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We present an improved analytical ansatz for the colloid-nematic direct correlation function. This ansatz is
more accurate than our earlier version, and yields numerical results that are very close to the true mean
spherical approximation for dilute nematic colloids. Furthermore, the improved ansatz is valid for external
fields of any strength. We examine the zero-field behavior of the colloid-colloid potential of mean force in
light of the improved ansatz, and show that at zero field and large separations this function decays as R—5
and grows as X6, where X is the colloidal diameter. These dependencies are consistent with our earlier
conclusions based on a less accurate version of the ansatz. As with the original ansatz, the improved version
remains analytical and can be readily applied to a broad range of physically interesting systems. These include
patterned and nonspherical colloids, colloids trapped at interfaces, and nematic fluids in confined geometries,
e.g. in droplets.
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1. Introduction to molecular modelling and correlations in nematic colloids

Nematic colloids consist of colloidal particles suspended in nematic liquid crystal. These are
of much current interest because the colloidal particles show a variety of structures that can be
altered by varying physical factors such as the strength and direction of external fields [1,2]. Nematic
colloids are intriguing from both fundamental and practical perspectives. All molecular interactions
in the system are short-ranged, but colloidal particles effectively interact as oriented multipoles
at long distances. In a way these systems are the inverse of fluids of charged particles, where the
interaction potential is long-ranged but the correlations are short-ranged due to screening. We
believe that the origin of such electrostatic-like behavior is the presence of long-range correlations
in the bulk. In [3] we applied the Ornstein-Zernike (OZ) equation to nematic colloids to show
how the electrostatic analogy asymptotically appears in the molecular theory of correlations. Our
theory starts at the level of particle interactions modeled in a physically relevant way, and employs
the Ornstein-Zernike and Lovett equations (OZL) for pair correlation functions and single-particle
distributions. The general solution of these equations gives a description of long-range and short-
range effects in nematic colloids, and takes account of orientational and density fluctuations. The
approach can be equally applied to concentrated and dilute mixtures for colloidal particles of any
size ranging from nanometers to micrometers. After the solution is obtained, the corresponding
thermodynamics is available via exact relations of statistical mechanics [4,5].

The equilibrium single-particle distribution and pair correlation functions for nematic colloids
are found by solving the OZ relationship,

hop(12) = cop(L2) + Y [ o (L3, (3)h0(3,2)403), &
y=C,N

combined with the exact Lovett equation [6]. In equation (1), cap and h,g are the direct and
total correlation functions, px(3), pc(3) are the density distributions of the nematic (V) and
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colloidal (C) components, and «, [ represent C' or N. Also, for a nematogen, the label 1 denotes
the coordinates (Rj,@;), and for a spherical colloid 1 = (R;). The functions in equation (1)
describe all structural properties of the mixture at nanoscale and microscale levels. The exact OZ
equation must be solved in conjunction with another approximate expression relating the total
and direct correlation functions, such as the Percus-Yevick, hypernetted chain (HNC) or mean
spherical approximation (MSA) closures. A closure is the only approximation that is necessary in
the integral equation theory.
For a dilute (pc — 0) nematic colloid, the OZ equation takes the form,

hag(1,2) = cap(1,2) —|—/caN(l,3)pN(3)hN5(3,2)d(3). @)

The physical meaning of all functions in equation (2) is clear; pn(w) gives the orientational distri-
bution in a pure nematic, whereas, px(1)[1 + hN¢(1,2)] gives the complete distribution of nematic
fluid about a colloidal particle. The latter function takes into account all changes at a given point
R; induced by the colloidal particle at Rs; these include changes in the local density and in the
orientational distribution of the nematic fluid. The colloid-colloid potential of mean force at the
HNC level is conveniently given by

¢“°(1,2) = [c“C(1,2) — h9C(1,2)] ksT + v°°(1,2) , (3)

where v©C(1,2) is the direct pair interaction between the colloidal particles.

We consider a model [7-9] consisting of a system of uniaxial particles [nematogens (N)] inter-
acting through a pair potential taken to be the sum of a hard-sphere interaction (sphere diameter o)
and an anisotropic part defined by

’U(]., 2) = Ug(ng)Pg((Jll . (JJZ), (4)

where Py(@; - @s) is the second-order Legendre polynomial, Ry is the center-center distance, the
unit vector w; denotes the orientation of particle ¢, and

sexp(—znRi2)

’L)Q(ng) = 7AN(ZNO') R12/0_

(5)
Here, AN and zy are the energy and the length parameters characterizing the interaction. The
nematogen interaction with the external field is given by

on(1) = —WVBPy (@ - 1), W >0, (6)

where W is the field strength. This interaction orders the bulk director i parallel to the field. The
OZL equations for this model have been solved analytically in the MSA [7,8].

The model colloidal particles (C) are taken to be hard spheres of diameter X. Van der Waals
or other direct colloid-colloid interactions could easily be included through the v“©(1,2) term in
equation (3). The interaction of nematogens with the surface of a colloidal particle is modeled as

NC oo, if s12<0/2,
1,2) = A . 7
v ( ) ) { —AC eXp[—Zc(Sm — 0/2)]P2(w1 . 812), if S19 > 0'/2, ( )

where 812 is a vector connecting the nearest point of the surface of colloid 2 with the center of
nematogen 1, and §12 = s12/s12. Note that positive and negative values of A¢ favour, respectively,
perpendicular and parallel orientations of nematogen molecules with respect to the surface. For
zco = 1 the nematogen-colloid interaction range is of the order of the nematogen “length”. The
strength of the nematogen-colloid interaction is determined by Ac, and z¢, and will vary for
different surfactants. The magnitude of Ac depends on the surfactant concentration on the colloidal
surfaces.

For micron and submicron colloids the solution of equation (2) can be greatly simplified for
model (4-7). For this case we have suggested an ansatz, namely that the direct correlation function
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c®N(1,2) can be taken from the wall-nematic solution that has been obtained for any orientation
of the wall with respect to the field [9,10]. It is important that the solution was obtained subject to
well defined boundary conditions at infinity: the director parallel to the field. This ansatz is very
convenient because within the MSA the wall-nematic direct correlation function can be obtained
in explicit form [11]. This permits explicit microscopic calculations of the density and orientational
profiles [12], as well as effective interactions (potentials of mean force) between pairs of colloidal
particles [13]. If the director 7 is fixed parallel to the z-axis, the total correlation functions in the
MSA are found in the form of spherical harmonic expansions,

WNN(Rig,@1,62) = Y ) hji, (Rag) Vi (@1) Yy, (@2), (8)
W=0,2 m

KN(Rig, @) = D > high, (Ri2)Yim (Ri2)Yih,, (@2). 9)
W=02 m

If all correlation lengths are finite and smaller than the colloidal radius, the ansatz gives a very
good approximation. A problem arises if some correlation length is larger than X. The correlation
length of A)Y ' (Rj2) in the nematic phase depends on the external field W [3],

22|m|=1
K
Y — 10
T\ Wnsisvs (10)

where the elastic constant K and order parameter S5 are not sensitive to the influence of small
fields. This means that in the case of zero field the correlation length is infinite. It was shown
in [7] that these critical (Goldstone or elastic) correlations decrease at long distances as 1/R1s.
Moreover, they generate long-range asymptotes in h°N(Rys,&s) harmonics, in particular those
that are coupled with h2N2I\‘Im|:1(R12) through equation (2). Physically this means that a single
colloidal particle induces long-range distortions in the distribution of surrounding nematic. Using
the ansatz for the colloid-nematic direct correlation function we obtain [3] the following asymptote
for the total correlation function at zero field and X > o,
oo 1 AN (s =0/2) B3 - .

hON(1,2) =2 E%c/)ﬁ [Y'QI(RH)YQ*I(W) +cel, (11)
where h3¥ Y (s = /2) is the contact value of the corresponding harmonic of the wall-nematic correla-
tion function, and B can be expressed through the bulk elastic constant K and order parameter Ss,

B2 _ <|§f21‘2>w /BK (12)
15px 53

The notation (...)  indicates [ fn(@)(...)d@, and fx(w1) = pn(1)/pn is a single-particle dis-
tribution function in the bulk. Finally, at the HNC level the asymptote of the effective colloidal
interaction was found in [3] to be

232/3 R
pn ([Y1]?),, = Yao(R). (13)

rco 81 hYN(s = 0/2) N (s = 0/2)
RS

15 zZC zZo

3¢ (R)

As mentioned above, the ansatz is reliable when & < 3, but may give inaccurate results at
small fields, where £ > ¥. We investigated the reliability of the ansatz in [11]. The test calculations
were based on verification of an exact consequence of the impenetrability of hard cores, namely
hCN(ng,GJQ) =—-1if Ria < % . Thus, the exact condition implies that

h$ao(Ri2) = higy(Ri2) = iy (Riz2) = hiy, (Ri2) =0, héoo(Riz) = —1, (14)

for Ri2 < (X + 0)/2. We found that since harmonics with |m| # 1 are not coupled with elastic
bulk harmonics and are relatively short-ranged, for these harmonics our ansatz essentially satisfies
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the core condition for colloidal sizes larger than 500 for all system parameters considered. This is
not the case for the harmonics h$3%;(R12). The problematic harmonics calculated with the ansatz
are plotted in figure 1 for two colloid sizes, ¥ = 500 and 5000, and small, W = 10~*kgT, and zero
external fields. The colloidal length parameter zco = 0.2. The remaining model parameters are the
same for all numerical calculations presented in this paper: 2yo = 1, Ax = kT, n = 7po3/6 = 0.35
and Ac/An = 2. One can see that the condition (14) essentially holds at W = 10~%*kgT for the
larger particle, but not for 3 = 500. Note that the correlation length equals 161.50 at the given
field. In the zero field case, where £ is infinite, the core condition is not well satisfied for colloidal
particles of any size.

7 . 3.5 T
X = 5000 X =500

6 |- Wikgl'=0.0001 —— WikgT = 0.0001 ———
WhgT=0 ————

5

CN

h351(R)
CcN

h3o1(R)

0 100 200 300 400 500
R/c

Figure 1. Long-range harmonics of the colloid-nematic total correlation function h$h (R) for
colloidal particles with ¥ = 500 and 5000, at zero external field and at W = 10"*kT. The
parameter zco = 0.2.

Clearly our ansatz requires improvement in the low field (large &) limit, and this is the purpose
of the present paper. We show how the ansatz can be much improved and examine the consequences
for the zero-field asymptotes defined by equations (10) and (12).

2. Corrected ansatz for small or zero fields

Numerically, it is possible to correct the ansatz taken from the wall problem by introducing a
single parameter. We scale the analytical expression for harmonics |m| = 1 inside the hard core,

Y+o

52021\{(R12) ~ qc;}gll\l(s = Rio — 2/2) for Ris < 5 (15)
and choose the coefficient ¢ (0 < ¢ < 1) such as to minimize
Sta)/z
/ |hga1 (Ri2)|dRia . (16)
0
Note that ¢S5\ (R12) outside the core remains the same and satisfies the MSA closure,
CN R ~ N
N(Ryy,é9) = _My it Ry > to (17)
ksT 2

The corrected ansatz appears to be very close to the true MSA solution of equation (2), even at
zero field (see figure 2). We have calculated hS$)) (Ri2) with the corrected ansatz (15) for colloids
with ¥ = 5000 and different surface parameters. At zero field hSN (Ri2)/hSH(Ri2) =~ 1.27 for
zco =1, and & 1.23 for zco = 0.2 (figure 3). Numerically, we find that the deviation from 5/4 lies
within 2 per cent. Thus for sufficiently large colloidal particles, the asymptote (11) can be easily
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Figure 2. Corrected long-range harmonics of the colloid-nematic total correlation function
h%\{(R) for colloidal particles with ¥ = 500 and 5000, at zero external field and at W =
10~*kgT. The parameter zco = 0.2.
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Figure 3. The ratio of the corrected long-range harmonics of the colloid-nematic total correlation
function to the uncorrected case, hs (Ri2)/h$ay (Riz), at zero external field, for ¥ = 5000 and
for two ranges of the colloid-nematic interaction, zco = 1 and zco = 0.2.

corrected at zero field by including a factor of 5/4. In experiments typical colloidal sizes are of
order 1030

The factor 5/4 is not accidental. Formally we can take the limit of zero field (§ — oo) for the
case of the tilted wall (from equation (17) of [11]). In this case the asymptote of the wall-nematogen
total correlation function tends to a constant value at large distances from the wall,

. WN/ . ~ y 8—00 1. hyst (s = 0 /2) S\VE (2
lim A" (s,wn) — lim —==———[Y51(8)Y5}(wN) + c.c.] expl(—s — 0/2) /€], (18)
£—o0 £—o0 BZC
where the unit vector § defines the orientation of the wall normal with respect to the field, and
wy is a molecule orientation.

On the other hand, we can consider the limit of the distribution function around a spherical
colloid [equation (10)] as ¥ — oco. Note that the limit of zero field, £ — oo, is taken first. At the
distance s = R — ¥/2 outside the surface, ¥3/R3 tends to 8, since ¥ — oo and s < ¥. By putting
$ = Ry and Oy = Wo one can see from equation (11) that

hm N (s) = g lim hm hSN (s). (19)

42 —o0t—

In other words, the order in which two limits are taken does matter if one uses the direct correlation
function from the wall problem as an ansatz for spherical colloids. If the asymptote is corrected with
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a factor of 5/4 the inconsistency does not appear. Following [3], one can see that any correction of
asymptote (10) with a given factor results in a correction of asymptote (12) with the same factor
squared. Thus, the asymptote of the potential of mean force should be corrected with a factor of
(5/4)2.

If the correlation length ¢ is smaller than ¥, one would expect the fluid distribution about a
colloid obtained with the ansatz to coincide with the distribution near the plane wall, at least for
s < 2. Our numerical analysis for ¥ = 5000, z.0c = 1 and distances up to several 100 shows
that this is true for W = 10~* and & = 161.50. The picture is different, however, for the smaller
field, BW = 1075, where ¢ ~ 16150 is larger than X. In this case hys} (s)/hS3 (s) tends to 5/4 at
s~ 100.

We are especially interested in verifying the ¥-dependencies of the asymptotes (10) and (12),
particularly because phenomenological theories appear to disagree on this matter. A theory with
imposed weak boundary conditions at colloidal surfaces predicts the interaction of colloids (that
exhibit up-down symmetry) to be proportional to 3% [14]. At the same time the theory of Lubensky
et al. [15], based on rigid boundary conditions, predicts that the interactions behave as %¢. Our
molecular theory does not impose boundary conditions at colloidal surfaces, but instead calculates
them. All information about any ¥-dependence is contained in the direct colloid-nematic correlation
function. In fact the ¥-dependence of asymptote (10) at zero field is defined by the c$3} behavior
at small k£ in Fourier space. The uncorrected ansatz gives the following expansion for large ¥ at
zero field [3],

BN (s = 0/2)
3020

To investigate further, we consider the expansion (20) for the corrected ansatz, which takes the
form,

SN (k) B9 —4r B[Z? + O(ZH)] k2 + O(kY). (20)

k) 0 [an P2 D (5 oyt 4 o) 42 4 0k%) (21)
c

The first impression is that the coefficient of k? now has a X*-dependence. However, this turns
out not to be true. Numerical calculations of (—1 + ¢)X were done for different X, up to 15000.
For 0 = 2nm, order of size of 5CB molecules, this corresponds to colloids of 3um in diameter. We
considered various interaction parameters (zco = 0.1, 0.2, 1, 2). In all cases the value of (—14¢)%
tends to a constant limit at large ¥ (figure 4). In other words, the fact that ¢ # 1 corrects
asymptotes (10) and (12) with the factors 5/4 and (5/4)?, respectively, but does not change their
Y-dependence at zero field. Thus, the MSA results support the conclusion on the Y-dependence
reached in [15], where rigid boundary conditions were employed. It should be emphasized that in
our model the calculated director distribution in the vicinity of colloids is not coupled rigidly with
normals to the colloidal surface [12]. The full coefficient of k? in equation (21) divided by %3/z¢
is plotted in figure 5 for different values of zgo. One can see that a ¥3-dependence holds in all the
cases for ¥ > 5000.

3. Summary and conclusions

In this paper we have developed an improved ansatz for the colloid-nematogen direct correlation
function. In our previous studies we suggested that a general solution of the Ornstein-Zernike
equation for a nematic fluid in the presence of a wall, arbitrarily oriented with respect to the nematic
director, can be very useful for the investigation of dilute nematic colloids. In fact, we suggested
using the wall-nematogen direct correlation function, obtained explicitly in [11], as an ansatz
for the direct correlation function in nematic colloids. This ansatz permits explicit microscopic
calculations of the density and orientational profiles, as well as potentials of mean force for large
colloidal particles, such as those used in numerous experiments. This ansatz works very well in
the presence of external fields, when all correlation lengths are smaller than the colloidal radius.
At small and zero external fields the results of this ansatz, particularly asymptotes at zero field,
need some correction. The reason for this is that the “elastic” correlation length in the nematic
phase is infinite at zero field. Here we suggest a simple scaling of the ansatz, which gives results
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Figure 4. The values of (—1 + ¢)X for vari-
ous ranges of the colloid-nematic interaction,
zco =0.1,0.2, 1, 2.

Figure 5. The lim e (K)zo /(K*S®) at zero
external field as a function of ¥ for various
ranges of the colloid-nematic interaction zco.

numerically very close to the MSA solution of the OZ equation for nematic colloids in the presence
of arbitrarily weak fields, including the zero field case. Our study of spherical colloids shows that
the improved ansatz corrects asymptotes of the nematic distribution about a colloidal particle and
the colloid-colloid potential of mean force with factors 5/4 and (5/4)2, respectively, but it does not
change the dependence of the asymptotes on the colloidal diameter, or on the interparticle vector.

Finally, the ansatz taken from the wall-nematic problem has some additional advantages. Unlike
a direct solution of the OZ equation for nematic colloids, the same analytical expression can be used
with little adjustments for physically different systems, e.g., nonspherical colloids, colloids with a
nonuniform distribution of surface surfactant (patterned colloids), colloids trapped at interfaces,
as well as nematic droplets.
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MokpaweHni aH3aul ansa NPSIMOIT KopensiuinHol GYyHKLUIT B
po3BeAeHNX HeMaTU4YHUX Konoipax

T.I. Cokonocbkal?, PO.Cokonoscbkuin®:2, IH.MenTit

1 XimidHuit dakynbTeT, YHiBepcuteT BputaHcekoi Kynym6ii, BaHkysep, KaHana
2 IHCTUTYT ®i3nKkn koHAeHcoBaHMx cuctem HAH Ykpainn, Byn. CBeHujubkoro 1, Jbis 79011, YkpaiHa

OTpumaHo 25 TpaBHsa 2007 p., B ocTaTouHOMY BUMsiOj — 4 BepecHs 2007 p.

Mu npencTaBNSEMO NOKpaLLEeHWIA aHaniTUYHUIA aH3aL, 4715 NPSAMOi KOPEnALINHOT GYHKLUIT Konoia-HemMaTuk.
Llel aH3au, € TOYHILMM HiX 10ro nonepeaHs Bepcis, oTpuMaHa Hamu, | Ia€ YNCNOBI pe3ynsTaTn OJisi po3-
BEEHMX HEMATUYHNX KOMOIAiB, WO € AyXe 6AN3bKMMKN A0 TUX, SKi OTPUMYIOTBCS B pamkax ChpaBXHbO-
ro cepenHbo-cepuyHoro HabnmxeHHs. Kpim Toro, nokpaleHunin aH3al, € cnpaBeanvBuM AN BUNAAKy
30BHILUHIX MONIB AOBINLHOI cunn. My BMBYAEMO MOBEAIHKY MOTEHUiany cepeaHboi Cuam Konoig-konoig, B
HY/JIbOBOMY MOJi, BUKOPUCTOBYIOUM MOKPALLEHNA aH3aL, i MOKa3yeEMO, L0 B HYJIbOBOMY MOJIi i Ha BEJIMKNX
Bigoanax us PyHkuis 3aracae sk R~° i pocTe sk ¢, ge ¥ e piametpom konoiga. Lia 3anexHicTb yaro-
LKYETbCS 3 HAWMMU nonepeaHiMm o64ncneHHsaMun, saki 6a3yloTbCs Ha MEHLU TOYHIN Bepcii aH3auy. K i
B nornepeaHbLOMy BUMaaKy, nokpailieHa Bepcisi 3a/MWAaETbCA aHaNITUYHO | MoXe OyTun Ierko 3acToco-
BaHa [0 LUMPOKOro knacy @i3anyHO LiKaBMX CUCTEM, SIKi BKOYAKOTb KONOIAN 3 AOBINbHUM PO3MOAiNoMm
cypdakTaHTIB Ha NOBEPXHI i HecdepMyHi Konoian, Konoian Npu MixxdasHii rpaHnLi | HEMaTUYHI NIVHY B
0B6MEeXEHMX reOMETPISX, HANPUKNAZA B KpaninHax.

KniouoBi cnoBa: kos10ia, piakuii kpuctasa, HeMatuk, NoTeHuiasa cepeaHboi cuam

PACS: 61.30.Cz, 82.70.Dd, 61.30.Gd
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