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Abstract

Orientational ordering and spatial distribution of rod-like Janus nanoparticles in the lamellae
diblock copolymers has been considered using a molecular theory based on simple model of Janus
particle with two different interaction centres located at the particle ends. Order parameter and
concentration profiles of Janus nanoparticles have been calculated numerically for different values
of the nanoparticle length. It has been found that Janus nanoparticles are mainly located in
the boundary region between the domains and are orientationally ordered in that region with
a high orientational order parameter. This orientational order is induced by the interface and
is determined by the different affinities of the two ends of the Janus particle with respect to
the monomers of different domains. Comparison with block copolymers doped with symmetric
nanoparicles indicates that polymer nanocomposites with Janus particles are expected to possess
much larger dielectric abisotropy and thus can be considered as promising anisotropic nanomaterials

which can be aligned by the external electric field.



I. INTRODUCTION

At present significant attention is attracted to soft matter nanocomposites based on
anisotropic molecular liquids doped by metal, dielectric and semiconductor nanoparti-
cles. Variuos properties of such materials, including thermodynamical,optical nad dielectric
ones,may be modified by the presence of even a small fraction of nanoparticles [1] In par-
ticular, nematic liquid crystals doped with few volume percent of various nnaoparticles are
charaxterised by a number of improved characteristics including an improvement of such
important parameters of liquid crystal displays as switching voltages and switching times.
(see [2-6]).Another example is an increase of the temperature range of liquid crystal blue
phases [7] by using a small admixture of metal nanoparticles. Structure and properties of
smectic liquid crystals may also be modified by nanoparticles. For example, semiconductor
quantum dots may positionally order in side chain liquid crystal polymers [8, 9] resulting in
the formation of a self-assembled soft nanocomposite.

A pioneering study of the effect of ferroelectric nanoparticles on the phase transitions
and dielectric properties of liquid crystals has been undertaken by Yu. Reznikov and his
group [11, 12, 14, 15] It has been shown that even a very small molar fraction of strongly
polar ferroelectric NPs (of the order of 107%) results in a dramatic increase of the dielectric
constant of the composite which is of the same order as the dielectric constant of the host
nematic phase itself [11, 15]. It has also been shown that the nematic-isotropic transition
temperature is significantly shifted by ferroelectric nanoparticles [11, 12]. These studies of
Reznikov et.al. have been extended by other authors who have shown also that doping of
nematics with ferroelectric nanoparticles leads to an increase of their electro-optic response
(16, 17]

Other types of nanoparticles may also effect the thermodynamic stability of liquid crystal
phases due to their orientational ordering in the anisotropic host phase. For example, it has
been verified experimentally that the nematic—isotropic (N-I) phase transition temperature is
decreased when the nematic liquid crystal is doped with isotropic nanoparticles inluding sil-
ver [18], gold [19] or aerosil ones [20, 21]. On the other hand, an increase of the N-I transition
temperature is observed when the nematic liquid crystal is doped with strongly anisotropic
particles including nanotubes [22], magnetic nanorods [10] and ferroelectric nanoparticles

[11, 12]. These effects have recently been described theoretically [13, 23].



Nanoparticles of various chemical structure may also significantly improve mechanical,
elctrical and optical characteristics of block copolymers [24-30]. However, from the stand-
point of liquid crystal science the most interesting effects are related to the orinetational
ordering of anisotropic nanoparticles in block copolymers. One notes that both hexagonal
and lamellae block copolymers are uniaxial, and thus , in principle, sufficiently anisotropic
nanorods should possess some degree of induced orientational order in the corresponding
composites. In the lamellae phase the symmetry axis is in the direction perpendicular to
the flat boundaries between the blocks while in the hexagonal phase the axis is parallel
to that of the cylindrical block. On the other hand, the physical anisotropy of diblock
copolymers is relatively weak because the material in the bulk of each block is isotropic and
the macroscopic anisotropy is only determined by the boundaries.Thus sufficiently small
anisotropic nanoparticles are expected to order orientationally only in the interfacial regions
between the adjacent blocks where the nanoparticles interact with the monomers of both
blocks. Nanoparticles interact differently with the monomers of the two different kinds and
this results in the effective anisotropic mean-field in the boundary region which aligns the
nanoparticles [35].If the length of the nanorod is comparable with the size of the block, one
expects some orientational ordering throughout the system becuase a given nanorod always
interacts with at least one block boundary. The orientational ordering of nanorods in di-
block copolymers has indeed been observed experimentally. Metal nanorods with various
functional groups are aligned parallel to the domain walls in the lamellae [31] and to the
cylindrical domain walls in the hexagonal phase [34] . In contrast, polystyrene functionalised
nanorods are ordered in the hexagonal phase perpendicular to the cylinders [32, 33].

Recently spacial distribution of anisotropic nanoparticles and their orientational order
in the lamellae and hexagonal phases of diblock copolymers has been studied in detail
theoretically [35] assuming the fixed phase-separated structure of the copolymer. In this
approximation the theory has much in coomon with the molecular theory of nematic liquid
crystals in the external field as the orientational order of nanoparticles in induced by the
effective mean filed created by the average interaction between the nanoparticles and the
monomers of both blocks. In that theory a nanoparticle is assumed to be spherical but,
at the same time, it possesses some anisotropic properties (for example, anisotropic polar-
izability or the quadrupole momemnt). As a result the potential of interaction between a

nanoparticle and a monomer is composed of the isotropic and the anisotropic parts Here



the anisotropic model potential, which apparently has not been considered before in the
theory of polymers, is determined by effective particle anisotropy. Orientational order pa-
rameter profiles of nanoparticles have been calculated numerically and it has been shown
that anisotropic nanoparticles are orientationally ordered in the interfacial region. The most
interesting result obtained in [35] is tht the nanoparticles are aligned parallel to the domain
wall in one of the blocks and perpendicular to the wall in the adjacent block.

The main results of Ref. [35] have recently been verified bv molecular dynamics simulation
[36] of the spatial distribution and orientational ordering of nanorods in the lamellar block
copolymer phase. Anisotropic nanoparticles have been modelled by a rigid string of spheres
interacting with the monomers of both blocks, and dissipative particle dynamics has been
used to evaluate concentration distribution of both monomers and the nanoparticles and
the orientational order parameter profiles for different values of the nanoparticle length and
selectivity The simulations confirm the sign inversion of the nematic order parameter at the
domain wall but, in contrast to the molecular theory, the nanoparticles are ordered both
in the boundary region and in the bulk of the domains and the nematic order parameter,
extracted from simulations, appears to be higher than in theory. These discrepancies are
related to the large geometrical anisotropy of the nanoparticles used in simulations which
is of the same order as the period of the simulated lamellae structure. At the same time in
the molecular theory the nanoparticles are assumed to be spherical.

In our recent paper [37] the agreement between theory and computer simulations has
been significantly improved by using a different model of a nanoparticle which is composed
of two equal spherical interaction cites separated by a distance [. Similar to the nanoparticles
employed in the computer simulations, the interaction between such a model particle and a
monomer is not central and explicitly depends on the nanoparticle length. The molecular
theory based on such a model yields sufficiently high values of the orientational order pa-
rameter and the anisometric nanoparticles are orintationally ordered in a broader interfacial
region. However, from the application point of view, both composites considered theoret-
ically in [35] and [37] have a common disadvantage. In both cases the nanoparticles are
predominantly located in one of the blocks and as a result the fraction of nanoparticles,
which are orientationslly ordered in the boundary region, appear to be rather small. Hence
the average macroscopic anisotropy of such a composite is expected to be small. At the same

time one of the most important potential chracteristics of polymer nanocomposite materi-



als with orientationally ordered nanoparticles is the sufficiently large dielectric anisotropy
which, in principle, enables one to align block copolymer nanocomposites using external
electric field. At present the alignment of block copolymers is a complicated problem which
is far from being completely solved.

In this paper we consider the orientational ordering and spatial distribution of the so
called Janus nanoparticles in the ideal lamellae phase. Janus particles are composed of two
different spherical interaction cites separated by the distance [. One of the spheres interacts
stronger with the monomers of the block A and hence it has a preference to be located in the
block A. At the same time the second sphere has the same preference to be located in the
block B. One expects that Janus particles are predominantly located in the boundary region
between the blocks where each sphere may reside in the corresponding preferable domain. In
contract, the energy of such a nanoparticle is rather high when it is located inside the block
and hence the concentration of Janus nanoparticles inn the bulk of both domains should be
sufficiently small. The paper is arranged as follows. In Section 2 we summarise the results
of the molecular field theory of polymer nanocomposites and derive explicit expressions for
the nematic order parameter and the concentration distribution of Janus nanoparticles in
the strongly segregated lamellae phase of a diblock copolymer.In Section 3 we present our

numerical results and Section 4 contains a detailed discussion.

II. MOLECULAR THEORY OF DIBLOCK COPOLYMER NANOCOMPOSITES
WITH JANUS NANOPARTICLES

In this paper we consider a simple model of a Janus nanoparticle which is composed of
two spheres of radius 7y separated by the distance L (see Fig. 1).The spheres have the same
radius but have a different affinity with the monomers A and B of the corresponding blocks
of a diblock copolymer. The interaction potential between the sphere 7 of a nanoparticle
(¢ = 1,2) and the monomer j of the kind o (a« = A, B)is given by a simple expression
Vi(ry) = J@arif with the steric cut-off at r;; = ro, i.e. V(r;; = 0 if r;; < 1. Here J;, is the
coupling constant which generally depends both on the type of monomer « and the type

of the sphere ¢ in the asymmetric Janus nanoparticle. Thus the total interaction potential



between a nanoparticle p and all monomers in the blockcopolymer is expressed as:

Vo= [Jralrap) + Joalrip)] + > [J18(rap) + J2.5(rap)] (1)

I=la I=lp

where ry,; = r,; + (L + rg)a,, rap; = rp; — (L + r9)a, and where r,; is the vector between
the centre of the nanoparticle p and the monomer j. Here the unit vector a, is along the
linear nanoparticle.

We assume that the sphere 71”7 interacts stronger with the monomers A and hence J; 4 —
Ji.p = AJ; < 0. In contrast, for sphere "2” Jy 4 — Jop = AJy > 0. For simplicity we
assume that AJ; = —AJy = AJ.

In the molecular field approximation, the single NP spatial and orientational distribution

function is given by the Boltzman expression:

f(ay,1p) = 7~ exp [—=Unr(ap, 1p)/kpT], (2)

where Z is the normalization factor and the mean-field potential Uysr(a;, r;) is expressed

as:

Unr(ay,Tp) =

[ a0 + Tealr] pate e

/ s (rpt) + o (ran)] ps(e) e, (3)

where p,,(r;) is the density distribution of the monomers «. In the case of strong segregation
Pa(r) = poo When 0 < z < dy, pa(r) =0 when d, < z < d, and p,(z) = pa(z + d) for all z
as it is a periodic function with the period d. Here d, is the thickness of the block «, the
axis z is perpendicular to the lamellae planes and . pg, is the average density of monomers
a in the block a.

One notes that the mean-field potential is a sum of the potentials for the two spheres
of the Janus particle. For a single interaction sphere it is possible to obtain an explicit
analytical expression for the mean-field potential Ref. [35], which is given by the following
expressions in different ranges of z where z is the distance from the nanoparticle to the
domain wall. Assuming that the range of interaction is much larger then 7, the mean field

potential for one sphere canbe written in the form:



i) For z > g
2
Unri(z) = %AJZ_?’ — %AJT?, (4)

ii) for 0 < z <1y
UMFZ(Z) = —7AJ’/‘O . (5)

The lamellae phase is uniaxial and hence the mean-field potential depends only on z and
cos # where 6 is the angle between the nanoparticle axis and the z axis. The total mean-field

potential for the nanoparticle p can now be written as a sum of two terms:

Unr(2,0) = Uppi(21) + Unra(22), (6)

where 21 = 2z + (L/2 4 r¢) cos 6 is the distance from the sphere ”1” to the flat interface and
29 =2z — (L/2419) cosf is the distance from the sphere ”2” and where both terms in Eq.()
are given by Eq. () with z = 2; and z = z respectively.

One notes that the particular expression for the total mean-field potential of a Janus
nanoparticle depends on the inequalities |z1| < 79 and |z2| < 79, which are satisfied in
different rages of z and 6 because z; and 23 depend both on z and 6. As a result the plane
(z,cos6) is into many regions and the integration should be undertaken separately within
each region using the variable limits. Such a procedure is cumbersome and computationally
challenging. On the other hand, the numerical integration can be dramatically simplified by
using the following interpolated mean-field potential [37] which is qualitatively valid in the

whole range of z and 0:

2
Urp(z,0) = —%AJtanh(zf/Tg)zl_S — gAJtanh(zl/ro)ro_?’

2
+ %AJ tanh(2S/r8)zy % + %AJ tanh(zo/ro)r®,  (7)

where tanh(z/ry) and tanh(2°/r$) are the interpolation functions. For z > 7o tanh(z/rg) ~
tanh(z%/r§) ~ 1 and for z < 7y tanh(z/ry) & z/ry and the first term proportional to
tanh(z5/r5) & 2°/r§ < 1 can be neglected.

The interpolated potential Uj, (2, 6) is shown in Fig.2 for two different values of § = 7/3
and 6 = 7/4. One notes that the potential is symemtric with respect to the domain wal and

possesses a minimum at the boundary.



Now the local orientational order parameter S(r) of the anisotropic nanoparticles can be

written in the form:

_ [ Py(a, - k) f(a,,r)d*a,
[ flap,r)da,

where the unit vector k is in the direction of the z axis and P(x) is the second Legendre

S(r) = (Pa(ay - k))

(8)

polynomial..

The density distribution of nanoparticles is given by

pn(T) = PNo/f(ai,I')d2ai, (9)

where pyg is the average number density of nanoparticles.

III. ORDER PARAMETER AND DENSITY PROFILES OF JANUS NANOPAR-
TICLES

Now the orientational order parameter S(z) and the local concentration of nanoparticles
can be calculated numerically substituting the mean-field potential (7) into Egs. (8) and
(9). The corresponding profiles for relatively short Janus nanoparticles are presented in
Figs. 3 and 4. For comparison in Figs. 3 and 4 we also present the order parameter
and concentration distributions for symmetric nanoparticles of the same length which are
composed of two equal speheres which interact with monomers A and B exactly in the same
way as one of the spheres of the asymmetric Janus particles. One can readily see in Fig.4 that
Janus nanoparticles are predominantly located in a boundary region between the adjacent
blocks. This is related to the shape of the corresponding mean-field potential which has
a pronounced minimum at the boundary. In contrast, symmetric nanoparticles are mainly
located in the bulk of one of the domains because they have an affinity to the monomers of
the corresponding type.

Both symmetric nanoparticles and Janus nanoparticles are orientationally ordered in the
boundary region of approximately the same length as shown in Fig.3. However, the orien-
tational order parameter profiles are completely different. Local nematic order parameter
of Janus nanoparticles reaches its maxima (with S = 0.6) symmetrically on both sides of
the domain wall. Thus the Janus particles are strongly orientationally ordered when the

nanoparticle centre is separated by approximately 27, from the boundary. At the same time



the orientational order parameter is much smaller (S ~ 0.1) if the nanoparticle centre is
located directly on the boundary. This can be explained qualitatively in the following way.
Consider the Janus nanoparticle with its centre located at the boundary. In this case the
minimum of the interaction energy is achieved when each sphere resides in the favorable
domain (see Fig.1). The interaction energy, however, does not depend much on the angle 6
between the nanoparticle axis and the boundary normal until the spheres touch the bound-
ary. Thus in this geometry the orientational distribution function is shallow and the order
parameter is small. In contrast, if the distance between the Janus nanoparticle and the
boundary is approximately half the nanoparticle length, both spheres may still be located
in their favorable domains but the interaction energy now strongly depends on the angle 6.
Indeed, after even a small rotation of the Janus nanoparticle one of the spheres may leave its
favorable domain and cross the wall which will lead to a significant increase of the energy.
Thus the nanoparticles are strongly orientationally ordered in this case.

Symmetric nanoparticles also possess strong orientational order in the boundary region
but their orientational order parameter S changes sign at the boundary. This sign reversal
can be explained in the following way [37]. Let us consider a symmetric nnaoparticle located
sufficiently close to the boundary. If the nanoparticle centre is located in the block A where
the nanoparticles interact stronger with monomers then in Block B, it is enenrgetically
favorable for the symmetric nanoparticle to reside in Block A. However, this is only possible
if the nanoparticle is approximately parallel to the boundary between the blocks. In contrast,
if the NP centre is located in the block B, the two spheres cannot be located in the block
A simultaneously, and the minimum of the interaction energy is achieved when one of the
two spheres sphere is in the block A. The latter is possible only when the nanoparticle is
approximately perpendicular to the boundary. Thus The order parameter and concentration
profiles of Janus particles of different length and different interaction strength are presented
in Figs. 4-6. One can readily see that the orientational order parameter increases with the
increasing interaction constant AJ which specifies the selectivity of the Janus particle with
respect to the monomers A and B. The concentration of nanoparticles at the boundary also
increases. It follows also from Figs. 5,6 that a moderate increase of the nanoparticle length
does not effect these results dramatically. The width of the boundary region increases slightly
and so does the orientational order parameter. The maxima of the order parameter profile

are shifted away from the boundary and concentration of nanoparticles at the domain wall



decreases because longer particles are distributed more evenly across the boundary layer.

IV. DISCUSSION

In this paper we have considered the orientational ordering and spatial distribution of
Janus nanoparticles in the lamellae phase of diblock copolymers using a molecular theory
with fixed structure of block copolymer. It has been shown that Janus particles are predom-
inantly located in the boundary region between the blocks and are strongly orientationally
ordered. Janus nanoparticles are subject to the symmetric mean-field potential and as a
result both concentration and order parameter profiles are symmetric with respect to the
boundary. The concentration of nanoparticles possess a maximum directly at the bound-
ary while the order parameter profiles possess two equal maxima shifted away from the
boundary.

In contrast, symmetric nanoparticles are mainly located in one of the blocks where the
interaction energy between a nanoparticle and the corresponding monomers is the lowest.
Thus only a small fraction of all nanoparticles is orientationally ordered in the boundary
region. Moreover, the symmetric nanoparticles are aligned parallel to the domain wall in
one block and perpendicular to the wall in another block which results in the sign inversion
of the orientational order parameter. Thus in this case the average anisotropy of the whole
composite appears to be rather low.

The sufficiently large dielectric anisotropy of the nanocomposite is very important if one
considers an attractive possibility to align block copolymers using the external electric field.
One notes that alignment of block copolymers is a serious technological problem and no
appropriate solution has been found so far. The coupling between the external electric field
and the anisotropic medium is mainly determined by the average dielectric anisotropy. In a
block copolymer, doped with anisotropic nanoparticles the macroscopic dielectric anisotropy
is determined by the orientational order of the nanoparticles and by their concentration..
More precisely,the macroscopic anisotropy is approximately proportional to the following
integral [ p(z)S(z)dz, where p(z) is the local density of nanoparticles , S(z) is the local
nematic order parameter and the z-axis ir perpendicular to the lamellae planes. Thus thr
block copolymers doped with symmetric nanoparticles are expected to possess a low di-

electric anisotropy for the following two reasons. Firstly the concentration of symmtric
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nanopaerticls in the boundary region (where they are orientationally ordered) is rather low.
Secondly, the orientational order parameter possess opposite signs on the sides of the domain
wall which leads to a further decrease of the average anisotropy. In contrast, nanocomposites
with Janus nanoparticles are expected to possess a sufficiently high anisotropy because such
particles are mainly located in the boundary region and are strongly orientationally ordered
with the same sign of the order parameter in all domains.Therefore one may conclude that
polymer nanocomposites based on diblock copolymers doped with Janus nanoparticles are
very promising anisotropic fluid materials which, in principle, can be aligned by moder-
ates external fields. It would be very interesting to study such composites experimentally

although, as far as we aware, they have not been synthesised yet..
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FIG. 1: Alignment of Janus and symmetric nanoparticles with two interaction centres in the
boundary region between adjacent blocks. One interaction centre of the Janus nanoparticle has
affinity to the block A while another centre has affinity to the block B. Janus particles are aligned
approximately perpendicular to the boundary while symmetric particels are aligned parallel to the

boundary in one block and perpendicular to the boundary in another one.

Mean field potential Unir

FIG. 2: The mean field potential of a Janus nanoparticle with two interaction centres as a function
of the distance z between the nanoparticle centre and the flat boundary for L = 2ry and for two
different values of the angle 6 between the nanoparticle and the boundary normal : 6 = 7/3 (1)

and 0 = /4 (2).
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Nematic order parameter

FIG. 3: Orientational order parameter profiles of Janus nanoparticles (1) and symmetric nanopar-
ticles (2) in the boundary region between the two blocks in the lamellae phase of the diblock

copolymer. The interaction constant AJ = kgT and L = ry.

Nanoparticle distribution p/py

FIG. 4: Concentration profiles of Janus nanoparticles (1) and symmetric nanoparticles (2) in the

lamellae phase of the diblock copolymer. The interaction constant AJ = kgT and L = ro.
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Nematic order parameter §

FIG. 5: Orientational order parameter profiles of short Janus nanoparticles with L = ry in th
boundary region between the two blocks in the lamellae phase of the diblock copolymer for two

different values of the interaction constant AJ = kgT (1) and AJ = 2kgT (1) .

Nanoparticle distribution p/py

FIG. 6: Local concentration of short Janus nanoparticles with L = ry in the lamellae phase of
the diblock copolymer for two different values of the interaction constant AJ = kT (1) and

AJ =2kgT (1) .
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Nematic order parameter §

FIG. 7: Orientational order parameter profiles of long Janus nanoparticles with L = 2r¢ in th
boundary region between the two blocks in the lamellae phase of the diblock copolymer for two

different values of the interaction constant AJ = kgT (1) and AJ = 2kgT (1) .

Nanoparticle distribution p/py

FIG. 8: Local concentration of long Janus nanoparticles with L = 2ry in the lamellae phase of
the diblock copolymer for two different values of the interaction constant AJ = kT (1) and

AJ =2kgT (1) .
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