This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Diffusion of brownian particles in the isotropic phase of a nematic liquid

crystal
A. Bottger®; D. Frenkel*; E. Van De Riet; R. Zijlstra®
2 Rijksuniversiteit, Fysisch Laboratoruim, Princetonplein 5, 3548CC, Utrecht, The Netherlands

To cite this Article Bottger, A. , Frenkel, D., Van De Riet, E. and Zijlstra, R.(1987) 'Diffusion of brownian particles in the
isotropic phase of a nematic liquid crystal’, Liquid Crystals, 2: 4, 539 — 547

To link to this Article: DOI: 10.1080/02678298708086309
URL: http://dx.doi.org/10.1080/02678298708086309

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678298708086309
http://www.informaworld.com/terms-and-conditions-of-access.pdf

16: 35 26 January 2011

Downl oaded At:

Liquip CRYSTALS, 1987, VoL. 2, No. 4, 539-547

Diffusion of brownian particles in the isotropic phase of a
nematic liquid crystal

by A. BOTTGER, D. FRENKEL, E. VAN DE RIET and R. ZIJLSTRA

Rijksuniversiteit, Fysisch Laboratoruim, Princetonplein 5, 3548CC Utrecht,
The Netherlands

(Received 5 December 1986, accepted 13 February 1987)

We report a light scattering study of the translational diffusion of a suspension
of silica spheres in the liquid crystal, 4-n-pentyl-4’-cyanobiphenyl. We observe a
small but significant increase of the effective hydrodynamic radius of the colloidal
particles as the transition to the nematic phase is approached. This effect can be
understood in terms of orientational pre-wetting of the silica spheres.

1. Introduction

The orientational ordering of a mesogen near a wall is an interesting phenomenon
in both a fundamental sense and from the point of view of possible applications. There
is ample experimental evidence [1] that some solid surfaces may induce local orien-
tational order in an isotropic fluid at a temperature close to the transition to the
nematic phase. This surface-induced ordering can be thought of as an orientational
pre-wetting effect. Several theories have been put forward which relate the tem-
perature dependence of the amplitude and range of the surface-induced order to
properties of the bulk fluid and the nature of the solid—fluid interface [2, 3]. So far the
emphasis in both experiment and theory has been on the study of static effects
associated with orientational pre-wetting, such as birefringence or surface tension.
However, the presence of an orientationally-ordered layer might also have an influ-
ence on transport phenomena in the vicinity of the interface. One reason why the
dynamic effects associated with orientational wetting have been largely ignored is that
they are very difficult to detect in the experimental geometry used to study static
wetting. In this paper we report measurements that were designed specifically to detect
the effect of orientational wetting on the viscosity of a fluid near a wall. To this end,
we have studied the translational diffusion of small (diameter between 80 and 180 nm),
fairly monodisperse silica particles in the isotropic phase of 4-n-pentyl-4’-cyano-
biphenyl (5CB). In the absence of wetting effects, the self-diffusion constant D of
spheres with radius R is related to the viscosity # of the solvent by the Stokes—Einstein
relation

D = kT/6mnR;

here k is the Boltzmann constant, 7 is the dynamic viscosity of the solvent, R is the
hydrodynamic particle radius and 7 is the temperature. However, if an orientationally-
ordered layer forms around a sphere, then the viscosity will vary locally. This will alter
the value of the effective hydrodynamic radius R which is deduced from D and n with
the help of the Stokes—Einstein relation. Clearly, this change in R will be greatest if
the thickness of the orientational wetting layer is comparable to the particle diameter
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and the effective viscosity in the orientational ordered phase differs appreciably from
that of the isotropic fluid.

2. Sample preparation

The 5CB used as the solvent was obtained from BDH Chemicals Ltd. Silica
particles coated with a lyaer of 3-(trimethoxysilyl)-propyl methacrylate (TPM) were
provided by the Colloidal Chemistry Group of the University of Utrecht. The coating
served a dual purpose. First of all, it was needed to prepare a stable suspension of
silica spheres in 5CB (uncoated silica particles would cluster and settle) and secondly,
the coating was be expected to induce local orientational order in the fluid, because
similar coatings on flat glass surfaces cause nematic liquid crystals to align homeo-
tropically, i.e. with the molecular axes on average perpendicular to the wall [4]. In
order to prepare a suspension of silica spheres in the isotropic phase of 5CB, a dilute
suspension of silica spheres in ethanol was added to a 5CB—ethanol mixture. Subse-
quently, the dissolved air and ethanol were removed by evaporation under vacuum.
In samples with a silica volume fraction higher than 10~%, aggregation and sedimen-
tation were observed. This points to a strong attractive interaction between the colloid
particles. Since aggregation makes it very difficult to determine the translational
diffusion by dynamic light scattering, only very dilute samples were used. In the
experiment reported below, two different suspensions were used. One (S1) contained
a volume fraction of 2-13 x 10 °silica spheres with a radius R = 92:1 nm. The other
(S2), contained a volume fraction of 2:39 x 107° silica spheres with a radius
R = 39-8nm. These values for R were obtained from light scattering experiments
performed on dilute suspensions of silica spheres in ethanol. At these low concen-
trations, we found that the silica spheres had no noticeable effect on the location of
the isotropic—nematic transition (7, = 349 £ 0-1°C). The transition temperature
was found to be the same (within experimental error) as that in [5].

3. Light scattering

The light scattering experiments were performed by illuminating a cylindrical
scattering cell with a krypton-ion laser (Spectra Physics 165-01, 2 = 647-1nm). The
scattering cell was placed in a temperature-controlled vessel with stability of
+0-03°C. The vessel was filled with toluene which has a refractive index comparable
to the refractive index of glass. This resulted in reduced specular reflection of light at
the cell walls.

The scattered light was detected by a fast photomultiplier (EMI 9863 KB/100) at
a constant angle # = 90° (cf. figure 1). A Malvern-K 7026 digital correlator system
controlled by a microprocessor was used to measure the intensity correlation function
of the scattered light.

The polarization of incoming and detected light was normal to the scattering
plane. In the rest of our paper this direction is denoted by the symbol ||. Since multiple
scattering [6] can be a serious problem near a phase transition it was necessary to
reduce the dimensions of the scattering volume. The scattering volume was defined by
a pinhole of diameter 4 x 10~ “m at a distance of 0-35 m from the scattering cell. The
diameter of the incoming laser beam was reduced to 5 x 10™*m. Using the procedure
of Dhont [7], we estimate the relative contribution of double scattering to be less than
2 per cent. The intensity autocorrelation function g@(¢) was estimated from a series
of ten independent measurements each of about 45 min.
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Figure 1. Experimental set-up.

For a stationary and gaussian process, the intensity correlation function is related
to the electric field autocorrelation

gD = <EOEM/KEW?) by g2(1) = 1 + Clg®(f,

where C is a constant which depends on the scattering geometry. The data were fitted
to

g9(n ~ 1 = A(1) exp (=2tftp) + A(2),

where 1, is the correlation time associated with particle diffusion 1, = (Dg*) %
q is the scattering vector, ¢ = (4nn/ly) sin /2, n is the refractive index and 4, is the
wavelength of the laser light in vacuum. The fit to one exponential is only valid for
a single scattering process of diffusing identical spheres.

The degree of deviation from monodispersity can be estimated from the mag-
nitude of the second cumulant of the correlation function, given by

@ = [F(O)I — (D)PdT, T = D¢,

where F(I') is the distribution function of I" [8]. Typical values for (¢/T')?, and hence
for (AR/R)?, are 6 per cent for sample S1 and about 12 per cent for sample S2.
Let us now consider the possible effect of scattering processes other than particle
diffusion. In the scattering process there will also be a contribution due to collective
orientational fluctuations of the solvent. The intensity of this scattering will increase
considerably near the nematic—isotropic phase transition. However this contribution
from the solvent can easily be distinguished from the former since the characteristic
times are very different (typically °##r/z ~ 10~*) [9]. Hence, orientational scatter-
ing only reduces the signal-to-noise ratio. The contribution of the solvent to the
background is estimated by measuring the perpendicularly-polarized intensity 7, .
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Assuming that I, is mainly due to orientational fluctuations of the solvent and that
Jpriemavion/porentation — 473 [10], we find that the ratio JP™"°"/[[*"* ranges from 13 to
25 per cent near Ty,. Any effect of fluctuations in the number of colloidal particle in
the scattering volume can be safely ignored: t™™" /1, ~ L’¢* > 1, where L is a
typical dimension of the scattering volume. The scattering due to fluctuations in the
solvent density can be neglected as well.

4. Results

The dynamic light scattering of coated spheres in the isotropic phase of SCB was
measured over a temperature range from Ty, to Ty, + 10°C (the highest temperature
at which the scattering cell could operate). Since very dilute suspensions of silica
spheres in SCB were used we can safely neglect interaction between the spheres. Then
the diffusion coefficient can be written as D = kT/6znR. Any ordering of the solvent
around the colloidal particles results in an apparent change in R, the effective
hydrodynamic radius. In order to measure R, we need to know the viscosity . To this
end, we have measured the kinematic viscosity of SCB with an Ubbelohde viscometer
(diameter 1 mm). The dynamic viscosities are then obtained using the densities of SCB
given by Gannon and Faber [11]. The resulting viscosities, plotted in figure 2, show
no pretransitional behaviour, which is in agreement with other measurements [13].
A least-squares fit to

Inn = Inn, + (EKT)

leads to E = (5513 + 0-001) x 107*J and 5, = (591 + 0-015) x 10 °mPas.
From the light scattering experiments we obtain the translational correlation time

33 T Y l

In(np/mPas)

26 1 1
310 315 320 325

10 ’K/T

Figure 2. Temperature-dependent viscosity in the isotropic phase of SCE measured with a
capillary viscometer. The nematic—isotropic transition temperature is marked with an
arrow.
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Figure 3. The hydrodynamic radius of silica spheres in the isotropic phase of 5CB. Full line
isafitto R = Ry + (¢/T — T*), with Ry = 922 + 0-3nm and ¢ = 2:5 + 0-7omK.

1/Dq?, where g is a function of the refractive index ». In order to compute D, we have
measured the refractive index of 5CB with an Abbe refractometer. The temperature
dependence An/AT = —56 x 107*K ™! is in agreement with that reported in [12].
The estimated statistical error in the computer values of R from a single experiment
is of the order of 0-5 per cent. Repeated measurements at the same temperature
showed that the value of R was reproducible to within 1 per cent. It is this random
error which causes the uncertainty in the computed hydrodynamic radii. The plots in
figures 3 and 4 show R as a function of T — T*, with (T* — Ty;) = 1K [5]; here T*
is the extrapolated temperature at which the isotropic phase becomes absolutely
unstable. Both plots show an increased radius near Ty;. A least-squares fit to a
temperature dependent function

c
R=Rtg—7=

leads to a reduced %’ of 0-9 and 1-2 for S1 and S2, respectively. A fit of the data to
a constant R = R,, on the other hand, doubled the reduced ¥’ for S1, but did not
change y* for S2 significantly. The same trend was seen in all of our measurements.
The hydrodynamic radius of the smaller particles appears to be less influenced by the
proximity of the phase transition. Although at first sight this may seem surprising, we
shall argue later that this behaviour is actually to be expected. The apparent growth
of the particles can be explained by an increased orientational order of the solvent
near the silica surface. This orientational order causes anisotropic behaviour of the
viscosity. In general 7.4, the effective viscosity, can be written as

Nr = Miso + K(sz)’
with #,, the viscosity of the isotropic phase approximately equal to 1o, where o, is a
Leslie coefficient and K is a function of the tensor order parameter Q in the liquid [14].
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Figure 4. The hydrodynamical radius of silica spheres in SCB. Solid line is a fit to
R = Ry, + (¢/T — T*),with Ry = 40-1 + 0-4nmand ¢ = 03 + 0-6nmK. Note that
the data fit equally well to a straight line.

Clearly, several factors determine the magnitude of the observed effect. First of all,
the effective viscosity must change noticeably with the order parameter S. For 5CB
the Miesowicz viscosities #,, 7. in the nematic phase are known [13] to differ from 7,
by 10 and 20 per cent respectively; note that n, < n,, and n, > n,,. The effective
viscosity therefore depends on the flow pattern around the particle. Secondly, there
must be appreciable orientational ordering of the solvent at the surface of the
colloidal particles. Finally, the thickness of the orientationally ordered layer must be
non-negligible compared to the radius of the silica spheres. Later we shall discuss how
the orientational ordering profile around a sphere can be computed within the
framework of the Landau—de Gennes theory. However, for the moment a rough
estimate will suffice. To a reasonable approximation the thickness of the orientationally
ordered layer equals the correlation length £(T) of the collective orientational fluc-
tuations. When 7" — Ty, the correlation length &(7T) will increase from a value corre-
sponding to a typical molecular dimension (1 nm, say) [15] to a value of order
10—40 nm [22]. Clearly, this thickness is not negligible compared to the radius of the
silica spheres. So, provided the other factors are not too small, some effect of
orientational pre-wetting on the diffusion of the particles should be observable.

From the plots in figures 3 and 4 it is clear that S must be smaller near the small
particles than near the 90 nm particles. This can be understood by the simple model
described in the following section.

5. Landau-de Gennes theory
Orientational ordering near a wall is due to the interaction between the fluid
molecules and the substrate [16]. Its magnitude depends strongly on the microscopic
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structure of the surface. The molecular orientation that minimizes the interfacial
energy is referred to as a unit vector, d. In order to discuss the orientation near a
spherical surface it is useful to introduce a tensor order parameter Q,; with its principal
axis along d [17]

0, = 1S(dd, — 1/35,).

In order to compute the local order parameter S(r) as a function of r, the distance
from the centre of the sphere, we make the following assumptions. (1) The easy axis
is perpendicular to the surface: d = r/rand V.d = 2/r. This assumption is reason-
able because it has been observed with a polarization microscope that on flat surfaces
TPM causes homeotropic alignment. (2) S is spherically symmetric, i.e. S(r) = S(r).
The Landau—-de Gennes free energy F, ; [19] can be written as a function of S, VS and
d. Contributions to F; s which do not depend on § are ignored in the calculation. We
also neglect cubic and higher-order terms in S. By using the spherical symmetry of the
problem, we can write F;; as

Fio = [, dV a(T — TS + }(L, + §L;) (VS)’ + 3L,(VS.dY
+ H(L + 1L)SHV.AY + L, + 3L)S(V.d)(d.VS)
+ [ LS. [d(V.d)dE — [ GSdZ, )

where a, L, and L, are material parameters, G denotes the strength of the surface
interaction and Iy is a unit vector perpendicular to the surface. The last two terms in
equation (2) are integrals over the surface of the sphere and contain elastic effects and
the strength G of the interaction respectively [18]. The profile S(r) is obtained by
minimizing the total free energy with respect to S(r). This is done in two steps. First
we fix the value of S = S; at the surface and carry out the functional differentiation
of F with respect to S(r). The condition that F; ; must be at a minimum leads to the
differential

S’ 6

S"+ 25 - [g(T)*2 + 7] S =0, Iy = ZLtil

aT — T*’ ®)

with boundary conditions S(r — o) = 0and S(R) = Si. The solution of this equation
is

: freaie ()]
") = Sexp(—r/))1 4+ 3=+ 3(= .

r ¥ r
Note that S, and S are linearly related: S; = S(r = R). Next, the total free-energy
is minimized with respect to S,. Sz will be dependent on R, as shown in figure 5. It
is clear that a small radius of curvature of the surface tends to reduce the order at
r = R. In particular, we can estimate the difference in S at the surface for spheres
with a radius of 40 and 90nm. Assuming ¢ ~ 20nm we find a ratio Sz(90 nm)/
Sg(40nm) ~ 2. This qualitative argument explains why the effect of orientational
pre-wetting is less for smaller spheres, as we have observed experimentally.

Note that the higher-order terms in V.S become important near strongly curved
surfaces. These higher order terms may change the quantitative predictions of the
Landau-de Gennes theory. However, the qualitative arguments presented in this
section should still be valid.
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Figure 5. The effect of the radius of curvature of the surface on the order parameter at the
surface of a sphere with radius R for different values of Lyand L; L, = 0 (I), L, = 0
(I) and L, = 2L, (I1I), which was found for 5CB from data in [21].

6. Conclusions

We have presented the first experimental evidence that surface-induced orien-
tational order in an isotropic fluid has a measurable effect on the dynamics of colloidal
particles. Similar experiments have however been done near the liquid-liquid critical
point in binary liquid mixtures [20]. From a consideration of the Landau-de Gennes
free energy in the presence of a spherical symmetric surface it is seen that strong
curvature causes elastic effects which reduce the order parameter. This agrees with our
experimental observations.

We thank the Department of Physical and Colloidal Chemistry of the Van’t Hoff
Laboratory for supplying us with the necessary coated silica spheres. In particular we
are indebted to A. Phillipse who provided us with the TPM-coated silica. This work
was performed as a part of the research programme of the Stichting voor Fundamen-
teel Onderzoek der Materie (FOM), with financial support from the Nederlandse
Organisatiec voor Zuiver Wetenschappelijk Onderzoek (ZWO).
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