregation, if the silica density exceeds the gelation threshold (∼ 0.01 g/cm3 for an hy-

drophilic aerosil).9 However, the effect is obtained both with hydrophilic (e.g. type 300) and

hydrophobic (e.g. type R812) aerosils.

A number of these systems have been studied using macroscopic level techniques. Ian-

nacchione et al.10 performed a high resolution calorimetric study of the nematic and smec-

tic phase transitions as a function of the aerosil density, for different dispersions of type

300 hydrophilic aerosil particles in 4-n-octyl-4’-cyanobiphenyl (8CB) liquid crystal. They

found that, as the aerosil concentration is increased from ∼ 0.02 to ∼ 0.4 g/cm3, both the

nematic–isotropic (N–I) and the smectic A–nematic (SmA–N) transitions exhibit shifts to

lower temperatures. For silica densities below ∼ 0.1 g/cm3, sharp, second-order Cp peaks

for the SmA–N transition and two closely spaced first-order peaks for the N–I transition are
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observed. At higher densities only a single, rounded peak is observed for both transitions,

with a decrease in the total enthalpy.

A decrease of the N–I and the SmA–N transition temperatures with increasing aerosil

concentrations was also found by Marinelli et al11,12 who recently reported on high resolution

photopyroelectric measurements of homeotropically aligned hydrophilic aerosil dispersions in

8CB, at a lower concentration range: from 0.005 to 0.04 g/cm3. Interestingly, their thermal

conductivity data showed hysteresis for all the mixtures, indicating that the elastic strain,

due to the presence of the aerosil particles, is not completely annealed at the N–I transition

if the sample is cooled down from the I phase.

High resolution ac calorimetric studies of 8CB containing an hydrophobic aerosil (R812)

were performed by Zhou et al.13 Only a small shift (< 1 ◦C) was found for silica concentra-

tions up to 10 % (0.1 g/cm3) in the N–I and the SmA–N transition temperatures. Differently

from silica aerogels14 of comparable density, the specific heat peak of the SmA–N transi-

tion remains sharp even if, with increasing silica concentration, it decreases in intensity and

eventually disappears.

Even if at the moment less interesting for display applications, the smectic region is of

particular interest for understanding the effect of random perturbations, as theory15 predicts

destruction of orientational as well as translational ordering in the presence of random

disorder, with the formation of glassy states.

Type R812 hydrophobic aerosil-liquid crystal suspensions have been studied experimen-

tally using optical techniques, e.g. scattering and transmission,3,4,16 and, using a more vis-

cous, cholesteric liquid crystal, by AFM.17 R812 aerosil has also been used in erasable bistable

displays.6,16 In particular, for a dispersion of R812 aerosil in 4-n-pentyl-4’-cyanobiphenyl

(5CB) liquid crystal, a maximum of the memory effect was found for an aerosil concentra-

tion between 8 and 12 wt %.16 Interestingly enough, optical turbidity studies3 show that the

liquid crystal loses true long range order upon addition of the aerosil and that the residual

order is short range with respect to the optical wavelength and scales with the disordering

silica particles concentration.

Molecular level studies of ordering are scarce, but disordering effects due to different

concentrations of type 300 hydrophilic aerosil particles dispersed in 8CB have been recently

studied using deuteron NMR.9 The results were discussed within the assumption that the

hydroxyl groups covering the aerosil particles form hydrogen bonds with the 8CB cyano
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group, producing a homeotropic anchoring at the silica surfaces and causing elastic strains

that increase with increasing aerosil density. In low concentration dispersions (less than 0.1

g/cm3), the orientational order was found to be essentially bulk-like possibly corresponding

to these elastic strains being partially annealed. The presence of the NMR magnetic field

contributes to make the annealing more complete due to field-induced alignment of the 8CB

molecules. The behavior of the nematic phase upon 90◦ rotation of the sample in the field

is explained in terms of a rearrangement of the silica network. Below the gelation threshold

this field-induced realignment is complete, i.e. no angular dependence is observed. At higher

silica concentrations, still below 0.1 g/cm3, the rearrangement appears to be only partial

and, by further increasing the aerosil density, the aligning effect of the magnetic field is

suppressed and silica-induced disorder dominates.

Apart from the change in the structure and the reduction of order, silica particles have,

as already mentioned, dynamic effects leading at macroscopic level to glassy behavior. The

dynamic aspects of 4-n-heptyl-4’-cyanobiphenyl (7CB) liquid crystal containing a type 300

hydrophilic aerosil dispersion were recently studied by Hourri et al.18 using dielectric re-

laxation spectroscopy. The time scale for the reorientation of the molecular long axis was

found to be essentially bulk-like, with a relaxation time τ ∼ 10−8 s, for aerosil densities up

to 0.226 g/cm3. Hourri et al. study extends and confirms the results of a previous work of

Abd-El-Messieh et al.19 where alkylanilines were used as the liquid crystal component. A

glass-like relaxation behavior was recently found by Aliev and Sinha20 in a dispersion of a

type 200 hydrophilic aerosil in 5CB liquid crystal, using dynamic light scattering. These

works are particularly interesting for us, even if they use a different aerosil type (hydrophilic

vs. hydrophobic), since they represent, to our knowledge, the only studies dealing with

molecular rotational dynamics in filled nematics, even if with a spatial scale larger than our

strictly molecular one.

Molecular studies seem to be particularly timely to examine the nature of the glassy

behavior found with scattering and turbidity techniques which have shown relaxation times

on scales of milliseconds and even longer.21

In this paper we shall concentrate on a molecular level study of a dispersion of the type

R812 hydrophobic aerosil in the 8CB liquid crystal by means of the spin probe technique,

which consists in adding to the system a stable paramagnetic probe (typically a suitable

nitroxide) at a very low concentration (usually ∼ 10−4 M) and recording its ESR spectrum
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in different conditions.22–24 The method has the specific feature of being local on a molecular

scale and being indifferent to turbidity. The analysis of the spectra will provide information

on the different local probe environments. In particular, we are interested to changes in the

spin probe order and dynamics as the silica concentration and the temperature are varied.

We also intend to examine if the glassy behavior already mentioned is a true one arising

even at molecular level.

2. EXPERIMENTAL

The liquid crystal 8CB was obtained from Merck KGaA (Darmstadt, Germany). This

compound exhibits, on heating, the nominal phase sequence: Crystal – SmA (294.7 K), SmA

– N (306.7 K), N – I (313.7 K), as reported by the manufacturer, and was used without

further purification. The nitroxide spin probe was the 2-(3-carboxypropyl)-4,4-dimethyl-2-

tridecyl-3-oxazolidinyloxy (5-DOXYL-stearic acid, hereafter referred to as 5DS), free radical.

It was obtained from Aldrich and was chosen because it is well-ordered by the liquid crystal

host and has been used in a number of studies.25,26 The 5DS structural formula is shown

in Figure 1 together with the chosen molecular axis system which is based on the standard

system of coordinates for the N–O paramagnetic moiety, with the x axis along the N–O bond

and the z axis parallel to the nitrogen pz orbital containing the unpaired electron density. In

this way the z axis of the molecular frame is approximately parallel to the long axis of the

probe, at least in the fully stretched, all trans conformation. For this compound, dissolved

in the 8CB liquid crystal, the principal g factors and hyperfine splitting tensor components

used were gxx = 2.0089, gyy = 2.0058, gzz = 2.0021, corresponding to the standard literature

values25 and Axx = Ayy = 5.92 G and Azz = 31.42 G (1 G = 10−4 T), which correspond to

the literature values25 corrected for the polarity of the environment so as to recover the scalar

hyperfine constant a = 14.414 G that we observed experimentally. In a preliminary series of

measurements the spin probe 4-oxo-2,2,6,6-tetramethyl-1-piperidinyloxy (4-Oxo-TEMPO),

free radical was also used, but its negligible alignment did not recommend it for this type

of experiments.

The aerosil (pyrogenic silicon dioxide) employed was the Degussa2 type R812, a modified

hydrophobic aerosil where a large part of the surface SiOH (silanols) is protected by methyl

groups with a density of only 0.29 free OH groups/nm2.27 The primary particles have a size
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of the order of 7 nm and do not exist in isolation but form aggregates and agglomerates with

a very large surface area (typically 260±30 m2/g) which is almost entirely external and is

not derived from any porosity.28

The 8CB-aerosil samples were prepared according to the solvent method described by

Iannacchione et al.10 and Haga et al.29 with some modifications. The aerosil was dried

under vacuum at ∼ 150 ◦C for 24 h,30 weighted in dry atmosphere and mixed to HPLC

grade acetone to obtain a ∼ 0.01 g/cm3 suspension which is not stable and forms a visible

sediment in a few minutes. To avoid this problem and achieve a better suspension, the aerosil

stock solution was treated for 20 min at maximum power with an ultrasonic homogenizer

(Fisher-Artek-Dynatech Sonic Dismembrator, model 150) which operates by immersion via

a titanium transducer tip. In this way we were able to obtain a stable aerosil dispersion

which did not form any sediment over a period of months. A 5DS/8CB stock solution in

HPLC grade acetone was prepared, typically at an 8CB concentration of 0.1–0.3 g/cm3 with

a spin probe concentration of 3 × 10−4 g 5DS/g 8CB. Individual samples were prepared

by mixing in acetone the required volume of the 5DS/8CB stock solution and of the aerosil

stock solution to a final [8CB] typically of 0.02 g/cm3. Due to the very good dispersion of

the aerosil stock solution, the samples were then only mechanically mixed but not further

sonicated, thus avoiding potential drawbacks due to the interaction of the material of the

tip with the spin probe. After stripping of the solvent in an anhydrous nitrogen stream at

a temperature of ∼ 333 K, the samples were placed in a vacuum system at 10−2 mbar (1

mbar = 102 Pa) and pumped on for 6 h at ∼ 323 K. The final samples appeared uniform

upon visual inspection, showing no agglomeration when checked with a microscope.

In addition to these, a series of samples was prepared by a mechanical mixing method

without using any solvent. Here the aerosil was directly added to a mixture of 5DS/8CB with

a spin probe concentration of 3 × 10−4 g 5DS/g 8CB. This was done to allow a comparison

of the effects of the preparation technique and of the “aging” of the samples. Detailed results

of this study will be presented in a separate work. Regardless of the preparation method, in

all the samples, stored in the ESR tube at room temperature, we noticed a sedimentation

of the aerosil that, however, in the case of the solvent method preparation extended over a

period of a few weeks. Sedimented samples exhibit a lower probe order parameter, which

returns to the original value after remixing. To avoid this problem all data were obtained

using fresh samples. An on-scale schematic representation of the aerosil dispersion in the
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liquid crystal is shown in Figure 2.

ESR spectra were recorded with a Bruker ESP300E spectrometer equipped with an ER

041XG microwave X-band (9.5 GHz) Gunn diode bridge and a rectangular ER 4102ST

cavity. The sample was contained in a Suprasil quartz tube of 2.4 mm internal diameter

(Wilmad), thermostated with a nitrogen flux through a variable temperature unit Bruker

B-VT 2000. The sample temperature was monitored with a calibrated type T thermocouple

(Comark Ltd.) inserted into the sample tube and immersed by 10 mm into the upper part

of the sample. Tube position and amount of sample (typically 45 mm from tube’s bottom)

were carefully tested and optimized so as to keep the temperature probe outside the cavity

area thus avoiding any possible interference. The accuracy on the temperature control and

measurements was better than 0.05 K.

3. THEORY

The probe is assumed to reorient in a local ordered domain, with local director orientation

Ωdir with respect to the laboratory frame determined by the interaction with the neighboring

silica twigs. A sketch of the aerosil showing the local ordered domains and the probe is

shown in Figure 2. Reorientation in this local domain can be fast or slow. The resulting

ESR spectrum Ip at frequency ω is given by the superposition of the ones of the individual

domains (the so-called poly-liquid crystalline spectrum,31 or microscopic order-macroscopic

disorder (MOMD)32 model):

Ip(ω − ω0) =
∫

dΩdir P (Ωdir) I(ω − ω0; Ωdir) , (1)

where ω0 = g0βeB0/h̄ and P (Ωdir) represents the unknown local director distribution.

For practical purpose we can assume a uniaxial director distribution P (βdir) so that

P (Ωdir) ≡ P (βdir) ∝ exp[aP2(cos βdir)] , (2)

where βdir is the angle between the local domain director and the magnetic field, P2 is

a second rank Legendre polynomial and a is a positive constant. This approach clearly

comprises the limiting cases of a completely random domain distribution P (βdir) = 1/π and

that of a monodomain aligned parallel to the magnetic field where P (βdir) = δ(βdir). It is

well known that spectra for the two limiting cases are clearly different, indicating that the
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ESR technique is suitable for this kind of investigation of the system structure. In general

the order of the domains can be characterized by a second rank orientational order parameter

〈P2〉dir for the local director:

〈P2〉dir =

∫
P2(cos βdir) exp[aP2(cos βdir)] sin βdir dβdir∫

exp[aP2(cos βdir)] sin βdir dβdir

. (3)

The monodomain spectrum I(ω−ω0, βdir) at frequency ω is obtained using the standard

Stochastic Liouville Equation (SLE) approach of Freed and collaborators22–24 which we just

summarize very concisely and that predicts that:

I(ω − ω0; βdir) =
1

π
�v|[(Γ̂− iL) + i(ω − ω0)I]−1|v� , (4)

where L is the Liouville superoperator obtained from the orientation dependent spin

Hamiltonian, Γ is the stochastic evolution operator describing the changes in the orientation

Ω of the probe in its local domain, |v〉 is a vector containing spin transition moments averaged

over the equilibrium ensemble and I is the identity. The matrix elements of ~Γ, assuming the

probe reorientation to be diffusional, are22–24

� σ1|Γ̂|σ2 � = δL1,L2δM1,M2δK1,K2δps
1,ps

2
δqs

1,qs
2
δpI

1,pI
2
δqI

1 ,qI
2

×
{
D⊥L1(L1 + 1) + (D‖ −D⊥)K2

1

}
, (5)

where

|σn >=
(

2L + 1

8π2

)1/2

DL
M,K(Ω) |pS

n, qS
n ; pI

n, q
I
n > (6)

is the spin-orientational space basis set and D‖, D⊥ are the principal components of

the rotational diffusion tensor of the probe for rotations around its long or short axis,

respectively. In practice the basis set is obtained from the direct product of the electron

spin S with the nuclear spin I eigenfunctions

|pS, qS; pI , qI >= (|S, mS >< S, m′
S|)(|I, mI >< I, m′

I |) , (7)

while DL
M,K are the orientational Wigner rotation matrices with L, M , K integer; L ≥ 0;

|M | and |K| ≤ L, forming the basis set for the orientations. The reorientational motion of

the probe is assumed to take place in the local, mean field ordering potential
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U(Ω) = −kT{λ20D
2
00(Ω)} , (8)

which is also employed, when needed, to calculate local orientational order parameters

〈PL〉 ≡ 〈DL
0,0〉 =

∫
DL

0,0(Ω) exp(−U(Ω)/kT ) dΩ∫
exp(−U(Ω)/kT ) dΩ

, (9)

where Ω gives the probe orientation with respect to the local director and λ20 is the

strength of the potential.

4. RESULTS AND DISCUSSION

Four 5DS/8CB samples were studied, either without aerosil or with 1, 3 and 10 wt

% R812 (1 wt % R812 ∼ 0.01 g/cm3, since 8CB density ∼ 0.99 g/cm3). For each one,

ESR spectra were recorded at 36 different temperatures on heating. Before a typical run,

each sample, placed in the cavity under the action of the magnetic field, was subject to

the same programmed temperature cycle taking it from room temperature (293–295 K) to

333.2 K (isotropic phase) and then cooling it down slowly to 293.2 K at an average rate

of ∼ 2 K/min which was reduced to ∼ 0.2 K/min across the phase transitions. At all the

aerosil concentrations studied, this procedure (“field cooling”, FC) was able to anneal the

liquid crystal to a monodomain sample. To produce a poly-liquid crystalline distribution of

domains, the sample tube, kept outside the magnet, was heated to the isotropic phase and

then quickly cooled to ∼ 288 K (8CB crystal phase) to freeze the distribution of domains

(“zero-field cooling”, ZFC).21 At this point the sample was introduced in the cavity at a

temperature lower than that corresponding to the SmA–N transition and thus such that the

magnetic field is no longer able to reorient the domains.

ESR spectra were analyzed using a software package which combines an implementation

of a modified Gauss-Newton-Marquardt non-linear least-squares fitting,33 developed in our

group,34 with the slow tumbling theory FORTRAN codes for the simulation of the ESR line

shapes, developed by Freed and collaborators.22–24 Typical experimental spectra and fit are

shown in Figure 3 for the different samples in the SmA, N and I phase. An example of

a poly-liquid crystalline (poly-LC) spectrum in the smectic phase is shown for comparison

(Figure 3a).
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We also registered and analyzed a few ESR spectra within the nematic and smectic phase

on cooling, after the measurements done on heating. In all the cases, the results did not

show a significant difference between a heating and a cooling run.

The order parameter 〈P2〉dir of the local director defined with respect to the magnetic

field frame and recovered from the analyses of FC samples was always very close to unity

(> 0.99), as expected for a monodomain. As far as the orientational order parameter 〈P2〉

of the spin probe is concerned, we show in Figure 4a its temperature dependence in the

monodomain sample at various aerosil concentrations. We notice that our 〈P2〉 values for

the pure (“no aerosil”) system are smaller than those calculated from the NMR quadrupole

splitting data of bulk 8CB, deuterated on the first carbon position along the hydrocarbon

chain (C 1), obtained by Jin and Finotello9 (see Table I). This difference can be explained by

considering the flexibility of the spin probe aliphatic chain in the region where the nitroxide

group is located (C 5)26,32 as well as the reduced ordering along the hydrocarbon chain

of 8CB. Indeed, Boden et al.35 studied, in an earlier work, the dependence of the NMR

quadrupole splitting of bulk 8CB deuterated on different positions along the hydrocarbon

chain. Their data for bulk 8CB deuterated on the first carbon are in good agreement with

the results of Jin and Finotello,9 but they also found smaller quadrupole splitting values

for 8CB deuterated on the fifth carbon (C 5). Interestingly, the 〈P2〉 values calculated

from these last data are in good agreement with our results (Table I, last two columns)

thus confirming the assumption that the spin probe is, in fact, experiencing a reduced local

ordering. A discussion of the dependence of the local ordering of the nitroxide group on

its position along the stearic aliphatic chain goes anyway beyond the scope of this work. A

detailed investigation along these lines can be found in several works, e.g. by Meirovitch,

Broido and Freed32,36–38 and in references therein.

Going back to Figure 4 we see that, as the aerosil concentration increases, the position of

both the SmA–N and the N–I transition is essentially unaffected whereas the N–I transition

becomes weaker with, however, a discontinuity of the order parameter remaining in any

case visible. The SmA–N transition is also still appreciable even at 10 wt % R812, but,

according to Marinelli and Mercuri,39 the variation of the orientational order parameter at

this transition is relatively small. The decrease of the orientational order parameter with

increasing aerosil concentration appears to be roughly linear in the range studied. This

result is thus different from that obtained by Jin and Finotello9 for a type 300 hydrophilic
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aerosil dispersion in 8CB, where they found that the order parameter of the bulk liquid

crystal is almost independent on the aerosil concentration up to ∼ 10 wt %. In order to

study the variations in the temperature dependence of 〈P2〉 induced by the addition of the

aerosil, data for the N region, shown in Figure 4b, were fitted to different empirical equations

commonly used by several authors.39,40 Possibly due to the limited number of experimental

points available from our measurements in the N phase and, in particular, close to the N–I

transition, none of these analyses gave stable and uncorrelated parameters. A better choice,

to describe the data in our temperature range, is represented by the simpler Haller-type

equation:41–46

〈P2〉 = α(1− T/Tc)
β . (10)

A Haller fit of this kind to the data of Jin and Finotello9 assuming α = 1 (i.e. 〈P2〉

= 1 at limiting low temperature) gave β = 0.18. Here for our flexible probe we could not

assume a priori α = 1 and thus we have fitted our data for the silica-free sample allowing

α, Tc and β as free parameters. The fit showed less correlation than before but yielded a

poor estimation of the Tc value. Therefore we fixed Tc at the value of 313.3 K which is the

temperature where the 〈P2〉 drops to zero according to our ESR measurements. This gave

α = 0.76, that we have then kept fixed as a probe related parameter for all the other cases

studied, and β = 0.27. The difference between this β value and that (β = 0.18) obtained

from the data of Jin and Finotello9 could once more be attributed to the difference between

using an intrinsic or extrinsic probe (different positions monitored along the 8CB chain).

The fitted curves for all the cases studied are reported in Figure 4b (solid lines), together

with best fit values for β. As the aerosil concentration increases, we found that the variation

of β appears to be approximately linear.

As the analysis relies on the values assumed for the magnetic parameters of the probe

and, in particular, on the value assumed for the hyperfine constant a which is, to a scaling

factor, polarity dependent, in order to estimate the uncertainty on β, 10 values of a were

sampled from a Gaussian distribution centered at the experimental value of 14.414 G and

with a standard deviation of 1%. For each value of a, the entire series of fit of the ESR

spectra was repeated, yielding a distribution of 〈P2〉 values indicated by the error bars in

Figure 4b. This distribution was then used to repeat the Haller fit to obtain a distribution

of β values whose statistics is indicated in the legend of Figure 4b at a confidence interval
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of 95 %.

The temperature dependence of the tumbling diffusion coefficient D⊥ for the nitroxide

at various aerosil concentrations is shown in Figure 5a. The values recovered are consistent

with those obtained for stearic acid spin probes in similar liquid crystal systems.36,38 It

is very interesting to observe that the rotational dynamics is only slightly affected by the

presence of the aerosil even at a concentration of 10 wt %, where the macroscopic viscosity

of the sample is quite high (the sample does not flow), and at the highest temperature

studied. For the I phase, we found that D⊥ obeys a simple Arrhenius-type equation: D⊥ =

D0
⊥ exp(−E/RT ) (solid lines). Best fit values for the activation energy E are shown in

Figure 5a and correspond to a pre-exponential factor D0
⊥ of 2 ± 1 × 1015 s−1. In the N

phase (Figure 5b), for a silica concentration up to 3 wt %, the tumbling diffusion coefficient

still exhibits an Arrhenius-like behavior (solid lines) except in the vicinity of Tc, with values

for E (see figure) which are, as expected, larger than those observed in the I phase, but

essentially concentration independent. For both the N and the I phase, best fit values for E

are in agreement with those found in a dielectric relaxation work by Schönhals et al.47 on

unaligned 8CB and in references therein. A deviation from an Arrhenius behavior, already

present in the 3 wt % aerosil data, whose fit was slightly poorer than those of the pure and

of the 1 wt % systems, is clearly visible in the 10 wt % data (lower solid line). These data

were found instead to obey the Vogel-Fulcher-Tammann (VFT) equation48–50

D⊥ = D0
⊥ exp[−B/(T − T0)] , (11)

where B is a temperature corresponding to an activation energy RB and T0 is the Vogel-

Fulcher-Tammann temperature of the system. This behavior is typical of several glass-former

materials, thus indicating the presence of a different viscosity regime at increasing aerosil

concentrations (dashed line). Best fit values for the 10 wt % data are shown in Figure 5b,

with D0
⊥ = 1× 1018 s−1. We notice that the value of 106 K found for T0 in this silica filled

8CB sample is, as expected, smaller than the glass transition temperature Tg = 207 K found

for similar cyanobiphenyl liquid crystals.51

From these results it would seem that the 10 wt % R812 sample is in a glassy state also at

molecular level, while the 3 wt % is borderline. To test this aspect we considered that glassy

systems at the same temperature can have a different behavior according to their history

and preparation. We have thus examined a 3 wt % sample cooled outside the spectrometer
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(ZFC) at a temperature (T=295.2 K) inside the SmA phase where the magnetic field can

not realign it. This sample is certainly glassy at macroscopic level (from its scattering and

no flow appearance) and its ESR spectrum, as shown in Figure 3a (“poly-LC”), is of powder

type. The analysis of this spectrum yielded a quasi random distribution of local domains

with a 〈P2〉dir of 0.19, a local orientational order parameter 〈P2〉 of 0.33 and a tumbling

diffusion coefficient of 0.02 ns−1, values similar to those found for the monodomain sample

at the same temperature (see corresponding points in Figure 4a and 5a). This result shows

that the local order and dynamics are independent of the overall structure of the sample

indicating that the 3 wt % system is, macroscopically, a glass but appears to be a fluid at

molecular level.

In summary we have found that the addition of the hydrophobic R812 aerosil, at the

concentrations studied, has a strong effect on the ordering of a stearic spin probe dissolved in

the 8CB liquid crystal. The rotational dynamics of the system is more complex. Examining

the individual values of the diffusion coefficient at a certain temperature, we found that,

increasing the aerosil concentration, they do not show the strong differences that one might

have expected on the basis of the large changes of the macroscopic viscosity of the system

ranging, e.g. in the I phase, from that of a fluid for the pure system, to that of a gel at 10 wt %

aerosil. This apparent independence of the rotational dynamics on the aerosil concentration

was also observed by Hourri et al.18 who found, using dielectric relaxation spectroscopy, that

the rotational relaxation time for the 7CB plus type 300 hydrophilic aerosil samples almost

coincided with that of the pure system for aerosil densities up to 0.226 g/cm3 (∼ 23 wt %).

They discussed their results assuming that the dispersion could be considered as a collection

of nematic domains (see Figure 2) where the liquid crystal behavior is essentially bulk-like.

This discussion would seem to be appropriate also for our system, if we consider, at least

qualitatively, the kind of aerosil network that should be present. Assuming that the surface

area (∼ 260 m2/g for the R812 aerosil)28 is due only to the external surface of the primary

particles, it is possible to estimate a number density of ∼ 1.7 × 1018 particles/g which in

practice means having fairly large “pools” of liquid crystal among the aerosil network, where

it seems reasonable to observe a bulk-like behavior.

However, examining not just the individual values of the diffusion coefficient but also

their temperature dependence in the N phase, we have the experimental indication that the

system, above a certain level of quenched disorder, exhibits a change from an Arrhenius-
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like to a Vogel-Fulcher-Tammann behavior. This result indicates that also a low aerosil

concentration, as it is the 10 wt %, is able to modify the behavior at molecular level from

that of a fluid to that of a fragile glass.

5. CONCLUSIONS

The picture emerging from our studies, in conjunction with the optical and simulation

ones from literature,3,4,16,21 suggests a very rich behavior of the aerosil filled nematics corre-

sponding to that of a macroscopically viscous fluid with a local high mobility, similar to that

of the unperturbed nematic. The slowing of the dynamics, employed in the filled nematic

(“memory”) effect, appears then to be essentially macroscopic. The permanence of local

fluidity can help rationalizing the fast switching response time of the system. When the

aerosil concentration increases, the temperature dependence of the dynamics becomes glass-

like even at molecular level. This change of behavior takes place at a silica concentration

above 3 wt % and is clearly visible at 10 wt %.
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FIG. 1: (a) Structure of the 5DS spin probe. (b) Molecular frame and principal components D⊥

and D‖ of the rotational diffusion tensor of 5DS in the liquid crystal, for the reorientation of the

molecular long axis or for the rotation around it, respectively.

FIG. 2: On scale schematic representation of the aerosil dispersion showing probe molecules (black

particles, see inset) dissolved in the liquid crystal local ordered domains (white particles) and the

silica network (gray circles).

FIG. 3: Typical experimental spectra (dashed lines) and fit (solid lines) for the monodomain

samples in the smectic A (a, T=295.2 K), nematic (b, T=310.2 K) and isotropic phase (c, T=343.2

K) at the various silica concentrations studied. A poly-liquid crystalline (poly-LC) spectrum of

the 3 wt % sample in the smectic phase, obtained as described in the text, is shown for comparison

(a).

FIG. 4: (a) Temperature dependence of the orientational order parameter 〈P2〉 of the spin probe

at various aerosil concentrations. (b) Detail of the nematic region shown in (a); the solid lines

represent a fit to a Haller-type equation: 〈P2〉 = α(1 − T/Tc)β with α = 0.76 and Tc = 313.3 K

(see text for details). Best fit values for β are also shown.

FIG. 5: (a) Temperature dependence of the tumbling diffusion coefficient D⊥ of the spin probe at

various aerosil concentrations. Data in the isotropic (I) phase obey simple Arrhenius-type equation:

D⊥ = D0
⊥ exp(−E/RT ) (solid lines). Best fit values for the activation energy E are also shown;

D0
⊥ = 2± 1× 1015 s−1. (b) Detail of the nematic region shown in (a). Experimental data points in

the vicinity of Tc (above T=312.2 K) have been removed. Solid lines: fit to the Arrhenius equation;

dashed line: fit to the Vogel-Fulcher-Tammann equation (see text for details).
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TABLE I: 〈P2〉 values calculated from NMR quadrupole splitting data of 8CB deuterated on the

first (C 1) or on the fifth (C 5) position of the aliphatic chain compared to the values obtained in

this work for the 5DS spin probe.

T/K C 19 C 135 C 535 this work

300.2 0.59 0.56 0.39 0.40

304.2 0.53 0.50 0.33 0.34

308.2 0.41 0.36 0.20 0.25
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