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Phase separation effects and the nematic–isotropic
transition in polymer and low molecular weight liquid
crystals doped with nanoparticles

Maxim V. Gorkunov,*a Georgiy A. Shandryuk,b Alina M. Shatalova,b

Irina Yu. Kutergina,b Alexey S. Merekalov,b Yaroslav V. Kudryavtsev,b Raisa V. Talrozeb

and Mikhail A. Osipovc

Properties of the nematic–isotropic phase transition in polymer and low molecular weight liquid crystals

doped with nanoparticles have been studied both experimentally and theoretically in terms of

molecular mean-field theory. The variation of the transition temperature and the transition heat with

the increasing volume fraction of CdSe quantum dot nanoparticles in copolymer and low molecular

weight nematics has been investigated experimentally and the data are interpreted using the results of

the molecular theory which accounts for a possibility of phase separation when the system undergoes

the nematic–isotropic transition. The theory predicts that the nematic and isotropic phases with

different concentrations of nanoparticles may coexist over a broad temperature range, but only if the

nanoparticle volume fraction exceeds a certain threshold value which depends on the material

parameters. Such unusual phase separation effects are determined by the strong interaction between

nanoparticles and mesogenic groups and between nanoparticles themselves.
1 Introduction

Low molecular weight and polymer liquid crystals (LCs) doped
with metal, dielectric and semiconductor nanoparticles (NPs)
attract growing attention because the properties of such
composites may differ signicantly from those of pure so
materials. For example, from the application point of view it is
important that doping of a nematic LC with a small amount of
NPs results in a decrease of threshold and switching voltages
and switching times of LC displays.1–5 In particular, nematics
doped with ferroelectric NPs are characterized by enhanced
dielectric and optical anisotropy, increased electro-optic
response6,7 and improved photorefractive properties.8

Conversely, doping of ferroelectric LCs with metal and silica
NPs may result in an improvement of the spontaneous polari-
zation and dielectric permittivity and in a decrease of the
switching times.9,10 NPs may also affect the properties of the
Nematic–Isotropic (N–I) phase transition. In particular, a
decrease of the N–I transition temperature is observed in
nematics doped with approximately isotropic silver,11 gold12 or
aerosil particles13,14 which is explained by the so-called dilution
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ynthesis, Russian Academy of Sciences,

trathclyde, Glasgow G1 1XH, UK. E-mail:

88
effect.15 In contrast, the N–I transition temperature increases in
nematics doped with strongly anisotropic NPs including
nanotubes,16 magnetic nanorods17 and various ferroelectric
particles.9,10 It has also been found that the doping of the clas-
sical nematic LC 5CB with plate-like cis isomers of the dye
results in a soening of the rst-order N–I transition.18 All of
these effects have been described by a molecular theory devel-
oped in our previous paper15 and in ref. 19.

Recently cadmium selenide (CdSe) quantum dot NPs have
been embedded into nematic, smectic and cholesteric side
chain polymer matrices with an ultimate goal to control and
improve the photoluminescent properties of quantum dot
NPs.20–22 In general, polymer LCs doped with various NPs are
considered to be promising materials because of their
mechanical stability and a possibility to manufacture thin
glassy lms. The anisotropic structure of a LC polymer may also
provide a way to control the arrangement of inorganic NPs
within the matrix.20 Interactions of the polymer carboxylic
groups with the surface of NPs govern the localization of the
NPs and result in the formation of polymer nanolayers sepa-
rated by the nanolayers of NPs.

Minimum size of NPsmay be close to molecular dimensions,
but the properties of the particles differ signicantly from those
of surrounding mesogenic molecules and therefore a phase
separation should be a common phenomenon. The simplest
phase separation between NPs and mesogenic molecules may
occur already in the isotropic phase and is not related to the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C3SM27467E
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM009013


Paper Soft Matter

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
St

ra
th

cl
yd

e 
on

 1
2/

03
/2

01
4 

09
:5

8:
22

. 
View Article Online
nematic ordering. Such a demixing, however, can be success-
fully suppressed by attaching appropriate organic groups to the
surface of the NP which makes it more compatible with the
surrounding LC medium.

At the same time, there exists a different type of phase
separation which is accompanied by the transition into the
nematic phase, and which is more difficult to control. The N–I
transition temperature decreases with the increasing concen-
tration of NPs and as a result the nematic phase is partially
destabilized. The total free energy may be minimized if the
system separates into the isotropic phase with an increased
concentration of NPs and the nematic phase with lower
concentration of NPs. This kind of phase separation is very
important for the application of LC nanocomposites, and it has
been observed in few anisotropic so matter systems.23,24

However, it has not been studied in detail so far neither
experimentally nor theoretically. One notes also that phase
separation in LCs doped with NPs is not always a negative effect
which should be avoided. For example, in LC blue phases NPs
mainly concentrate in the vicinity of defect cores which results
in a decrease of the energy of these defects thus stabilizing the
blue phases.25 Very recently it has been shown that gold NPs
with mesogenic coatings form reversible networks composed of
nematic droplets accompanied by disclination lines and loops
by enrichment of the NPs at the nematic–isotropic liquid
interfaces.

It is well known that a similar phase separation occurs in
mixtures of LCs and, in particular, in nematics doped with
nonmesogenic molecules (see e.g. ref. 26 and 27) although the
corresponding two-phase region around the N–I transition is
usually rather narrow. Such a phase separation in nematic LCs
has been described theoretically in ref. 28. One notes, however,
that the results of the molecular theory presented in ref. 28
cannot be used to describe the effect of NPs on the N–I transi-
tion because the theory is based on the strong assumption that
the chemical potentials of the two compounds are independent
of their concentrations in the isotropic phase. This assumption
is only valid if the properties of the dopant are very similar to
those of the host which is generally not valid for typical NPs that
are very different from mesogenic molecules. Very recently a
simple mean-eld theory of LCs doped with colloidal particles
has been developed in ref. 29 and 30 where the phase separation
effects have been taken into account. In these papers, however,
the phase separation is not studied in detail and the interaction
energy of the mixture is oversimplied whichmay be justied in
the case of colloids but not in mixtures of mesogenic molecules
and small NPs.

In this paper we develop a general molecular theory of phase
separation in nematic LCs doped with NPs and show that,
depending on the relative strength of interaction between NPs
andmesogenic molecules, the nematic and the isotropic phases
may coexist over a very broad temperature interval. In this case
the system undergoes a transition into the low temperature
smectic or crystal phase remaining in the phase-separated state.
We have studied experimentally the properties of the N–I phase
transition in composites for different values of the volume
fraction of NPs. An unusual behavior of the transition
This journal is ª The Royal Society of Chemistry 2013
temperature and the transition heat has been found which can
be interpreted under the assumption that the nematic and
isotropic phases with different concentrations of NPs may
coexist over a very broad temperature interval. The same
measurements have been repeated for a low molecular weight
(LMW) LC material in order to conrm that this behavior is not
specic for polymer systems but should be a general feature of
anisotropic so matter materials.

2 Molecular theory of phase separation in
polymer nematics doped with nanoparticles
2.1 Free energy of the nematic phase

Consider the side chain polymer nematic LC doped with
spherical NPs. We introduce the number densities rm, rn, rs and
rch of mesogenic groups, NPs, weakly anisotropic segments of
the main chain and polymer macromolecules, respectively.
Everywhere below the subscript n denotes NPs, m denotes
mesogenic molecules, s denotes segments of the main chains
and ch denotes main chains. In the consistent theory of such a
system one has to take into account both isotropic and aniso-
tropic interactions between mesogenic groups, NPs and
segments of the main polymer chain. As a result in any uid
phase the system is characterized by the following total inter-
molecular interaction potential integrated over all intermolec-
ular vectors:

H ¼ � 1

2V

X
ij

h
Umm

�
ai$aj

�þUms

�
ai$aj

�þUss

�
ai$aj

�þUnn

þUnm þUns

i
þ 1

V

X
i

Fðai$aiþ1; ri;iþ1Þ; (1)

where V is the system volume. Here Umm(ai$aj) is the integrated
anisotropic interaction potential between mesogenic groups
which depends on the unit vectors ai and aj in the direction of
the long molecular axes of the groups i and j, respectively.
Ums(ai$aj) is the anisotropic interaction potential between a
mesogenic group and a segment of the main chain while
U(ai$aj) is the corresponding interaction energy between
segments in different main chains. The constant terms Unn +
Unm + Uns describe isotropic interactions between NPs, meso-
genic groups and segments of the main chain. Finally, in the
last term F(ai$ai+1,ri,i+1) the anisotropic interaction between
neighboring segments of the same main chain which depends
on both relative orientation and relative position of the neigh-
boring segments ri,i+1.

The functions Umm(ai$aj), Ums(ai$aj), Uss(ai$aj) can be
expanded in Legendre polynomials Pn(ai$aj) taking into account
the rst nonpolar term which is responsible for the nematic
ordering:

U(ai$aj) z U0 + JP2(ai$aj). (2)

Here P2(x) ¼ 3x2/2 � 1/3 is the second Legendre polynomial.
One notes that the quantities Upq, p, q ¼ n, m, s, U0 and J have
the dimension of energy � volume.

Taking into account the interaction between NPs and the
mesogenic groups in the molecular-eld approximation the free
Soft Matter, 2013, 9, 3578–3588 | 3579
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energy can be expressed as F ¼ U� kTS� kTVrchln Z where U is
the average interparticle energy dened as the average Hamil-
tonian H given by eqn (1) except for the last term which deter-
mines the conformational partition function of the single chain
�kTrchln Z.31 The entropy S is a sum of the mixing entropy of
the NPs and the mesogenic groups and the entropy associated
with the orientational ordering of mesogenic groups in the
nematic phase.

In the molecular eld approximation the average
hP2(ai$aj)i ¼ S2, where S ¼ hP2(ai$n)i is the nematic order
parameter and the unit vector n is the nematic director. In the
isotropic phase S ¼ 0 and thus only the isotropic parts of the
average interaction potentials contribute to the internal
energy U. Performing the summation over all pairs of particles
the average interparticle energy density in the isotropic phase
can be expressed as

U=V ¼ � 1

2
rm

2Umm � 1

2
rs

2Uss � rmrnUmn � rmrsUsm � rnrsUsn:

Now the free energy of the isotropic phase of such a
composite can be expressed as:

1

V
FI ¼ kBTrnðln rn � 1Þ þ kBTrchðln rch � 1Þ

� 1

2
rn

2Unn � 1

2
rm

2Umm � 1

2
rs

2Uss � rmrnUmn

� rmrsUsm � rnrsUsn � kBTrchln ZI; (3)

where the rst two terms describe the entropy of mixing of NPs
and polymer chains, and the last term is the conformational
free energy of the main polymer chain, in which the partition
function can be written in the form:

ZI ¼
ð
exp

"
� b

X
i

Fðai$aiþ1; ri � riþ1Þ
#
dG; (4)

where dG denotes the integration over all positions ri and
orientations ai of the segments of the chain.

The free energy of the nematic phase includes also the
energy terms which depend on the nematic order parameter S
determined by the anisotropic part of the intermolecular
interactions, and the orientational entropy. Neglecting the weak
anisotropic interaction between segments of different chains,
the free energy of the nematic phase is given by the following
expression:

1

V
FN ¼ kBTrnðln rn � 1Þ þ kBTrchðln rch � 1Þ � 1

2
rn

2Unn

� 1

2
rm

2Umm � 1

2
rs

2Uss � rmrnUmn � rmrsUsm � rnrsUsn

þ 1

2
rm

2JmmSm
2 þ rmrsSmSs � kBTrchln ZN

� kBT

ð
fmðaÞln fmðaÞda; (5)

where the last term is the orientational entropy of mesogenic
groups in the nematic phase, fm(a) is the orientational distri-
bution function of the mesogenic groups and Sm and Ss are the
3580 | Soft Matter, 2013, 9, 3578–3588
scalar nematic order parameters of mesogenic groups and
segments of the main chain, respectively, expressed as:

Sm,s ¼
Ð
P2(a$n)fm,s(a$n)da. (6)

The conformational partition function of the main chain in
the nematic phase reads:

ZN ¼
ð
exp

(
� b

X
i

h
Uðai; aiþ1; ri � riþ1Þ þUMFðaiÞ

i)
dG; (7)

where UMF(ai) is the average molecular eld acting on the
segment i of the main chain:

UMF(ai) ¼ JmsSmP2(ai$n). (8)

The full partition function of the polymer chain accounts for
chain exibility and for the effect of the mean eld on the
energy of the chain. It is determined by the Green function
which is dened as a partition function Z(Q,N) of the chain with
xed orientation of the last segment, cos(aN$n) ¼ 1, where N is
the total number of segments in the chain and Q is the angle
between the long axis of the segment a and the director n. The
function Z(Q,N) satises the following differential equation
which is mathematically equivalent to the equation of rota-
tional diffusion in an external eld:31,35�

v

vN
þUMFðQÞ �DVQ

2

�
ZðQ;NÞ ¼ 0; (9)

where UMF(Q) is the mean-eld potential of the segments of the
main chain. The solution of this equation can be written in the
form:

ZðQ;NÞ ¼
X
n

e�lnNJnðQÞ; (10)

where ln and Jn are the eigenvalues and eigenfunctions of the
following equation:

(UMF(Q) � DVQ
2)Jn(Q) ¼ lnJn(Q), (11)

where the parameter D characterizes the chain exibility. For
sufficiently long polymer chains the conformational entropy
is approximately determined by the maximum eigenvalue l0

which corresponds to the eigenfunction J0. In this case
the conformational entropy of the chain �kBTrchln Z z
�kBTrsl0.

An explicit expression for the eigenvalue l0 can be obtained
by means of the perturbation theory.35 One notes that for a
vanishingmean eld the eigenfunctions of this equation are the
Legendre polynomials and the maximum eigenvalue is equal to
zero. In the second order perturbation theory the correction to
the maximum eigenvalue is determined by the following
expression:

l0 z
ðrmJmsSmÞ2
ðkBTDÞ2 : (12)

Substituting the expression for l0 into that for the entropy of
the main chain and then into eqn (5) for the total free energy
This journal is ª The Royal Society of Chemistry 2013
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andminimizing the free energy with respect to the orientational
distribution function of the mesogenic groups one obtains

fmðaÞ ¼ 1

Zm

exp
�� brmJ

eff
mmSmP2ða$nÞ

�
; (13)

where b ¼ (kBT)
�1 and Jeffmm ¼ Jmm + (rsJms)

2/(kBTD)
2.

Neglecting the terms which are proportional to the small
orientational order parameters of the main chain segments Ss
one nally obtains the following expression for the free energy
of the nematic phase:

FNðrm; rnÞ=V ¼ kBTrnðln rn � 1Þ þ kBTrmðln rm � 1Þ

� 1

2
rn

2Unn � 1

2
rm

2U eff
mm þ rmrnU

eff
mn

� 1

2
rm

2Jeff
mmSm

2 � kBT ln ZN; (14)

where the nematic order parameter of mesogenic groups
satises the following self-consistent equation:

Sm ¼ 1

ZN

ðp
0

P2ðcos gÞexp
�� brmJ

eff
mmSmP2ðcos gÞ

�
sin gdg; (15)

where cos g ¼ (a$n) and where the one-particle partition func-
tion is expressed as:

ZN ¼
ðp
0

exp
�� bJeff

mmSmP2ðcos gÞ
�
sin gdg: (16)

In eqn (14) it is taken into account that the number density rs
of the segments of the main chain is directly related to the
density of the side chain mesogenic groups rm as rs ¼ qrm,
where q is the average number of segments of the chain between
two neighboring mesogenic groups. As a result, the free energy
is expressed in terms of rm and rn only. One notes the effective
interaction constants Ueff

mm and Ueff
nm in eqn (14) depend on the

average isotropic interaction energies Usn and Usm between the
segments of the chain and NPs and mesogenic groups,
respectively, on the isotropic interaction constant Uss between
the segments of different chains and on the side-chain param-
eter q:

Ueff
mm ¼ Umm + q2Uss + 2qUms, U

eff
mn ¼ Umn ¼ qUns. (17)
2.2 Coexistence of nematic and isotropic phases with
different concentrations of nanoparticles

Let us consider now the inhomogeneous system composed of
the coexisting isotropic and nematic phases with different
concentrations of NPs and mesogenic groups. Its total free
energy can be written in the form:

F
sep
NI ¼ VI

V
FIðrmI; rnIÞþ

VN

V
FNðrmN; rnNÞ; (18)

where the free energy density of the isotropic phase is expressed
as:
This journal is ª The Royal Society of Chemistry 2013
FIðrm; rnÞ=V ¼ kBTrnðln rn � 1Þ þ kBTrmðln rm � 1Þ

� 1

2
rn

2Unn � 1

2
rm

2U eff
mm þ rmrnU

eff
mn; (19)

where VI and VN are the volumes of the isotropic and the
nematic phase, respectively, and where the free energy density
of the nematic is given by eqn (14).

In eqn (18) rmI and rnI are the number densities of the
mesogenic groups and NPs, respectively, in the isotropic phase,
while rmN and rnN are the corresponding number densities in
the nematic phase.

One notes that the concentrations of both NPs and meso-
genic groups must generally be different in different phases.
Indeed, it is known15 that spherical NPs dilute the nematic
phase which results in a decrease of the nematic–isotropic
transition temperature. As a result the free energy density of the
nematic phase increases, and it may be energetically favorable
for the system to phase separate into coexisting isotropic and
nematic phases so that the NP concentration stays higher in the
isotropic phase.

The chemical equilibrium between the nematic and the
isotropic phase in our system is possible only if the chemical
potentials mn and mm of NPs and the mesogenic groups,
respectively, are the same in the two phases, and if the pressure
in the two phases is also the same. For incompressible LCs only
the equations for the chemical potentials are relevant: mnI ¼ mnN

and mmI ¼ mmN where the chemical potentials are given by the

well known general equations: mi ¼
vF
vNi

¼ 1
Vi

vF
vri

, i ¼ n, m.

Expressing the chemical potentials both in the isotropic and in
the nematic phase using eqn (14) and (19) one obtains the
following equations:

ln
rmN

rmI

¼ U1ðrmN � rmIÞ þU12ðrnN � rnIÞ þ ln ZN; (20)

and

ln
rnN

rnI
¼ U2ðrnN � rnIÞ þU12ðrmN � rmIÞ; (21)

where the reduced interaction constants U1 ¼ Umm/(kBT), U2 ¼
Ueff
nn/(kBT) and U12 ¼ Ueff

nm/(kBT) have been introduced.
Assuming that both phases are incompressible (that is

neglecting a small density change at the transition), the number
densities of NPs and mesogenic groups in each phase can be
expressed in terms of the volume fraction fi of NPs in the phase
i ¼ N, I:

rni ¼ rn0fi, rmi ¼ rm0(1 � fi), (22)

where i ¼ N, I, rm0 is the number density of the mesogenic
groups in the pure LC and rn0 ¼ 1/vn where vn is the NP volume.

In this case eqn (20) and (21) can be expressed in terms of the
NP volume fractions in the two phases fN and fI:

ln
1� fN

1� fI

¼ w1ðfI � fNÞ þ ln ZN; (23)

ln
fI

fN

¼ w2ðfI � fNÞ; (24)
Soft Matter, 2013, 9, 3578–3588 | 3581
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where

w1 ¼ rm0U1 � rn0U12, w2 ¼ rn0U2 � rm0U12. (25)

Solutions of eqn (23) and (24) are strongly affected by the
nondimensional constantsw1,w2. In particular, it can readily be
shown that the phase coexistence is possible only if w2 > 1. One
notes also that in the polymer LC composite, studied in this
paper, NPs interact very strongly with the polymer chain as a
whole. As a result, the inequality rn0U12 > rm0U1 is always
satised and hence w1 < 0. In this case the parameters w1 andw2

have the following physical meaning: w1 is essentially the
average interaction of all NPs in the unit volume with the
polymer chains, while w2 is the difference between the average
interaction of NPs themselves and the interaction of NPs and
the polymer chains. Taking into account that the volume of a
typical NP (together with the volume of the attached chains) is
signicantly larger than that of a mesogenic group one expects
that w2 > 0.

Eqn (23) and (24) are to be solved with the partition function
(16) and self-consistent nematic order parameter, which can
only be done numerically. The procedure can be substantially
simplied if one takes into account that the volume fraction of
NPs in both phases is typically sufficiently small, that is fI � 1
and fN � 1. In this case eqn (23) reduces to:

(1 � w1)(fI � fN) ¼ ln ZN, (26)

One notes also that ZN is independent of fI and therefore the
unknown fI can be excluded from the simultaneous equations
for fI � 1 and fN � 1 which results in a single equation for fN:

Z
w2=ð1�w1Þ
N ¼ 1þ ln ZN

fNð1� w1Þ (27)

Aer the value of fN is found, fI can be evaluated as:

fI ¼ fN þ ln ZN

1� w1

(28)

In the experiment one normally controls the average volume
fraction of NPs f in the isotropic phase prior to the phase
separation. Note that the solutions of eqn (23) and (24) are
independent of f. The values of f, fI and fN enable one to
determine the volumes VI and VN of the coexisting isotropic and
nematic phases, respectively. Indeed, it follows from the
conservation of the total number of NPs that fV ¼ fIVI + fNVN
where V ¼ VI + VN is the total volume of the system. From these
equations one obtains:

VI ¼ V
f� fI

fI � fN

; VN ¼ V
fN � f

fI � fN

: (29)

One can readily see from eqn (29) that the phase coexistence
is possible only if fN < f < fI as fN < fI. For f outside this
interval, only one phase may be stable at a given temperature.

Thermodynamically, the coexisting nematic and isotropic
phases are stable only if the total free energy of the phase-
separated system is lower than the free energy of both isotropic
and nematic homogeneous phases. This condition can be
expressed as:
3582 | Soft Matter, 2013, 9, 3578–3588
F
sep
NI � Fhom

VkBT
¼ 1

VkBT

�
VI

V
FIðfIÞ þ

VN

V
FNðfNÞ � Fhom

	
\0; (30)

where VI and VN are given by eqn (29), the energy of the
homogeneous state Fhom must be taken as the lowest from FI(f)
and FN(f), and the free energy densities FI and FN as functions of
the variable f are readily obtained from eqn (19), (14) and (22):

FIðfÞ


VkBT ¼ rn0fln fþ rm0ð1� fÞlnð1� fÞ � 1

2
rn0

2f2U2

� 1

2
rm0

2ð1� fÞ2U1 þ rm0rn0fð1� fÞU12;

(31)

FNðfÞ


VkBT ¼ FIðfÞ



VkBT � 1

2
rm0

2ð1� fÞ2JSm
2

� rm0ð1� fÞln ZN; (32)

where J¼ Jeffmm/kBT. When calculating the above free energies the
nematic order parameter S(fN) given by eqn (15) with rm ¼
rm0(1 � fN) and ZN ¼ ZN(fN) is to be taken for the nematic
separated phase, while for the homogeneous nematic phase
S(f) is given by the same equation with rm ¼ rm0(1 � f) and
ZN ¼ ZN(f). Note that the evaluation of eqn (30) can be signi-
cantly simplied by taking into account that in the polymer
composite materials, considered in this paper, the volume of a
NP is signicantly larger than that of a mesogenic group, and
therefore rn/rm � 1.

2.3 Phase diagrams of polymer nematics doped with
nanoparticles

Eqn (27), (23) and (26) have been solved numerically together
with eqn (15) for the nematic order parameter for different
values of temperature and the total NP volume fraction f. At
each point the conclusion about the stability of either a
homogeneous or the phase-separated state has been made
according to the sign of eqn (30).

In numerical calculations we have used two different sets of
values of parameters w1 and w2 which are consistent with order
of magnitude estimates. As discussed in Section 2.2, parameter
w1 is mainly determined by the strong interaction between NPs
and the polymer chains. Neglecting the rst term in the
expression for w1 and taking into account that the interaction
occurs at the surface of the NP, rw1r can roughly be estimated
as: rw1r � Un,chVsurf/v where Un,ch is the typical value of the
interaction between the oleic surface shell of a NP and the
particular side chains of the copolymer, Vsurf is the volume of
the surface interaction region which may have the thickness of
about 1–2 nm and v is the NP volume. Assuming that in the
systems under consideration the typical interaction energy Un,ch

is of the order of 10kBT and taking into account that the typical
size of a NP is about 4 nm,32 one obtains the estimate rw1r � 3–
10. A similar procedure reveals a slightly larger estimate for w2

which may be 2–3 times larger than rw1r.
For typical but not very large absolute values of parameters

w1 and w2 the temperature–concentration phase diagram is
presented in Fig. 1. For larger values of the interaction
constants, which correspond to very strong interaction between
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Phase diagram of the composite calculated from the mean-field theory
with interaction constants w1 ¼ �5 and w2 ¼ 10.

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
St

ra
th

cl
yd

e 
on

 1
2/

03
/2

01
4 

09
:5

8:
22

. 
View Article Online
NPs and the polymer chain, the phase diagrams are qualita-
tively different (see the example in Fig. 2). One can readily see
that in both cases there is no phase separation at very low values
of the total NP volume fraction f. In this domain, the nematic–
isotropic transition temperature decreases with increasing f

due to the dilution effect considered in detail in ref. 15. Above a
certain critical concentration, the nematic–isotropic phase
transition is accompanied by the separation between the
isotropic and the nematic phase, and the two phases coexist
over a signicant temperature interval. In this region the tran-
sition temperature in the phase-separated state decreases more
slowly than the N–I transition temperature at low
concentrations.

In the case of larger values of the interaction constants, the
region of phase separation is shied towards smaller values of f
and appears to be more narrow. This qualitative behavior is
similar to the one observed experimentally as shown in the
following section.

The dependence of the transition heat on the volume frac-
tion of NPs for the same two systems is presented in Fig. 3. One
notes that in the region of very low volume fractions of NPs,
where the phase separation is absent, the transition heat
Fig. 2 The same as in Fig. 1 with w1 ¼ �10 and w2 ¼ 30.

This journal is ª The Royal Society of Chemistry 2013
decreases slowly with the increasing volume fraction f. In ref.
15 this decrease is related to the decrease of the volume of the
nematic phase which is effectively diluted by isotropic NPs.

At higher concentrations of NPs, the system undergoes a
transition from the isotropic phase into the phase-separated
state. In this domain the transition heat decreases much faster
with increasing NP fraction. This is related to the fact that
directly below the transition temperature only a part of the
system volume is in the nematic phase. As a result, the transi-
tion heat appears to be substantially smaller than that for the
transition into the homogeneous nematic phase because it is
proportional to the volume of the nematic phase.

Finally, temperature dependencies of the NP fractions fI and
fN in the coexisting isotropic and nematic phases are presented
in Fig. 4 for the same two systems.

One notes that the two typical phase diagrams, presented in
Fig. 1 and 2, contain some rather unusual feature. Firstly, the
temperature interval of the phase coexistence may be very large.
In particular, in Fig. 1 this range is so broad that the system may
undergo a transition into the low temperature smectic phase in
the phase separated state. Secondly, the phase separation does
not occur at a very low volume fraction of NPs. For large values of
w1 and w2 the separation only occurs within a nite concentra-
tion range of NPs. One can also see in Fig. 1 that the phase
separation may occur not at the N–I transition but below the
homogeneous nematic phase. Moreover, in a narrow concentra-
tion region the system phase separates below the homogeneous
nematic phase and then undergoes a transition into the reen-
trant homogeneous N phase at lower temperatures (see Fig. 2).

These unexpected results may be understood if one takes
into consideration the fact that the phase separated system is
globally stable only if three independent conditions are simul-
taneously satised. Indeed, the equilibrium NP molar fractions
in the coexisting N and I phases are the solutions of eqn (23)
and (24). Typical proles of fI and fN are presented in Fig. 4,
and one can readily see that the two different solutions, which
correspond to the coexistence of the N and the I phase, exist
only below some critical temperature. This critical temperature
Fig. 3 Heat of the transition from the isotropic liquid phase for the composites
with w1 ¼ �10, w2 ¼ 30 (solid) and w1 ¼ �5, w2 ¼ 10 (dashed).

Soft Matter, 2013, 9, 3578–3588 | 3583

http://dx.doi.org/10.1039/C3SM27467E


Fig. 4 Nanoparticle volume fractions in coexisting isotropic (upper curves) and
nematic (lower curves) phases of the composites with w1 ¼ �10, w2 ¼ 30 (solid)
and w1 ¼ �5, w2 ¼ 10 (dashed).
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is usually higher than the actual N–I transition temperature in
the homogeneous system. Taking into account also that the two
solutions exist only for nonzero values of the nematic order
parameter S one concludes that in this case the system
undergoes a transition from the homogeneous I phase into the
phase separated state with a nite difference between NP
volume fractions in the coexisting phases. At the same time, the
average NP molar fraction f cannot be larger than the NP molar
fraction in the coexisting N phase, and also it cannot be smaller
than the concentration in the coexisting I phase, i.e. at a given
temperature the inequality fI < f < fN must be satised. If this
global condition is not satised, the phase separation is
impossible at the corresponding temperature which explains
why the separation does not occur at very low and (for some
values of parameters) at sufficiently high concentrations of NPs.

The phase separation may still occur at lower temperatures
when f enters the area between the solutions fI and fN (which
broadens with decreasing temperature as shown in Fig. 4). This
may occur at a temperature well below the actual N–I transition
point, and this explains why the separation may occur below the
homogeneous nematic phase. The solutions fN(T) and fI(T)
have a tendency towards saturation, and thus there exist average
NP concentration ranges where the phase separation never
occurs. In addition, it should be taken into account that the
phase separated state is globally stable only if its total free
energy is lower than that of both homogeneous nematic and
homogeneous isotropic phase in the same volume. This is a
strong condition which explains why the temperature range of
the phase separated state is generally nite as the homogeneous
nematic phase normally wins at sufficiently low temperatures.
This also explains why the reentrant N phase may be stable
below the nite stability range of the coexisting phases.
Fig. 5 The structural formulae of LC copolymers: (a) CP-1 (m ¼ 0.1, n ¼ 0.9), (b)
CP-2 (k ¼ 0.35, m ¼ 0.05, n ¼ 0.6), and (c) low molecular LC.
3 Experimental

Experimental studies of the phase transitions of composites
containing CdSe NPs and LC matrices were carried out with a
LMW LC, and LC nematic polymers synthesized in the
3584 | Soft Matter, 2013, 9, 3578–3588
frameworks of the current study. Below we describe the details
of the polymer and NP syntheses.

3.1 LC systems

Monomers, 4-(6-acryloyloxyhexyloxy)benzoic acid, 4-metox-
yphenyl-40-(6-acryloyloxyhexyloxy)benzoate and 4-(6-acryloylox-
yhexyloxy)cholesterol benzoate, have been synthesized and then
copolymerized as described previously.22 The chemical
formulae of the synthesized copolymers CP-1 (phases: glass
27 �C LC1 71.4 �C LC2 104.5 �C isotropic) and CP-2 (phases: glass
33 �C cholesteric 172.7 �C isotropic) are presented in Fig. 5a and
b. LMW LC, 3-hydroxy-4-propionylphenyloxy-4-octyl benzoate
having the chemical formula presented in Fig. 5c, was kindly
provided by Dr Ivan I. Konstantinov (TIPS RAS). It undergoes the
following phase transitions: crystal 77.6 �C nematic 87.15 �C
isotropic.33

3.2 Nanoparticle synthesis

CdSe NPs were synthesized in two stages including the
synthesis of cadmium oleate and the reaction between
cadmium oleate and selenium trioctylphosphine. Both reac-
tions were carried out at a constant stirring and under argon
ow at an elevated temperature using a silicone oil bath. CdO
(3 mmol), oleic acid (6 mmol) and octadecene (10 mL) were
mixed in a ask with stirring and kept at 200 �C for 90 minutes.
The temperature was increased up to 230 �C and 3 mL of sele-
nium solution in TOP (1 M) was injected. This reaction was
carried out for 20 min. and then the reaction mixture was
rapidly cooled down to room temperature. A 3� volume of
acetone–toluene mixture (2 : 1) was added to precipitate the
NPs. The coagulated NPs were then centrifuged at 6000 rpm for
5 minutes. The uid phase was decanted, and the solid powder
This journal is ª The Royal Society of Chemistry 2013
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was washed twice with the acetone–toluene mixture and
centrifuged again. The solid phase was separated, dried under
argon ow and re-dissolved in hexane.

It has been shown before by the FT-IR technique that oleic
acid forms a surface shell and stabilizes NPs in non-polar
solvents through ionic interactions with the surface of the
NPs.34 TEM images together with the photoluminescence
spectra of quantum dot NPs in hexane solution were used to
determine their diameter that is equal to 4.2 nm.32
3.3 Polymer–nanoparticle composite synthesis and
characterization of composites

A special procedure for the preparation of the polymer–NP
composites was developed for this study. CdSe hexane solution
(10 mg mL�1) was added drop-wise to 50 mg mL�1 of the
copolymer solution in methylene chloride while stirring at
room temperature. The amount of CdSe solution added was
calculated to provide a certain content of NPs in the nal
material. Aer stirring for 15–20 minutes the colored solution
was added to 18 mL of hexane to precipitate the polymer–NP
composite. The solid precipitate was washed with hexane and
then dried overnight under vacuum at room temperature.

The composites of LMW LCs and NPs were prepared in the
following way. 10–20 mg of the LMW LC were placed in chro-
matographic vials (2 mL) and dissolved in 0.2–0.5 mL of
benzene. CdSe NP solution in hexane (10 mg mL�1) was added
in the amount necessary to reach a certain concentration of NPs
in the nal blend. All solutions were transparent and looked
like the homogeneous ones. Then the prepared solution was
added to the DSC caps weighted in advance, and aer the
evaporation of the solvent the measurements of the sample
mass were carried out. The initial weight of the LC and the
Fig. 6 Representative DSC scans of the LMW LC doped with different concen-
trations (shown) of NPs upon heating (upper plot) and cooling (lower plot).

This journal is ª The Royal Society of Chemistry 2013
amount of solvent were chosen to prepare the amount of nal
samples for DSC measurements in the range of 3–5 mg.

The DSC data were obtained using a differential scanning
calorimeter DSC823e (Mettler Toledo) at a heating rate of 10 �C
min�1 in an argon atmosphere. The temperature of the tested
samples was maintained with an accuracy of 0.1 �C. In Fig. 6 we
show representative DSC scans of the LMW LC doped with three
different concentrations of CdSe NPs upon heating and cooling.
The temperature and heat of the rst order transitions were
determined automatically by the calorimeter STARe pro-
gramme. In particular, the transition temperatures correspond
to the local extrema of the DSC scans (maximum/minimum
heat ow). The transition heat was obtained by integrating the
area between the base line and the observed line, while the
integration limits were set to the zero points of the temperature
derivative of the heat ow.
3.4 Results

The variation of the transition temperature TNI related to the
N–I phase transition is presented in Fig. 7a, 8a and 9a. One
notes that independent of the chemical structure of the nematic
LC, including LMW and polymer nematics, doping of the LC
matrix with NPs results in a decrease of the transition temper-
ature TNI. The TNI proles can be split into several intervals of
NP concentration. The initial drop of TNI at very low contents of
NPs is observed below 1 wt% of NPs, which is equal to 0.175 vol
%. The next part of the TNI prole is characterized by a much
smaller slope and, moreover, there is a kind of a plateau of the
width of about 0.2–2 vol% depending on the system. Aer such
an approximately constant level region of TNI the transition
Fig. 7 Isotropic–nematic phase transition temperature (a) and enthalpy (b) as a
function of nanoparticle volume fraction for composites with LC copolymer CP-1.

Soft Matter, 2013, 9, 3578–3588 | 3585

http://dx.doi.org/10.1039/C3SM27467E


Fig. 8 The same as in Fig. 7 for composites with LC copolymer CP-2.

Fig. 9 The same as in Fig. 7 for composites with LMW LC.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
St

ra
th

cl
yd

e 
on

 1
2/

03
/2

01
4 

09
:5

8:
22

. 
View Article Online
temperature continues to decrease with the increasing
concentration of NPs but with a much lower pace. The variation
in the enthalpy of the phase transition is described by a similar
two stage decrease in all systems although without a plateau
region. In fact, the transition enthalpy decreases rather fast in
the concentration region where the transition temperature is
approximately constant or decreases slowly (see Fig. 7b, 8b, and
3586 | Soft Matter, 2013, 9, 3578–3588
9b). One notes also that in LMW nematic composites the vari-
ation of the transition enthalpy at very low concentrations of
NPs is even more complex.
4 Discussion

In this paper we have presented the results of both theoretical
and experimental studies of the nematic–isotropic phase tran-
sition in polymers and LMW nematic LCs doped with quantum
dot NPs. The molecular theory, presented in Section 2, has been
developed in the mean-eld approximation taking into account
a possibility of the phase separation into coexisting nematic
and isotropic phases induced by the transition. The NPs are
assumed to be isotropic. In principle, this kind of phase sepa-
ration is to be expected in binary mixtures in the vicinity of the
nematic–isotropic phase transition, and it has been observed
both in composite LCs containing NPs24 and in nematics doped
with non-mesogenic molecules.26,28,35 However, the phase
separation effects in LCs doped with NPs have never been
studied systematically at different concentrations.

It should be noted that the molecular theory developed in
this paper yields a number of results which are in contrast to
common expectations and assumptions. Firstly, the phase
separation does not necessarily occur at all concentrations of
NPs, but typically the coexisting nematic and isotropic phases
are stable only above a certain threshold value of the NP volume
fraction which depends on the parameters of the system (see
the phase diagrams in Fig. 1 and 2). There is no phase separa-
tion at very low volume fractions. Moreover, in the case illus-
trated by Fig. 2, the phase separation takes place only within a
nite range of NP concentration, i.e. it disappears when the
volume fraction of NPs exceeds the second threshold value.
Secondly, the phase separation in composites does not occur
only in a narrow temperature interval (as in conventional
nematic mixtures) but may be present over a broad temperature
range, even as broad as the nematic phase itself. Finally, in
some cases (e.g. for f > 0.02 in Fig. 2) the system may rst
undergo a transition into the homogeneous nematic phase and
then separate into the nematic and the isotropic phase with
different concentrations of NPs at some temperature below the
N–I transition point.

A detailed qualitative explanation of these unexpected
results is presented at the end of Section 2. From the molecular
point of view such an unusual behavior is related to the fact that
the properties of NPs are very much different from those of
typical mesogenic molecules. In particular, the interaction
energy between two NPs and between a NP and a mesogenic
molecule may be signicantly larger than that for mesogenic
molecules. The volume of a spherical NP may also be several
times larger than that of an elongated mesogenic molecule of a
comparable length. Thus the phase separation effects in LCs
doped with NPs are expected to be signicantly different from
the analogous effects in LC mixtures. It is very interesting to
discuss if the predictions of the theory are consistent with the
experimental data presented in Section 3 of this paper.

The presented data consist of experimentally determined
proles of the N–I transition temperature and the transition
This journal is ª The Royal Society of Chemistry 2013
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heat measured in the two different copolymer LCs as well as in a
LMW LC doped with quantum dot NPs. One notes that in the
case of both the polymer and LMW LCs, the whole domain of
NP concentrations, considered experimentally, can be roughly
split into two different regions which correspond to different
types of variations of the transition temperature and the tran-
sition heat (see Fig. 7–9). In the rst region of very small volume
fractions (below 0.001) the transition temperature decreases
very rapidly with the increasing NP concentration while in the
second region the transition temperature is approximately
constant and then decreases with the increasing concentration
of NPs, but with a much smaller pace than in the rst region.
The decrease of the transition heat with the increasing fraction
of NPs can also be split approximately into the same two regions
characterized by dramatically different slopes of the prole.
Thus from the general qualitative point of view the variation of
the transition temperature and the transition heat is similar for
the polymer and LMW LCs and should be related to some
general properties of such so matter materials.

On the other hand there exists a considerable quantitative
difference both between the polymer and LMW LC composites
and between binary and ternary LC copolymer composites. In
particular, the width of the concentration region, in which the
transition temperature varies very slowly, may differ signi-
cantly (from fractions of weight percent to 10 percent). One
notes also that a very complex behavior is observed in a small
concentration range at the boundary between the rst and
second regions which cannot be interpreted at the moment.

According to the results of the theory presented in Section 2,
at very low NP concentrations there is no phase separation, and
the decrease of the experimentally observed N–I transition
temperature may, in principle, be explained by the dilution
effect considered in detail in ref. 15. One notes that the drop of
the transition temperature in this region is of the order of 1 �C,
which is consistent with the estimates of ref. 15. At the same
time, the rate of change of the transition temperature is much
larger that predicted by the theory.

Such a rapid drop of the transition temperature is observed
within a very narrow range of NP concentration. As discussed
above, at larger concentrations the variation of the transition
temperature changes dramatically and the temperature either
decreases very slowly or stays nearly constant within a certain
concentration interval and then starts to decrease. Such a
behavior is inconsistent with the properties of a homogeneous
N–I transition. On the other hand it can be interpreted by the
molecular theory developed in this paper if one assumes that in
this concentration range the system separates into the nematic
and the isotropic phases with different concentrations of NPs. It
follows from the theory that the temperature of the transition
into such a phase separated state decreases much slower with
the increasing concentration than the temperature of transition
into the homogeneous nematic state.

Moreover, one can readily see in Fig. 2 that there is a
discontinuous change of the slope of the transition line (in the
region of transitions from the isotropic to the phase separated
state) at some value of the NP concentration which is related to
a different scenario of phase separation. The rate of decrease of
This journal is ª The Royal Society of Chemistry 2013
the transition temperature increases signicantly aer such a
discontinuity point. Similar variation of the transition temper-
ature is observed experimentally. See, in particular, Fig. 9 where
the change of the slope is strongly pronounced.

One notes also that the transition heat decreases rapidly in
this concentration range including the interval where the
transition temperature is nearly constant. This conrms the
interpretation of our experimental data based on the presence
of phase separation into coexisting isotropic and nematic pha-
ses. Indeed, the heat of transition from the isotropic to the
phase separated state is smaller than that of the direct transi-
tion into the homogeneous nematic phase because in the phase
separated state only a part of the system volume is in the
nematic phase. The transition heat then decreases further with
the increasing fraction of NPs due to a decrease of the volume
occupied by the nematic phase.

It should be noted that these experimental data, which seem
to be rather interesting on their own, do not, of course, present
direct evidence of the phase separation in the systems consid-
ered in this paper. At the same time we do not know how they
could be interpreted without an assumption of the phase
separation. For example, DSC scans presented in Fig. 6 indicate
that the unusual variation of the transition temperature cannot
be explained by a hysteresis. In particular a correlation between
the unusual variation of the transition temperature and the
unusual prole of the transition heat is consistent with our
assumption but it seems to be very difficult to propose an
alternative explanation. A more detailed experimental study of
such systems using other experimental techniques is required
to clarify the situation. In general, our theory indicates that at
least some of the unexpected phase separation effects should
also be present in other nematic LCs doped with various
strongly interacting NPs. The corresponding experimental
studies may yield interesting results.

The molecular theory presented in this paper is based on a
standard assumption that the coexisting phases occupy suffi-
ciently large volumes and hence the energy of the interfacial
region is negligibly small compared with the bulk energy. At the
same time the energy of the boundary layer between the N and I
phases is very important in the description of the droplets of the
nematic phase in the isotropic liquid which appear close to the
transition point. The critical size of such a droplet is deter-
mined by the balance between surface and bulk energies and
denes the corresponding length scale which is nite. These
droplets, however, are not thermodynamically stable (at least in
ideal systems), and as a result the surface energy does not affect
the equilibrium transition temperature. One notes, however,
that this common assumption may be inconsistent if the NPs
have a tendency to concentrate in the boundary region which
leads to a signicant increase of the interfacial energy and
stabilization of the droplets. It has been shown in the past that
such a stabilization occurs in nematics doped with glass
spheres,36 and related effects are also present in nematic and
smectic LCs doped with coated gold NPs.37,38 The latter recent
papers contain also very clear demonstration of the existence
of droplet networks stabilized by NPs concentrated at the
boundaries.
Soft Matter, 2013, 9, 3578–3588 | 3587
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In polymer composites studied in this paper the surface shell
of the NPs interacts very strongly with particular side chains of
the copolymer macromolecule. This interaction is at least
several times stronger than that between typical mesogenic
groups and hence any strong inhomogeneous distribution of
NPs, including the localization at the boundaries, seems to be
energetically unfavorable. However, this interesting type of
bulk–surface separation, which is more likely to occur in the
case of weaker interaction between NPs and mesogenic mole-
cules, denitely deserves a separate theoretical study.

The variation of the transition temperature may also be
affected by a possible aggregation of NPs and, in particular, by
the formation of dimers. A dimer, composed of two NPs, is
sufficiently anisotropic and the corresponding anisotropic
interaction between the dimers and the mesogenic molecules is
expected to contribute to the stabilization of the nematic phase
which should lead to an increase of the N–I transition temper-
ature. The formation of dimers and chains of NPs has not been
taken into account in the mean-eld molecular theory devel-
oped in this paper. These aggregation effects will be considered
in detail in our future publication.
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