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ABSTRACT: We present a new model based on self-consistent field theory (SCFT) approach and complement
it by strong segregation theory (SST) based calculations to characterize the self-assembly behavior in side-chain
liquid crystalline block copolymers. Our model considers a micromechanical representation of flexibleodoil

diblock copolymers, with rodlike units grafted to one of the blocks. We present results which elucidate self-
assembly arising from the interplay between block copolymer microphase separation and the orientational ordering
of the rod segments. We determine the morphological phase diagram for this system by assuming two dimensional
variations of composition profiles. Our numerical results are in very good agreement with reported experimental
observations. Many of the traditional flexible diblock copolymer microphases are also predicted to occur for side
chain liquid crystalline polymers, with smectic ordering accompanying within the microphases. The equilibrium
phase morphologies are observed to depend on the molecular weight of the copolymer, the length of the rod
units, the relative volume fractions of each block, and the energetic and orientational interactions between different
components. Moreover, for the parameters considered in this article, microphase separation was observed to be
a requisite for developing orientational ordering between mesogenic units. The results of SST provide a physical
explanation for the observations and are in good agreement with that of the SCFT calculations.

. Introduction observed inside a continuous matrix made of the LC bfg€k2-14

The rod segments were observed to be oriented parallel to the
block copolymer interface and along the axis of the cylin-
ders!314Increasing the volume fraction of the amorphous coil

The self-assembly behavior fiéxible diblock and multiblock
copolymers have been extensively studied from both theoretical
gn_d experllinental viewpoints. The_lr morph(r)]IogflcaI _chara}ctﬁr- block have been shown to lead initially to perforated lamellar
istics are known to be parametrized by the fraction of the ., 510gies (possibly metastable states), in which alternating
different blocks and by the incompatibility between the dlﬁerent_ lamellar phases are interspersed with cylindrical domains in
blocks. Some of the commonly observed self-assembled mi- which the coil block is confined? In most experiments, further

crostructures in such polymers include Iamellqr phases, hex'increase in the volume fraction of the coil block leads to a broad
agonally packed cylinders, body centered cubic spheres, andymeyiar regime which persists up to relatively low volume

bicontinuous gyroid phasésin contrast, liquid crystalline fractions of the block on which the mesogens are grafted
polymers (LCP) are a special class of polymers possessingnereafter referred to as LC block). Moreover, it has been
mesogenic units capable of orientational ordering in addition ocarved that the lamellar domains typically stabilize the
to morphological assembly. Such polymers have attracted tormation of Smectic C* phases where the orientation of the
significant attention in view of their potential applications in 4 segments are parallel to the block copolymer interfdée.
electrooptical display devices and high strength fidrse self- However, in some cases, especially when the rods are connected
assemply characteristics of block. copolymers cqntaining such through a longer alkyl spacer to the main chain backbone, rod
LC units are expected to be richer than flexible diblock ientations perpendicular to the block copolymer interface have
copolymers due to the combined possibility of microphase gi5o peen observéAt high volume fractions of the amorphous
separation along with orientational ordering of the segments. ¢ pjock, cylindrical microdomains of LC blocks, with the
For instance, rogcoil diblock copolymers have displayed mesogens parallel to the axis of cylinders have been obsérved.
morphological characteristics distinct from that of conventional \jqreover in most of the experiments reported, orientational
flexible block copoly_mer mesophases which inclu_des_ phasesordering of the rod segments occurs at or after the erder
such as arrowhead, zigzag, wavy lamellar, and smectic bi#yers.  gisorder transition (ODT) for the microphase separation, sug-
Side-chain liquid crystalline (SCLC) block copolymers are a gesting that the onset of compositional ordering significantly
special class of liquid crystalline polymers consisting of side- influences the orientational ordering of the rods.
chain mesogenic units attached typically through an alkyl spacer In contrast to the significant theoretical developments ac-
to an amorphous backbone. Several experimental groups havecompanying self-assembly in flexible block copolymers, meth-
synthesized and studied the properties of side chain liquid ods and models for predicting the self-assembly behavior of
crystalline block copolymers:10In contrast to the morphologies  side chain liquid crystalline block copolymers are very limited.
exhibited by rod-coil block copolymers, side-chain liquid A scaling-based free energy model was developed for the side
crystalline block copolymers exhibit richer self-assembly char- chain liquid crystalline block copolymers by Anthamatten and
acteristics that manifest an interplay between the backbone blockco-workerst® This model accounts for the orientational interac-
copolymer ordering and liquid crystalline ordering between side tion of mesogens, stretching of the amorphous chains, surface
chain rod unit$! Overall, at low volume fractions of the tension of the interfaces between the incompatible blocks and
amorphous coil block (i.e., the ungrafted flexible block), the elastic deformation of the LC pha$eFree energies were
hexagonally closed packed cylinders of the coil phase have beerestimated for different morphologies and phase diagrams were
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Figure 1. (a) Molecular structure of a SCLC copolymer used in the experiments of Hammond and co-wotkgiSchematic of our model for
side chain liquid crystalline polymeN, monomers of A block is attached witn B block havingNr number of attached mesogenic units.

constructed which were reported to be in qualitative agreementclassical theory of ordering in flexible diblock copolymers to
with the experiments. On a slightly different front, some discern the self-assembly characteristics in the system.
theoretical models based on self-consistent field theory (SCFT) The rest of the article is organized as follows. In section Il,
and random phase approximation (RPA) have considered thewe demonstrate the manner in which the thermodynamical
self-assembly characteristics of comtoil block copolymers features of the above model can be recast into a field theory
(which can be argued to be architecturally similar to side chain model which can be treated by mean-field approximation to
liquid crystalline block copolymersy~1° The SCFT model lead to a self-consistent field theory for SCLC block copolymer.
considered the general case of combs grafted at arbitraryln section Ill, we present results for the self-assembly charac-
locations along the backbone. Because of computational limita- teristics by assuming two-dimensional morphologies. Our results
tions, such a model could only study the self-assembly behaviorrelate the morphological characteristics of SCLC block copoly-
of the polymer with a few number of grafted unttsThe RPA mers to various parameters such as its overall molecular weight,
formalism on the other hand is limited to weak segregation the length of the rod units, the volume fraction of each block
regime, and requires one to consider known structures whoseand the orientational interaction between LC moieties. We
free energies are then compat@@onsequently, it is somewhat explore a limited subset of the parametric space, and we present
limited to “discover” structures in complex polymers such as results which are in good agreement with experimental results.
SCLC multiblock copolymers. These results suggest that our model provides a means to deduce

In this article, we propose a combined study based on self- the morphologies and orientational characteristics for other
consistent mean field theory (SCFT) and strong segregationParametric conditions of SCLC block copolymer. In section IV,
theory (SST) to understand the self-assembly characteristics ofve present a description of the model for SST calculations, the
side chain liquid crystalline (SCLC) block copolymers. SST is accompanying results, and a comparison to the corresponding
analytical in nature and therefore identifies the physics behind SCFT results.
the self-assembly characteristics. SST has been shown to b i
very successful ?/n describing the phase behavior of diblockql' Description of SCFT Model and Framework
and multiblock copolymers accurately at stronger segrega- In this section, we present a field theoretic formulation of
tions120.21 For SCLC polymers, the strong segregation ap- the model for the side chain liquid crystalline diblock copolymer
proximation we use is expected to be more accurate for relatively described in the introduction (Figure 1b). The theoretical
shorter rod molecules grafted to the main chain backbone. Inframework parallels the earlier developments in models for
contrast, the self-consistent mean field theory is numerical, but flexible diblock copolymers and reecoil copolymers, how-
in principle is valid for all degrees of segregation and rod ever differing in the presence of side chain rod units at every
lengths. We view these methods as complementary, and usenonomer of one of the blocks.
them together to provide a complete overview of the self- We consider a canonical ensemble of an incompressible melt
assembly behavior. of n side chain liquid crystalline block copolymers in a volume

Figure 1a displays the molecular structure of a SCLC block V- Each polymer is assumed to be made of a block of a flexible
copolymer used in the experiments of Hammond and co- chain (referred to as the A block) attached to another flexible
workers, in which a styrene block is linked to a methacrylate Plock (B) to which the rodlike units (R) are attached. Closely
block on which mesogenic chiral biphenyl benzoate molecules Modeling the experiments of SCLC polymers, we assume that
are grafted through an alkyl spadéinspired by the structure ~ Side chain mesogenic units are attached to every monomer of
of such molecules, we develop a SCFT model based on theth® B block. Between two rod units, the backbone of the B
micromechanical representation of the SCLC block copolymer Polymer is modeled as a flexible Hookean spring. The mono-
as having a coil block (A) linked to another coil block (B). The Meric units of the flexible coil (A and B) are both assumed to
monomers of the coil block (B) are assumed to be linked to P& characterized by the same statistical segment léndor
each other through flexible spring like units. Each monomer of Simplicity, we assume that both coil and rod monomers occupy
the B coil is also assumed to be attached to a mesogenic unitthe same volumepf ). On the basis of this assumption, we
(R) (shown schematically in Figure 1b). As we demonstrate define the characteristic length of a rod monomer Such that
later, this approach eliminates the constraint of incorporating @ = po~* (d being the diameter of the rod). The rod unit is
only a “few” grafted side chains (which typically increases the then assumed to contaim® such monomers. This parametriza-
computational requirements), and instead models the experi-tion is identical to that employed in earlier models of raubil
mental conditions more realistically. The SST model adopts a block copolymerg:*3In this notation, if there arbla monomers
more simplistic view by ascribing the effect of rods to two ©Of A and Nr number of rod units (equal to number of B
contributions: (i) An increased monomeric volume of the B monomers), then the overall number of units of the SCLC
segments; (ii) The influence of changes in orientational entropies Polymer is
and interaction energies due to ordering of the rods within
mesophases. These contributions are then combined with the N =N, + Ng(m+ 1) (1)
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The volume fraction of the amorphous block is denotedaas The above expressions are combined with the condition of
(= Na/N), and the volume fractions of the B and R monomers incompressibility and are reexpressed as
are denoted afg (= Nr/N) andfgr (= mN&/N) respectively.

The flexible (A and B) parts of the copolymer are param-

ABRPo  XBRPo
etrized with a continuous variables™ which monotonically

HiR] = - ("T 16 ) S [95(6) -

increases along the length of the polymer. Explicilys O at (a) (r) + & (r))]2
the beginning of A-blocks = N at the junction of the two B R
blocks, ands = Na + Ng at the end of B block. Using this %8rPo R R )
parametrization, the functioR«(s) (wherea = 1, 2, ...,n HAR] = —— S dr [pg(r) — ¢r(1)] (1)

indexes the different polymers) is used to describe the confor-
mations of the flexible A block and backbone monomers. Each |, ihe following, we discuss our results with parameter space

rod block whose ends are BRu(s) (Na < s = Na + Ng), are of the modified interaction parameteys,= yasr — ¥er/4 and
assumed to be oriented along a unit orientational vector denoted, , — ... ‘in terms of which the above equations can be written
asuq(s). On the basis of these notations, the nondimensional 5.

volume fractions for A, B, and R segments are denatg@),

#s(r), andgr(r), and are defined as A . .
) ) n HiR] = = 222 [ dr [90(1) — o(r) + ol
Da(r) _1 [P dso(r = Ry(9)
SN " H[R] = = 22 [ dr [3o(r) — B0 (®)

A 120
Pg(r) =— Z fNN“NR dso(r — R,(9)) Variations iny1 (the only interaction effect studied in this article)
Pod=1” " are assumed to arise from changes in the interaction between
10 en A block and combined units of B and R.
4 — ATNR m _ _ (i) To model the orientational interactions between the
9=(r) Pan\ AA dsﬁ) dpo(r — Ry(s) —ap,)  (2) rodlike mesogenic units, we utilize a MaieBaupe type
interaction potential. The latter is a mean-field representation

In addition, to describe the orientational interactions between where entropic costs arising from nonaligned configurations of

the rods, we invoke an orientational order params@erdefined rods are ascribed to an energetic cost involving the orientational
as order paramete$(r) (eq 3). Explicitly,
A 12 Na+Ng m _ Mpo AN
&) =— Z‘fN ds [T dpo(r — Ry(9) — HY[R] = ==~ [ dr S(r):8(r) 9)
Po o=
apu)|u.u — '_ 3) where the Maier Saupe parameterrepresents the strength of
T g orientational interactions, with high values gf favoring a
stronger alignment of the rods. The above approach for modeling
The overall melt is assumed to be incompressible i.e., orientational interactions has been shown to provide semiquan-
N n N titatively accurate results for reetoil block copolymers even
Pa(r) + ¢p(r) + ¢(r) =1 4) possessing reasonably long rédSor SCLC block copolymer

systems, which typically involves much shorter rodlike units,

Energetic interactions in the above model are assumed to bethis approximation is expected to be even more accurate in
comprised of the following components. (i) Stretching free describing the orientational interactions.

energy of the flexible chaiHy(R)): Within the Gaussian chain In sum, the overall partition function for our model can be
model, this is given &° written as

G) <0 [ IR dluy®] expl—p(Hy+ Hy + Hy +
HAIO[$a(r) + a(r) + (r) — 1] (10)

3 n Na+Ng dROL(S) 2
H[R] = — Z A ds’ ‘
2b% &= ds

(i) The enthalpic energy associated with the unfavorable
interactions between the different blocks: We quantify these
interactions in terms of two FloryHuggins interaction param-
eters,yaer representing the interaction between A block and
the combined units of B and R blocks, apgk representing
the interaction between B and R units. In principle, a more
?heenﬁrtﬂr;et:rt)ifrfsB:eatt/l\?ene\rgvﬂ 'ngl\ée éh;enedp;rg?;t:r;n%e;cslrlﬁgg contour variables anc_;l p are nondim_e_nsionalized using the
However, we adopt the proposed,represen,tation to simplify thé overall molecular WPTIghtN.’ the partition function can be

’ . . expressed as a functional integral
parameter space. In terms of these interaction parameters, the
enthalpic contributions to the free energy can be expressed as

20 [T awy [7awW,] [T da] [T aIM] x
Hy[R] = xagrpo  dr @a()(@s(r) + dg(r)) exp[~BHW,, W,, 7, M)] (11)

H[R] = xgroo [ 0 dg(r)dr(r) 6)  where

Using standard field-theoretic techniques, the quadratic interac-
tions in the Hamiltonian can be decoupled by introducing
fluctuating chemical potential fields conjugate to the density
and orientational order parametétsin a nondimensional
representation, where all lengths are nondimensionalized using
the unperturbed radius of gyratidRy = b(N/6)°5 and the
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HW,, W,, 7, M) = —CVIn 2+
C 2 C 2
—Nfdrwl(r)+mfdrwz(r)

—iC | dra(r) +

f dr M (r):M(r) (12)

In the above expressiol; = poR¢*/N andV is the nondi-
mensional system volum&Vy(r) represents the potential field
conjugate to the difference in volume fractions of the A and B
+ R blocks ¢a(r) — (¢s(r) + ¢r(r))), andWs(r) represents
the potential field conjugate to the difference in volume fractions
of B and R componentg§(r) — ¢r(r)). The incompressibility
is enforced by the pressure like chemical potential fig(id).2
M(r) is a tensor field conjugate to the orientational order
paramete5(r).2 In the above expressiow, represents the single
chain partition function of a polymer in the external fields
Wi(r), Wu(r), (r), andM(r), and is given by

AW, Wy, 7, M1 O f (ﬁd[ua(s)] dR,(s) x
p[ 1 ‘(aRa)z
expg— - ds|—| —
4 ds
m(R,(9) — [ ds (Wy(R,(9) —
i(R,(9) — f dr (Wy(r) —

e T ds (—Wy(R,(9) +
Z(Ra(s)) +

Wy(r) + ia(r)de(r) +

S dr M(r):8(n)| (13)

We denote the potential fields acting on A, B, and R segments
asWa(r), Wa(r), andWk(r) respectively, and are in turn related
to the Wi(r), Whx(r), ands(r) fields as

W,(r) = —Wy(r) + iz(r)
Wa(r) = Wy(r) — Wy(r) + iz(r)

Wi(r) = Wy(r) + Wy(r) + iz(r) (14)

We observe that eq 13 can be simplified by noting that the
orientational degrees of freedom of each of the rod units on the

backbone are independent of each other. This allows us to

fatfs

express eq 13 as
1 dRa)Z
0 ds,

kL)Ddeuexr{—Z ds(
o+

s " 4s Wy (R,) + N A

" ds Wa(R,) -
dsin y(Ra)] (15)

where

0= [ du exp[— [ g

(WR(r + fpu) —
M(r —l—ﬁpu):(uu - %))] (16)

In the above representation,J(r) can be construed as a pseudo
“effective potential” acting on a monomer of the B block at
positionr arising due to the statistical weight of the rod units
linked to it. In the above equatiofi(= aN/b(N/6)*?) is the
nondimensional parameter characterizing the length of a rod
block.
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We observe that the expression eq 15 for the partition function
of a single polymer chain resembles the partition function for
a flexible diblock copolymer, with an overall chemical potential
acting on the B segments which includes the rod contributions:
W5(r) = Wi(r) — N In_4(r). Moreover, since/(r) involves
only an integral overu, eq 16 can be evaluated using
straightforward numerical techniques. Consequently, the above
single chain partition function (eq 15) can be evaluated by
solving diffusion-like equations for the end-segment distribution
functions?425 which are very similar in structure to that of a
flexible diblock copolymer. Explicitly, ifg(r, s) represents the
statistical weight for a chain of lengtts*to have its end at
positionr

9 Vq(r, ) — Wa(r)a(r,9) 0=s=f,
3s - 17
8Sq(ras) VZQ(r,S)_VVg(I’)Q(r,S) fASSSfA+fB 17)
In terms ofq(r, s), we have
1
2= \‘/f dr q(r, fo + fg) (18)

While all our developments so far are exact, except insofar
as the approximations inherent in the micromechanical repre-
sentation, we now invoke the mean-field approximation, wherein
the partition function ) is approximated by evaluating the
functional integral at its saddle poifft2 This leads to a set of
equations relating the potential fiel&¥;(r), Wx(r), x(r), and
M(r) and the species volume fractions and orientational order
parametepa(r), ¢s(r), ¢r(r), andS(r) to be solved in a self-
consistent manner. Explicitly, the self-consistent equations are

2 \W,(r) = (1) — [65(1) + da(0)]

Wy(r) =

Pa(r) + ¢p(r) + ¢r(r) =1
1 _
uN M(r) = S(r)

Pg(r) — ¢r(r)

(19)

In the above expressiom)i(r) represents the local volume
fractions of the different components, whigr) is the local
orientational order parameter. The local volume fractions of the
flexible components can be calculated in a manner similar to
the situation of pure flexible diblock copolymes:

Par) =2 [0 ds ofr, 91, Ty + g — 9

¢p(r) = s (20)

1 (it t

},ﬁA ds qr, 9)q'(r, fy + fg —
In the above equationg](r, s) is the end-segment distribution
function and represents the statistical weight for a chain of length
“s’ to have its end at position at It is defined in the same

way asq(r, s), except thats is measured from the end of
B-block, and satisfies

e DCIGE
v'(r,s) —

We(r)a'(r,s) 0=s=fs

21
WA(r)qT(r, s fg=s=fya+tfs (1)

BS

The volume fractions and orientational order parameters of the
rod units can be obtained as
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o) =N [ du [ dp% x g ColCylinders Lamellar | ¢.Cylinders
AU
RIINR 7 }
ex]~ /" ol (Walr — ppu + ppru) - 25 4 l}*__ !.
' 20 1 .
M(r — Bpu + Bp'u):{uu — Z||| (22) N °,

( 3))] /K 15 [} . —(XM(
and - o (ZN)IW
= e ¢B Lo - I_ T T T T T T T 1

SO=NS A fo [ =3~ :

0.4 02 03 0.4 05 06 07 08 09
dp’ (WR(r — Bpu + Bpu) — L

M(r — fpu + ﬁp’u):(uu . %))] (23) Figure 2. Self-assembly phase diagram obtained from 2D calculations.

fr/NR
exp{ L

The parameters af¢ = 200 andm = 5. The solid line represents the
transition from disordered phase to microphase separation, and the

. . . . . dashed line represents the transition to smectic ordering. Open diamonds
The physical interpretation of the above two expressions is that o ecents disordered phase, while triangles represent lamellar phases

the density (or the orientational density parameter) of the rod and the circles represent the cylindrical morphologies discussed in the
segment p” at positionr and oriented at an anglg is directly text.

linked to the density of backbon@g(r)) at the positionr — . . o

Bpu. The integrals in the above equations then accounts for all ParameterS(r) and its conjugate potential fieldA(r), are

the possible orientation of the rods and all the monomers of SYmmetric, traceless 3 3 matrices. Integrations over orien-
the rod, with the exponential terms accounting for the probability tational vectoru(r) were evaluated by utilizing a 10-point

that a rod segment whose link with the flexible backbone located Gaussian quadratufé. o
atr — Bpu is oriented at an angle. The overall self-assembly behavior is governed by a vast

In essence, our model formulation transforms the influence Parametric space which includés yiN, x2N, Nr, m, uN, and
of side chain units as a potential onto the B segments, B. The first two parameters also arise in the context of the phase
necessitating solution of only two diffusion equationgr ( ) behavior of thg erpre d|bloclk. copolymers, while the other
andq(r, 9)) for the polymer. This contrasts with earlier models Parameters arise in the specific context of the SCLC block
of comb-like polymer where the combs were assumed to be copolymer. In the results discussed in the next section, the ratio
grafted at arbitrary locations and requires solution of multiple #N/x1N was kept fixed at a value of 15. The nondimensional
diffusion equationd? length of the rod unit was fixed @ = 5 for the case of higher

A. Details of Numerical Calculations and ParametersThe molecular weight. The interaction parameter between the flexible
self-consistent equations (eq 19) are solved by a real spacebaCkbO”e and th(_e side _chaln mesogenic units was also kept fixed
evolution method developed by Fredrickson and co-workers, throughout the simulations gsN = 20. _
This method entails starting with random initial conditions for 10 détermine the onset and characteristics of microphase
the potential fields, which are then evolved until the self- Separation transition, both the equilibrium component volume
consistent solutions to eq 18 are achieved. The pseudo evolutiorffaction profiles and the free energies are used. To identify the
equations employed in this scheme are of the following form: orientational ordering transition, we calculate an order param-

= R WA = 1040 = 0) + 50
= 20 40~ 50
) 101 = 4(0) = 96(0) — 60
a“gf ) —lm(% - S(r)) (24)

In the above equations, the fictitious mobility coefficients)(

for the incompressibility fieldz(r) was typically chosen as
between 0.2 and 0.3, and the mobility coefficiente,( Aw,,
and Ay) for other fields were chosen to be between 0.1 and
0.15. We employed a box size dR@x 8Ry for our simulations.
The discretization along the length of flexible backbdwewvas

eter: §r) = 1.54ma(r), whereAma(r) denotes the maximum
eigenvalue of the tensa®(r). This order parameter, when
normalized by rod volume fractiogr(r) equals unity for the
case of complete alignment of the rods, and is zero for random
orientation of rods. The orientation of the rod units are along
the eigenvector corresponding to the maximum eigenvalue of
the orientational order tensot(a(r)). In the following section,

we present results obtained by assuming that the solutions of
the self-consistent field theory equations exhibit a 2-D sym-
metry.

Ill. Results and Discussion

A. Phase Diagram and MorphologiesIn the present section,
we present results which show the effects of varying the volume
fraction of A block €a) and the interaction parameten ) on
the nature of morphologies formed and the orientational ordering
of the mesogenic units. In Figure 2, we present the self-assembly
phase diagram for the case bf = 200 andm = 5. The
boundaries indicated between the different phases are just meant

chosen to be 0.005. The diffusion equations in two dimensions to be guidelines to the eye and do not represent real phase
were solved by an operator splitting stratégypespite the fact boundaries obtained as output of our simulations. The solid line
that simulations were carried out assuming two-dimensional represents the transition from isotropic to phase separated
variations in volume fractions and orientational order parameter, morphology (denoted ag4N)c), and the dashed line represents
the orientational vector was allowed to be a unit vector in the the onset of orientational ordering of the mesogenic units
three-dimensional plane. Hence the average orientational order(denoted asyN),-n). From Figure 2, it can be observed that
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(a)

Figure 4. (a) Lamellar morphology for amorphous and LC blocks.
The parameters af¢ = 200,m= 5, fo = 0.64 andyN = 10. The rods

are oriented parallel to interface between the two blocks. (b) Plot of
the z-component3(r)) of the eigenvector corresponding A@axr).

In regions where the LC phase appears, the orientation is along the
z-axis. (c) Schematic representing microphase separation and orienta-
tional ordering.

Figure 3. (a) Hexagonally packed coil cylinders in a continuous LC
block phaseN = 200, m = 5, fo = 0.22 andy:N = 25. (b) The
z-component $(r)) of the eigenvector corresponding i@.a(r). In
regions where LC phase appears, the valug(oj is 1.0, which implies
that the orientation is along theaxis. (c) Schematic representation
for this morphology.

The flexible backbone stretches outward from the curved
the critical value of the FloryHuggins interaction parameter jnterface, thus aligning the side chain units along the axis of
(x:N)c needed for microphase separation transition is less thanthe cylinder. This orientation can be rationalized by observing
or equal to the value ofy{N)— for the onset of smectic  that the alternative, involving the tangential orientation of the
ordering, suggesting that the formation of microphases was amesogens around the cylindrical domains would lead to defects
necessary condition for the development of orientational order- gng would be unfavorable relative to the observed axial
ing. Overall, we also observe that the phase diagram is notgrientation of the rods. Experimental observations of this
symmetric in the volume fractions of the A and B blocks. morphology and the predicted orientation of the rods (Figure

At low volume fractions of the A block (0.22 fa < 0.52), 3c) have been reported by many independent reseafeiiérs'*
hexagonally packed cylinders of A phase surrounded by In the intermediate region of the phase diagram (G5&
continuous matrix of LC (Bt R) block are formed. Figure 3(a) < 0.64), lamellar phases of amorphous and LC blocks are
displays a representative 2D volume fraction profile (in the x-y observed in conjunction with an orientational ordering within
plane) for such a morphology. In Figure 3b, the z-component the lamellar domains. Figure 4(a) displays the 2-D density
(SAr)) of the eigenvector corresponding to the orientation is profile for lamellar structure observed at a volume fraction of
displayed. From Figure 3b, it is evident that in the region outside fa = 0.64 andy:N = 10. In Figure 4b, the z-componer84r))
the cylinder (B+ R phase), the value @&/r) is unity, which of the eigenvector corresponding to the orientation is displayed.
implies that the rods prefer to orient themselves along the axis In the region of LC phase (B- R), the value ofS/r) is unity,
of coil cylindrical domains. The schematic shown in Figure 3c suggesting that the rod units are aligned parallel to the block
depicts the conformations of the chains and the orientational copolymer interface and out of the plane of the paper. Figure
arrangement of side chain units outside the cylindrical domains. 4c shows a schematic of the chain conformations and the
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orientation of rods within the lamellar microphases. This
orientation can be rationalized as arising from the tendency of
the flexible backbone (B segments) to stretch outward from the
interface, thus aligning the side-chain mesogenic units in the
direction parallel to the block copolymer interface. The results
of Figure 4 are also consistent with experimental observations
which have reported such morphologies and orientations for
SCLC block copolymers with a short alkyl spacétdn the
case of a simple flexible diblock copolymer, lamellar phases
are typically observed in the center of the phase diagram (0.35
< fa = 0.65). In contrast, we observe for the case of side-chain
liquid crystalline block copolymers, that lamellar phases are
formed at values dfy slightly greater than 0.5. This asymmetry

in the phase diagram can be ascribed to the fact that the
attachment of the rod units renders the LC block much more
bulkier than the amorphous coil block. Consequently even a
volume fraction offs = 0.5 involves an asymmetric diblock
copolymer withNa > Ng (i.e., Ng), thereby favoring curved
phases. Since the effective volume fractions of A and the B

R blocks are the same, in this scenario, the shorter block (i.e.,
the B unit) tends to favor being on the outside of the cylinders.
Hence, cylindrical domains of amorphous coil blocks are
observed in the regime of the phase diagram where the volume
fractionfa is close to and even greater than 0.5.

At values of the volume fraction of the A block corresponding
to the majority phase (0.2 fa < 0.82), we observe hexagonal
phases where the LC block is confined in a cylindrical (c)
morphology within a continuous matrix of flexible A block. In
Figure 5a, we present representative volume fraction profiles
for such hexagonally packed LC cylinders fjaN = 18 andfa
= 0.76. In Figure 5b, we present a 3D plot®{r) , which is
the z-component of the normalized eigenvector corresponding
to Amax(r). If the variations in the density profile are assumed
to be in thex—y plane, then the orientation of the rod units are
observed to be along theaxis, i.e., the axis of the cylindrical
domains. A schematic of this hypothesized conformations of
the chains and the orientational characteristics of the rods are
depicted in Figure 5c. In this arrangement, the flexible backbone _ _ _
(B) is stretched away from the curved block copolymer interface Figure 5. (a) Hexagonally packed LC cylinders in a matrix of A block.

L . : - The parameters afé = 200,m = 5, f» = 0.76 andy:N = 18. (b) Plot
to minimize contacts between A units andtBR units. Within of the z-componentgy(r)) of the eigenvector corresponding Agiy

the cylindrical domains, the rod units have the option of either (r). In regions where the LC phase appears, the orientation is along
orienting tangential to the interface or in the axial direction. the z-axis. (c) Schematic representation of the observed morphology.

However, a tangential orientation inside the cylindrical domains
is expected to lead to significant energy costs due to defects
and is unfavorable relative to the observed axial orientation of
the rods. Experimental observations of such LC cylinder

morphologies are reported by Ober and c;)-workers for avolume e rsor disordered nematic phase for SCLC block copolymers
fraction of the coil block atfa = 0.78” They have also .4, pe rationalized as due to the shorter length and lower volume
speculated that the smectic ordering within the cylindrical f5tion of rod units. Consistent with this hypothesis, the value
domains will be similar to the manner depicted in the schematic ¢ averaged orientational order parameté&(r)[) at the N
shown in Figure 5c. It is pertinent to note that by assuming 2D .o nsition was typically found to be in the range-85, much
variations in composition profiles we preclude observation of |, er than the values observed for recbil block copolymers.
profiles which involve_ phase separation between the rods (R) g Effect of Molecular Weight. We briefly discuss the effect
and the backbone coils (B). of molecular weighiN on the above morphologies by comparing
In sum, the above morphologies are observed to be athe transition lines for the cases Nf= 100 andN = 200 for
combination of morphologies observed for flexible diblock a fixed value of rod lengthnf= 5) in Figures 6a and b. Overall,
copolymers along with orientational ordering of the rod units. for both the molecular weights we observe that the system
On the other hand, these morphologies differ significantly from exhibits similar kinds of morphologies in similar ranges of
that observed in roécoil copolymers, wherein, due to more volume fractions. For the case of smalldythe transition for
severe steric constraints, mainly lamellar-like morphologies are smectic ordering iN),—n) is seen to move downward and even
observed. Moreover, in all our results we observed that coincide with the microphase separation transitjahl)c at very
microphase separation (ODT) was necessary for developmentiow volume fractions of coil. We note that this behavior is
of orientational ordering (+N), which is also consistent with  consistent with the experiments of Zheng and co-workers who
experimental results wherein it has been observed that well-had observed that for lower molecular weights and higher LC

defined lamellae microphase was required to stabilize the
‘formation of smectic C phasé. In contrast, in roe-coil
copolymers a precursor nematic phase was typically observed
prior to microphase separatiéh.The absence of such a
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parameten. In contrast, the orientational ordering transition
(GraN)1-n) was observed to monotonically decrease upon
increasing either the length of the rod block and/or Maier
Saupe parameter. The stronger tendency for orientational
ordering can be rationalized as arising from the stronger
excluded volume interactions and the more pronounced tendency
to orient in longer rods and/or for stronger interactions. In
contrast, since in majority of the phase diagram microphase
separation transition occurred when the rod units were still in
the isotropic phase, and such a transition was much less
influenced by the rod length.

IV. Strong Segregation Theory for Ordering in SCLC
Block Copolymers

We note that strong segregation theories (SST) have played
an important role in the theoretical descriptions of morphologies
observed in multicomponent polymeric materig?$:2229The
results presented in the preceding section suggested that
morphologies observed in SCLC parallels those observed in
flexible diblock copolymers, except with the additional pos-
sibility of orientational ordering within the mesophases. These
results motivated us to examine whether a SST approach can

Figure 6. (a) Self-assembly phase diagram obtained from 2D calcula- P€ developed for predicting the morphologies observed in SCLC.

tions for the parameters ake= 100 andmn = 5. Microphase separation
and isotropie-smectic transition occurred at the same valug;bffor

A. Model and Governing Equations. To enable a SST
development, we distill the model and physics of self-assembly

this parametric case. (b) Comparison of microphase separation transitionjy, gcc polymers into a few key features and assumptions:

and isotropie-nematic transition ¢+N) of the rods units for two
cases:N = 200 andm = 5, andN = 100 andm = 5.

block volume fractions, the ODT coincided with the-N
transition temperatur€T o rationalize this decrease in the critical
(xaN)i—n for orientational ordering, we note that whereas the
onset of microphase separation is governed by valug Nf

(i) The rod units are assumed to contribute to an increased
monomeric volume of the B segments. In turn, the latter affects
the interfacial tension of AB interphases. (ii) The effective
interaction between A and B blocks depends upon the orien-
tational order parameter in the corresponding phase. (iii) The
orientational ordering of the rod mesophases can be discerned

the onset of orientational ordering can be understood to be py adopting the classical MaieSaupe theory adopted to

governed by the MaierSaupe parameter (for a fixed length
of the rodm — cf. discussion following eq 27). The ease of

account for the volume fraction of rods in the mesophase. (iv)
As always, SST is expected to be valid only for the situation of

undergoing orientational ordering relative to microphase separa-strongly segregated phases wherein the interfacial thickness is

tion is thus governed by the factafy;N. For the present case,
since the ratiou/y1 is kept fixed, the orientational ordering

relative to the microphase separation is governed by the factor

1/N. Hence, on decreasinyg, the orientational ordering is seen
to be favored. We also observe that fdr= 100, at lower
volume fractions of the coil block (0.22 fa < 0.28), the earlier
onset of orientational ordering also drives the ODT to lower
values ofyiN. As more explicitly demonstrated in our SST
model, for the parametrization adopted in this article the

small?0 In section IVC, we discuss some limitations of these
model assumptions.

Our approach involves an estimation of the free energies of:
(a) disorderesdtisotropic, (b) disorderednematic, (c) ordered
isotropic, and (d) ordereehematic phases to determine the
preferred phase. In SST, all free energies are evaluated either
for a compositionally homogeneous state or a completely
segregated state. In either case, estimation of the effective
volume fractions and the enthalpic interactions prove straight-

effective repulsion between the coil and LC blocks depend on forward. For ordered phases, the additional free energy contri-
the orientational order parameter (cf. Section IVB). Conse- pytions arising from the interfacial tension and stretching free
quently, a nonzero value of the orientational order parameter energies have been evaluated for flexible diblock copolymers
renders the effective repulsion stronger and hence lowexd and can be adapted to our context.

C. Summary of Results from Other Parametric Studies. a. Isotropic—Nematic Transitions. Among the different
We also determined the effects of using different values for the possib|e phaseS, the transitions between the isotropic and
rod lengths ifh = 3, 9, and 11) and MaierSaupe parameters  nematic phases (in both the disordered and ordered regimes)
(uly1 = 10) upon the phase diagram (in each individual case are governed only by the MaieSaupe parameter and the
the remaining parameters were fixed at values correspondingeffective rod volume fractions in that phase. Explicitly, in the

to Figure 2). In all cases, the results obtained could be \ajer—Saupe approximation the orientational free energy can
understood in an intuitive manner (and more explicitly through pe expressed on per rod basisas®

the SST model presented next section), and hence, we restrict
ourselves to a brief discussion of our findings. For all the cases
examined, microphase separation transition was found to be a
necessary condition for the occurrence efN transitions.
Overall, the self-assembly morphologies and the ordeder
transitions were only slightly influenced by parameters such as
mandu. Moreover, except for small valuesfaf the microphase
separation transition temperaturey;({)c) was only weakly
affected by the values of the rod lengtrand the Maier Saupe

Muedg

ﬁForient: f do (6) In[f(8)]sin 6 — > 53

(25)

wheref(6) denotes the angular distribution of the rod orientations
and normalized such that

Jdof(p)sin6 =1 (26)
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and In the above, the first term arises from the enthalpic contribu-
tions due to repulsions between A and{BR) segments. The
s=fd9 f(0)P,(cos0) sin g (27) second term represents the difference in the MaSaupe
interactions due to a possible difference in the orientational order
whereP,(X) denotes the Legendre polynomial of second order. parameter between the disordered and ordered phases. The third
Minimizing over f(6) yields a first-order phase transition term represents the orientational entropy of the rods in the

between an isotropic and nematic phase at different phases, with

(Mugg)c = 4.541 (28) o= [ d6f(6) In[f(6)]sin 6 (33)
The effective volume fractions of the rods can be estimated in [The last two terms in eq 32 are identical to those in eq 25]. It
the disordered and ordered phaseggs= m(1 — fa)/(m + 1) is evident from the first two terms of eq 32 that the effective
and ¢3 = m/(m + 1) respectively. Whence, for a given repulsions between the A and BR blocks are dependent upon

(recall that our parametrization fixes the ratity,), the relative  the value of the orientational order paramegeiThis feature
preference (within either a disordered or ordered phase) for ancan be seen more clearly by noting that the enthalpic contribu-
isotropic vs nematic phase and the respective orientational ordertions to the bulk free energy in our model is of the form:
parameters can be evaluated a priori by checkimqu'(ﬁpg, ¢S) X

> 4.541 and subsequently minimizing the above functional eq —“lrenth A1 — 2 _ M2

25 to determine the order parameter within that phase. Subse- o Fouik 4 [#a = (05 + 9] 2 O s (34)
quently, to discern the ordedisorder transition (ODT) it just
suffices to compare the free energies of an ordered and a
disordered phase witlpredeterminedorientational ordered

In the approximation used in the SST modgi,= mgs = M(1
— ¢a)/((m + 1). This allows us to rewrite eq 34 as

parameters, and S, respectively. y 2
b. Order—Disorder Transitions. To determine the order “lgenth (A1, 4T @ [pa —
. o . 0 Mbulk 4 2 A
disorder transitions we adopt many of the earlier developments 8(m+ 1)

in the context of flexible diblock copolymers, while making (¢ + ¢r)°] + other terms (35)
allowance for the possible difference in free energies due to
the differences in order parameté&sandSy. We use amodel  yendering more clearly that the repulsions between A and

of a flexible A-BR block copolymer containinly segments with  BR plocks are governed by an effective interaction parameter
the segmental volume of the A unitg~! and the segmental

volume of the BR unitsrfi + 1)pp~1. The volumes of A block Kef
(Va), BR block (/gr), and the entire copolymer chawt are o 10 ymz (36)
eff = 4 T o, .\2
N, Ng(m + 1) 4 gm+1)
Va=—" Ver= ; Vo=Vt Vgr (29) . .
Po Po To estimateFiy; we rely on our model of a conformationally

asymmetric diblock copolymer for which Helfand and Sapse
The unperturbed radius of gyration of A, B, and the total chain have computed the interfacial tensftExplicitly, the interfacial
are tensionyapr for a conformationally asymmetric diblock co-
polymer with monomeric densitigg and (n + 1)~1pp with an

. Nb? . Ngb? effective interaction parametgy is given as
R = 6 ; (R)e= 6 ;
o (NA+NB*  p2N1+mi, BY asr _ [Ken2[(m+ 1)*— 1] 37)
R)e=—%""=% 17m GO pob 6  3mm+1)

Hence, the copolymer chain may be viewed as a flexible Strictly spgaking,the above_ expression is only a_pp_roxim_ate for
Gaussian chain dfi(1 + mfy)/(1 + m) effective monomers. our situation where the inhomogeneous variations in the
The difference in free energies between the ordered andorientational order paramet&is also expected to influence
disordered phases are expressed as the interfacial tension between the phases. The latter is an effect

not accounted within our SST model.
(,:ord — FdiS) To estimate the elastic energy contributiBgasic (and the
T AFpuk T Fint T Felastic (31) area per chain required to comptg from eq 37) requires us
B

to consider different possibilities for ordered phases. In line with
our SCFT calculations, we restrict our consideration to the cases
of lamellar structures, A-cylinders and BR cylinders. For each
of these situations, we adapt the calculations gk presented
by Semenov!
(i) Lamellar Phases.For a lamellar phase of periodh2the
AF, o= —fa(L— f)7N + thicknesses of A and BR brushe§ can be estimatéyl aszh -
bulk A ! andhgg = (1 — fa)h. The stretching free energy per chain in

ngN (LTI~ fA)SD2 _ Soz] + this configuration is
2(m+ 1)
N(l _ fA) = — h2 fA(mtA + 1)
o [0(S) — o] 32) T g ghe T (m 1)

In the above AFpuk denotes the bulk free energy difference
between the ordered and disordered pha&gs,and Fejasiic
represents the interfacial and elastic free energy costs in the
ordered phaseaFy ik can be estimated as (on a per chain basis):

+ @1 —f)(mfy +1) (38)
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The interfacial area per chain i$\{ + Ng(m + 1))/poh, which Indeed, our SST model suggests that while it is certainly easier
yields for orientational ordering to occur in the compositionally ordered
phases (due to a larger effectigg), nevertheless orientational
21— V1+m+m2+ m) 4/ yesN RgC ordering in the compositionally disordered phases is also
Fine = - (39) ossible for appropriat tersiof, andgR. M
— h p ppropriate parametergwmm, andgg. Moreover,
3Smv1+my/1+mi, since¢g 0 1 — fa, such a transition is more likely for smaller

values offa. This conclusion is broadly consistent with the
results presented in section 11IB and the experimental observa-
tions of Zheng and co-workers who had observed that for lower
molecular weights and higher LC block volume fractions, the
ODT coincided with the +N transition temperaturé.

(ii) Cylindrical Phases. The free energy (per chain) of a
corwex molten cylindrical brush made of a polymer wiblx
monomers and with inner radil® and outer radiu®, is?*

o 3R~ R? log (R/R)

Fo = > (40) The SST model predicts the orientational ordering to depend
4b°N, only on the Maiet-Saupe interaction parameterand to be
independent of thg; parameter (our SCFT model fixes the ratio
The free energy (per chain) of @ncae molten cylindrical uly1 thereby endowing a fictitious dependence)ah On the
brush made of a polymer witN, monomers and a radil is other hand, from eq 32, it is seen that the ODT can indeed be
influenced by the orientational ordering if the rods are either
ol i Rf orientationally ordered in the disordered phase itself or if the
in _rﬁbzﬁx (41) transition to the compositionally ordered phase is also ac-

companied by a-+N transition. In either of these instances,
(a) A Cylinders. For cylindrical structures with A chains  the orientational order parametesis and So will be such that
forming the internal phase of the cylinder with a radRisthe So > S. From eqs 32 and 36, it can be seen that this results in
thickness of the external (BR phase) cylinder (iR, — R a free energy preference for compositionally segregated phases,

above) can be estimated ﬁﬁ\/a- The interfacial area per and in turn can be viewed as an increase in the effegtive
chain is as follows: &N/ooR, parameter between the A and B blocks.

(b) BR Cylinders. For cylindrical structures with BR chains ~ Finally, for the situation when the ODT occurs between two
forming the internal phase of the cylinder with a radRisthe isotropic phases, our SST model suggests that the self-assembly
thickness of the external (A phase) cylinder (iR~ R above) characteristics (including ordeorder transitions) expected to

can be estimated dﬁlﬂ. The interfacial area per chain semiquantitatively resemble the phase behavior of conforma-

is: 2(1 — fa)N/ooR. tionally asymmetric diblock copolymers. The phase diagrams
The sum total of elastic and interfacial free energy costs in g;iseirt];?i%nm Figures 2 and 6 certainly accord with this

different phases (as a function lofandR, respectively) can be
minimized with respect to thie and/orR to yield the preferred C. Comparisons of SST Results to SCFTWhile the SST
period and hence the elastic and interfacial free energy costs ofiS much simpler to implement than SCFT calculations and
forming the ordered structure (to maintain brevity, we do not Provides physical insights, the model assumptions restrict its
display the explicit expressions for the periods and radii in the applicability to only a special class of situations. Even discount-
text). A comparison of the relative free energies of the ordered ing the typical limitations of SST (i.e., its validity only for
phases then allows one to discern the preferred ordered phas@xtremely strong segregatiorf8)a significant assumption of
if the system were to order. The free energy cost of the preferred our model is in our characterization that the main effect of the
ordered phase when combined ity allows us to compare ~ rod units is in its contribution to an increased monomeric volume
the relative preference for ordering and hence the erdisorder ~ Of the B segments. This assumption is expected to be valid only
transition temperatures. While the formulation provides a means under the combined situation of short rods and near perfect
to rap|d|y determine the overall phase diagram of the System orientational orderingin theComDOSitionallyordered mesophases
we refrain from presen[ing an exhaustive ana]ysis of the @& combination which is extremely hard to achieve in reality.
influence of different parameters, and instead mainly discuss Indeed, when rods transverse more than (approximately) the
the physical insights derived from such a model and a brief segment lengtt of the flexible components in th¥Y plane
comparison to the SCFT results. (the plane of compositional ordering) they can no longer be
B. Physical Insights From SST Within the assumptions of ~ regarded as just contributing volume to “a segment” of the
our modeL the main outcome of our SST calculations is the backbone. Moreover, the interplay of rod orientations and the
identification of the primary driving forces behind the orienta- compositional inhomogeneity near the interfaces is also certain
tional and compositional ordering. As seen from eq 28, the to render the expression (37) suspect for our system. On the
orientational ordering is dependent only on the parameters other hand, the SCFT model suffers from no such limitations
m, and¢r. The only effect of compositional ordering transitions and can in principle handle arbitrarily long rods and segrega-
upon the +N transition is suggested to be a renormalization tions.
of the effective volume fraction of the rods which differs Considering the above aspects, it is to be expected that the
between the ordered (but is independent of the nature of thecomparison between SCFT and SST would at best be qualitative
ordered phase) and disordered phases. Moreover, in the orderedith the correspondences becoming better for shorter rod
phasepr is independent of the volume fraction of the A phase conditions characteristic of our SST model. Since, in our model,
fa. These features rationalize the fact that in the phase diagramghe rod length scales with the parameter, this would be
presented in Figures 2 and 6, where thd\l transitions occur expected for smallem values. In parts -ac of Figure 7, we
within the ordered phases, the lines corresponding-ttl | display results which illustrate this expectation. Figure 7a
transitions (-N) appear practically independent faf presents the SST results corresponding to the SCFT results
The above arguments also allow us to comment on the onsetpresented Figure 6 whem = 5 andN = 100. In contrast,
of I—=N transitions relative to the ordedisorder transition. parts b and ¢ of Figure 7 present the SCFT and SST results
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Figure 7. (a) SST phase diagram for the parametérs 100 andm

= 5. (b) SCFT phase diagram for the cd$ée= 100,m = 3 andf =

1. (c) SST phase diagram for the caée= 100 andm = 3. In parts a

and c, the +N transition lines coincide with the ODT's for a major

portion of the phase diagram.

corresponding ttN = 100 andm = 3. It can be seen that while
in both cases SST predicts the qualitative trends very well
(including the ODT values, a regime where SST is actually
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with the LC block in the dispersed or the continuous phases
were observed. The orientational ordering was always observed
to be parallel to the block copolymer interface, and in the case
of cylinders, parallel to the axis of cylinders. The orientational
ordering transition was observed to be favored by reducing the
molecular weight of the polymer and/or by increasing the rod
length. Another interesting result was the effect of orientational
interactions in influencing the ODT of the block copolymer in
the regime of higher volume fractions of the LC block. While
we presented limited representative parametric results, the
advantage of the SCFT model is that it makes the exploration
of the vast parametric space involved in the system easily
amenable. Moreover, extensions to SCLC with a longer alkyl
spacer (modeled as another polymempultiblock SCLC,
solutions of SCLC etc. can be accomplished in a straightforward
manner.

The SST model was based on a simpler representation of
the SCLC block copolymer as a conformationally asymmetric
block copolymer. The rod units were assumed to mainly
influence the effective volumes of the individual monomers
except in the situation wherein the orientational ordering
occurred on or before the ODT. We adapted the classical SST
ideas for flexible diblock copolymers to discern the qualitative
features of the phase diagram. The main utility of the SST model
was in its ability to provide physical insights and thereby
rationalize the observations accompanying our SCFT model.
We also clarified the parametric conditions under which the
SST model is expected to accord with the SCFT results and
provided evidence supporting our claims. This semiquantitative
comparisons obtained between SCFT and SST model does
suggest that the ordering in a wider class of SCLC block
copolymers may fruitfully be understood by combining many
of the earlier developments in the context of flexible block
copolymers with that of orientational ordering in liquid crystals.

Acknowledgment. This work was partially supported by

expected to be inaccurate), a quantitative correspondence idiational Science Foundation under Award CTS-0347381 and
achieved between the morphologies displayed in Figure 7, parts®Y @ grant from the Robert A. Welch Foundation.

b and c, which correspond to the case of shorter rods. However
the I-N lines are observed to be shifted upward in the SCFT
results compared to the SST results. This observation can be (1) Matsen, M. W.J. Phys.: Condens. Matt&t002 14, R21-R47.
rationalized by noting that the-IN lines in SST assumed a  (2) Kato, T.; Mizoshita, N.; Kishimoto, kAngew. ChemInt. Ed.2006

: : 45, 38-68.
perfect segregation of the components right at the ODT. In 3 pyanmiteyn, v.; Ganesan, V. Chem. Phys2004 120, 5824-5838.
reality, this condition is not met until much highgiN. (4) Chen, J. T.; Thomas, E. L.; Ober, C. K.; Mao, G.Seiencel996

273 343-346.

(5) Mao, G.; Ober, C. KActa Polym.1997 48, 405-422.

(6) Roukolainen, J.; Makinen, R.; Torkelli, M.; Makela, T.; Serimaa, R.;
ten Brinke, G.; Ikkala, OSciencel998 280, 557—560.

(7) Zheng, W. Y.; Hammond, P. Macromolecule4998 31, 711-721.

(8) Fischer, H.; Poser, $\cta Polym.1996 47, 413-428.

(9) Mao, G.; Wang, J.; Clingman, S. R.; Ober, C. K.; Chen, J. T.; Thomas,
E. L. Macromolecules 997 30, 2556-2567.

'References and Notes

V. Conclusions

In this article, we have proposed a self-consistent field
theoretic model and a SST based analytical theory to understand
the thermodynamic behavior of side chain liquid crystalline
diblock copolymers. In the SCFT model, the effect of side chain )
mesogenic units were accounted by incorporating rodlike units (10) Hamley, I. W.; Castelleto, V; Lu, Z. B; Imrie, C. T.; Itoh, T.; Al-

. . Hussein, M.Macromolecule®004 37, 4798-4807.
attached to every monomer of t.he flexlble backb'one.. This mpdel (11) Thomas, E. L.; Chen, J. T.; O'Rourke, M. J. E.: Ober, C. K.; Mao, G.
allowed us to combine the orientational ordering interactions Macromolecular Symoposi#997, 117, 241—256.
of the rod segments with the mean field theory of flexible (12) Ag;féamatten, M.; Hammond, P. Macromoleculed999 32, 8066~
diblock copolymer. We sol\{ed thg model to stuply.the various 4 Osuji" C.S.. Chen, J. T.: Mao, G.; Ober, C. K. Thomas, Bdlymer
2D morphologies and the orientational characteristics of the rod 200Q 41, 8897-8907.
segments as a function of molecular weight, rod length, (14) Verploegen, E.; McAfee, L. C.; Tian, L.; Verploegen, D.; Hammond,
i ; ; P. T. Macromolecule2007, 40, 777—780.
interaction _parameters, and volgme fraction of each block. The (15) Anthamatten. M.. Zheng, W. Y. Hammond, P.Nacromolecules
morphologies observed were similar to the ones found for the 1999 32, 4838-4848.
case of flexible diblock copolymer, with additional possibility  (16) Anthamatten, M.; Hammond, P. J. Polym. Sci., Part B: Polym.
for smectic orientational ordering. An important result of our Phys.ZOO; 39, 2671-2691.
simulation was that for the parameter space probed, the(17) Wang, R.;Jiang, Z.; Hu, Lolymer2005 46, 6201-6207.
microphase separation was a necessary condition for the

(18) Shinozaki, A.; Jasnow, D.; Balazs, Macromoleculesl994 27,
. . _ ary . 2496-2502.
development of orientational ordering. Cylindrical morphologies (19) Nap, R. J.; ten Brinke, Gvlacromolecule2002 35, 952—959.



Macromolecules, Vol. 41, No. 1, 2008 Liquid Crystalline Block Copolymers 229

(20) Matsen, M. W.; Bates, F. $4acromolecules996 29, 1091-1098. (27) Press, W. HNumerical Recipes in Fortran2nd ed.; Cambridge
(21) Semenov, A. NSaw. Phys. JETP1985 61, 733. University Press: New York, 1986.
(22) Semenov, A. NZh. Eksp. Teor. Fiz1985 81, 1242. (28) Olsen, B. D.; Segalman, R. Macromolecule2005 38, 10127
(23) Matsen, M. W.; Barrett, CJ. Chem. Phys1998 109 4108-4118. 10137.
(24) Fredrickson, G. H.; Ganesan, V.; Drolet, Macromolecule2002 (29) Helfand, E.; Sapse, A. M. Chem. Physl1975 62, 1327-1331.

35, 16-39. _ (30) de Gennes, PThe Physics of Liquid Crystal€Oxford University
(25) Matsen, M. W.; Schick, MPhys. Re. Lett. 1994 72, 2660-2663. Press: New York, 1974.

(26) Fredrickson, G. H.The Equilibrium Theory of Inhomogeneous
Polymers 1st ed.; Oxford University Press: Oxford, U.K., 2006. MAOQ71566B



