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ABSTRACT: Small-angle X-ray scattering, depolarized light scattering, and transmission electron microscopy
were used to study the dependence of structure and thermodynamics on cross-linking of a symmetric poly-
(styrene-block-isoprene) copolymer. The polyisoprene block was cross-linked well above the order-disorder
transition (ODT) temperature of the un-cross-linked block copolymer. A mean-field theory based on a coarse
grained free energy and an RPA-like formulation was developed to predict the dependence of the ODT temperature
on cross-linking density. Our theory is limited to cross-linking densities below the gel point. In both experiments
and theory the ODT temperature increases as the number of junctions is increased for cross-linking densities
below the gelation point. We show that reversible order-disorder transitions are obtained in these materials even
when the cross-linking density is larger than that required to obtain a gel. At cross-linking densities near the gel
point, the depolarized light scattering signal from the ordered state suddenly increases by orders of magnitude
due to the presence of extremely long and thin grains. At sufficiently high cross-linking densities, the disordered
state is trapped, and order-disorder transitions are no longer obtained.

Introduction

Cross-linking is a standard reaction used to solidify polymer
liquids.1,2 Recent studies have shown that cross-linking can be
used to fix molecular aggregates such as individual micelles3-7

and ordered arrays of block copolymer mesophases.8-10 In
earlier work, we conducted experiments to study the possibility
of obtaining reversible order-disorder transitions in cross-linked
diblock copolymer melts.11,12In refs 11 and 12, the polyisoprene
block of a poly(styrene-block-isoprene) copolymer with cylin-
drical morphology (polystyrene cylinders in a polyisoprene
matrix) was cross-linked in the disordered state. We observed
order-disorder transitions in these materials at cross-linking
densities in excess of that required to obtain a gel. We thus
obtained a reversible transition from an ordered solid to a
disordered solid, in contrast to conventional block copolymers
that exhibit a transition from an ordered solid to a disordered
liquid.

There has been considerable theoretical progress in our under-
standing of the phase behavior of cross-linked homopoly-
mers2,13-15 and the microphase separation in un-cross-linked
block copolymer systems.16,17However, combining these theo-
retical constructs to address the phase behavior of cross-linked
block copolymers remains a challenging problem. In particular,
there are no predictions for the dependence of the order-
disorder transition temperature of block copolymers on cross-

linking density. Phenomenological Landau-Ginzburg free
energy functionals have been proposed to study the domain
morphology in ordered phases in cross-linked block copoly-
mers.18,19 Monte Carlo simulations have also been employed
to investigate the effect of cross-links introduced in the ordered
phase in block copolymer melts.20 In this paper, we derive an
expression for the coarse grained free energy density of cross-
linked block copolymers based on formulations by Leibler,16

Deam and Edwards.13 Unfortunately, this approach cannot be
extended to study the gel phases due to the presence of
nonintensive terms in the free energy density beyond the gelation
point.

Small-angle X-ray scattering, depolarized light scattering, and
transmission electron microscopy experiments were conducted
on a cross-linked, symmetric poly(styrene-block-isoprene) co-
polymer. At cross-linking densities below the gel point, we
compare experimentally determined ODTs with theoretical
predictions. Our experiments at higher cross-linking densities
establish that reversible order-disorder transitions can be
obtained in cross-linked block copolymer solids with lamellar
order. However, there are some striking differences between
the cross-linked lamellar samples studied here and the cylindrical
samples studied in refs 11 and 12. In particular, there is evidence
of an unusual grain structure near the gelation point. We
conclude with a discussion of the temperature vs cross-linking
density phase diagram.

Theory

Consider a polymer melt of volumeV with m A-B diblock
copolymer chains, each of which consists ofN monomers. The
volume fraction of the un-cross-linked block, which we take to
be the A block, isf. The Hamiltonian of the system is given by
Edwards:21
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whereri(s) describes the configurations of theith chain in three
dimensions andl0 is the Kuhn length. The excluded volume
interactions between the monomers are described by16

where∫A ≡ ∫0
f and ∫B ≡ ∫ f

1. The strengths of the couplings
betweenA-A, B-B and A-B monomers areVAA, VBB and
VAB(BA), respectively. The excluded volume interactions are
conveniently described in terms of the Flory-Huggins
parameter,16,22 ø ) (VAB - (VAA + VBB)/2)V0

-1, which is
observed to vary asA + B/T in experiments,23 whereA andB
are system dependent parameters. Since we cross-link only one
of the blocks experimentally, let us consider that there areR
cross-links between theB blocks of AB diblock copolymers.
Each cross-link constrains the movements of the monomers
involved in the cross-link. If thesl segment of the chain,il, is
cross-linked with thes′l segment of thei′lth chain, then
constraints due to the cross-links can be represented by
δ(ril(sil) - ri′l(s′l)). Since the cross-links are permanent, the
partition function of the system will depend on the cross-link
distribution of the system. Thus, the partition function will be
given by13

where the normalization is given byN. 24 However, as in other
systems with quenched disorder, it is not straightforward to
extract the thermodynamically interesting quantities from the
above form of the partition function. Therefore, one can use
the self-averaging property of the system to average ln(Z) over
a probability distribution of the quenched disorder (for example,
cross-links in our system) to calculate a free energy of the
system.25,26 This is effectively done by the standard replica
method which utilizes the identity ln(Z) ) Ltnf0(Zn - 1)/n.27

The probability distribution for a particular set of cross-links
can be described byPR({il,sl;i ′l,s′l}) ∝ ∏l)1

R V0δ(ril(sl) -
ri ′l(s′l)), whereV0 is a reference volume. Instead of taking a
fixed number of cross-links in the system, it will be convenient
in dealing with calculations without any loss of generality to
assume that the cross-links follow a Poisson distribution with
the number of cross-links being equal toR.28 After the inclusion
of the fluctuations in the total number of cross-links and
considering the fact that the conformations of the cross-linked
chains correspond to equilibrium configurations of the system,29

the probability distribution of the cross-links can be described
by

In the above equation,A is the normalization constant and the
parameterµ determines the average number of cross-links in

the Poisson distribution in the following manner:µ2(1 - f)2N/2
≈ 〈R〉/m, which is also the average number of cross-link per
chain (details are presented in Appendix A), and〈...〉 denotes
an average over the distribution in eq 4. The free energy of the
system can be calculated from

where·n+1, the partition function forn+1 replica systems, is
defined as

In the above equation,ri
R(s) denotes the chain configurations in

the Rth replica system, whereH(R) denotes the Edwards
Hamiltonian of that system. The cross-links couple the replica
systems, giving rise to the second term in the parentheses in
the above equation. Also note there aren+1 replica systems,
because the 0th replica system acts as the reference ensemble
where the cross-links were introduced and the distribution of
cross-links is chosen from that reference ensemble. To develop
a coarse grained description of the system we introduce
microscopic density functions

and

The densities in theRth replica system areF̃ (A,B)
R (rR) ) V0

-n

∫dx̂F̃(A,B)(x̂)δ(xR - rR). The density variables,F(A,B)
R (rR), de-

scribing a replica system are a subset of the density variables
F(A,B)(r̂). The melt can be considered incompressible,16 i.e., F̃A

R

+ F̃B
R ) 1, which implies that the reference volume,V0, is the

volume of a single monomer. In the above equations, a 3(n +
1) dimensional vector space spanned byr̂ ) {r0,r1,..., rn} is
introduced to keep the notation simple and compact. The
interaction term describing the coupling between the replica
systems, when described in terms of the density variables,
F̃(A,B)(r̂), assumes the standard form of an excluded volume
interaction,µ2/2V0

n+1∫dr̂F̃B(r̂)F̃B(r̂). We introduce identities, 1
) ∫DF(A,B)δ(F(A,B) - F̃(A,B)), in the partition function in order to
derive a free energy in terms of the coarse grained density
functions, F(A,B)(r̂). Since we are interested in studying the
ordering transition in the system, the free energy is calculated

F ) -â-1ln(Z) ) -â-1 Lt
nf0

Zn+1- ·1

n·1

) Lt
nf0

Fn

n
(5)

·n+1 ) N ∫(∏
R)0

n

D({ri
R}))∏

R)0

n

∑
R)1

∞ 1

R!(µ2

2 )R

×

∑
il)1

m

∑
i′l)1

m

(∏
l)1

R ∫Nf

N
dsl∫Nf

N
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R(s′l))) exp(-âH(R))

) N ∫(∏
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2
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H/kBT ) ∑
i)1

m 3

2Nl0
2
∫0

1
ds(dri

ds)2

+ V({ri}) (1)
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l)1

R ∫Nf

N
dsl∫Nf

N
ds′l δ(ril
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in terms of the order parameter,ψ(r̂) ) (1 - f)FA(r̂) - fFB(r̂),
and the total density,c(r̂) ) FA(r̂) + FB(r̂). In the disordered
phase,ψR(rR) ) 0, and in the ordered phases,ψR(rR) assumes
nonzero values. The cross-links can give rise to “amorphous
solid” phases,28 where an analogue of the Edwards-Anderson
order parameter for spin glasses can be used to characterize
the phase. For example, c(0,k,-k,0,...,0),28 where
c(k0,k1,k2,...,kn) is the Fourier transform ofc(r̂), can be used to
characterize the “amorphous solid state”. In general, the density
variable c(k̂), Fourier transform ofc(r̂), can be split in the
following manner

The first termc0(k̂) in the above equation is nonzero when all
elements in{kR} are zero and we can sayc0(k̂) belongs to the
zero replica sector. The second term,c1(k̂), would fall in the
first replica sector, where all but one of{kR} is zero.c1(k̂) would
denote the densities{cR(kR)} in replica systems. The last term
cj(k̂) resides in the higher replica sector, where more than one
of {kR} are nonzero. The presence of a nonzero higher replica
sector inc(k̂) would reflect coupling between different replica
systems. The liquid phase or the amorphous solid phase is
identified in the nonvanishing components of the one or higher
replica sector of the density variablec(k̂).

We follow the standard Random Phase Approximation (RPA)
scheme to derive the free energy as a polynomial in the density
fields, ψ(r̂) and c(r̂).16,30 The details of the calculations are
provided in Appendix B. The free energy,Fn, to quadratic order
in ψ(k̂) andc(k̂), Fourier transforms ofψ(r̂) andc(r̂), respec-
tively, is given by

where

and

HereD ) f 2(1 - f)2[g2(fx)g2((1 - f)x) - (g12(fx,(1 - f)x))2]
and x ) Nl02(k̂.k̂)/6. g2(y) ) 2/y2(y + {exp(-y) - 1}) is the
Debye function andg12(x,y) ) 1/(xy)(1 + exp(-x - y) - exp-
(-x) - exp(-y)). The parametersu(R) and w(R) are given by
u(R) ) (fVAA

(R) - (1-2f)VAB
(R) + (1 - f)VBB

(R))/V0 andw(R) ) (f2VAA
(R) +

2f(1 - f)VAB
(R) + (1 - f)2VBB

(R))/2V0, whereVAA
(R), VBB

(R) andVAB
(R) are the

strengths of interactions between the A and B type monomers
in theRth replica system. The functionΓcc f Vn+1/(2m(NV0

n+1))2

- (1 - f)2µ2/(2V0
n+1) + O(k̂.k̂) as k̂‚k̂f 0. Therefore, in the

limit n f 0, Γcc < 0 as (1- f)2µ2N > 1. This implies that if
the average number of cross-links per chain is higher than 0.5,
the liquid state described bycj(k̂) ) 0 becomes unstable, and a
state withcj(k̂) * 0 is likely to describe a new phase. However,
extension of this formalism for regimes where the average
number of cross-links is higher than 0.5 gives rise to unphysical,
nonintensive terms proportional to ln(V) in the free-energy
density.28 Therefore, we restrict our study to the liquid phase
where the formalism works well. The change inTODT can be
calculated fromΓψψ(k̂) (details provided in Appendix B), which
can be approximated, as in a melt of diblock copolymers, as
Γψψ(k̂) ) (n + 1)Vn+1ømin/(2m(NV0

n+1)2) - µ2/(2V0
n+1) -

1/V0
2n+1∑R)0

n ø(R) ∏â)0,â*R
n δ(kâ) + O((k - km)2). Herekm

R ∝
1/(Nl02)1/2 is the wave vector which determines the phase
separation length scale andømin is the minimum value of thekR

dependent part ofΓ(R)(kR). TheR ) 0 replica system refers to
the reference system where the cross-links were introduced. The
temperatures, determined byø(R), at theR ) 0 replica systems
refer to the temperature of the cross-linked system. Below the
ordering transition,Γψψ(k̂m) < 0, we obtain nonzeroψR(kR) as
the stable solutions of the system. The free energy,F, is
calculated by lettingn f 0 as shown in eq 5. The value of the
productøN at the microphase ordering transition for the cross-
linked system, (øN)ODT

cr , is found by obtaining solutions forFn

) Fn(cj(k̂) ) 0,ψ(k̂) ) 0) (eqs 8-11, we derive these equations
in Appendix B), whereFn(cj(k̂) ) 0,ψ(k̂) ) 0) denotes the value
of the free energyFn in the disordered liquid state for nonzero
values of the order parameter. We obtain

where Xc ) nc/nc,gel and nc ) (1 - f)2µ2N/2 is the average
number of cross-links per chain. The number of cross-links
required to form a gel,nc,gel, is taken to be 0.5.1,28 The
microphase ordering transition temperature of the cross-linked
system (TODT

cr ) is given by

whereTODT is the ordering temperature of the un-cross-linked
system, and we have assumed that the Flory-Huggins parameter

c(k̂) ) c(k̂)δk̂,0 + c(k̂)(1 - δk̂,0) ×

(∑
R)0

n

∏
â)0,â*R

n

δkâ,0) + c(k̂)(1 - δk̂,0)(1 - ∑
R)0

n

∏
â)0,â*R

n

δkâ,0)

) c0(k̂) + c1(k̂) + cj(k̂) (7)

Fn ) ∫ dk̂

(2π)3(n+1)
(Γψψψ(k̂)ψ(-k̂) + Γψcψ(k̂)c(-k̂) +

Γccc(k̂)c(-k̂)) + O(ψ3,c3,cψ2,ψc2) (8)

Γψψ )
Vn+1

m(NV0
n+1)2D

(f2g2(fx) + (1 - f)2g2((1 - f)x) +

2f(1 - f)g12(fx,(1 - f)x)) -

µ2

2V0
n+1

-
1

V0
2n+1

∑
R)0

n

ø(R) ∏
â)0,â*R

n

δ(kâ) (9)

Γcψ )
Vn+1

m(NV0
n+1)2D

(fg2(fx) + (1 - f)g2((1 - f)x) +

(1 - 2f)g12(fx,(1 - f)x)) -
(1 - f)µ2

2V0
n+1

+

1

V0
2n+1

∑
R)0

n

u(R) ∏
â)0,â*R

n

δ(kâ) (10)

Γcc )
Vn+1

2m(NV0
n+1)2D

(f2g2(fx) + (1 - f)2g2((1 - f)x) -

2f(1 - f)g12(fx,(1 - f)x)) -
(1 - f)2µ2

2V0
n+1

+

1

V0
2n+1

∑
R)0

n

w(R) ∏
â)0,â*R

n

δ(kâ) (11)

(øN)ODT
cr ) (øN)ODT -

nc,gelXc

(1 - f)2
(12)

TODT
cr )

TODT

1 -
XcTODT

2N(1 - f)2B

(13)
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is given byø ) A + B/T. Derivations of the above equations
(eq 12 and eq 13) are shown in Appendix B.

Equations 12 and 13, which describe the effect of cross-
linking on the stability of the disordered phase, are the main
result of our theoretical analysis. Intuitively one might anticipate
that cross-linking in the disordered phase would tend to stabilize
the disordered phase. Equations 12 and 13 indicate that the
opposite is true, i.e., cross-linking in the disordered phase leads
to the stabilization of the ordered phase. This is because
selectively cross-linking the B blocks results in correlations
between the B monomers that are absent in the un-cross-linked
sample. This promotes order formation. In addition, eq 12 shows
that the rate of change of (øN)ODT

cr with respect to the cross-
linking density is inversely proportional to the square of the
volume fraction of the cross-linked component. Therefore, the
order-disorder transition temperature of systems in which the
volume fraction of the un-cross-linked block,f, is higher will
be more sensitive to changes in the cross-linking density. Also,
it is evident from eq 13 that the dependence of the order-
disorder transition temperature on cross-linking density is more
dramatic when the B parameter is small. Of course, the tendency
for promoting order formation is only applicable below the gel
point. Several theories show that monomers in cross-linked
samples are localized within a region of sizeê, which decreases
as the cross-link density increases.28,31,32Microphase ordering,
which occurs at a length scale proportional to the chain radius
of gyration,Rg, can only occur within regions of sizeê. We
would expect that asê decreases to length scales smaller than
Rg, the localization of monomers will hinder microphase
separation, and the disordered phase will be trapped by cross-
linking. Our efforts to extend the theory into this regime were
unsuccessful due to difficulties described above.

Experimental Details

A poly(styrene-block-isoprene) copolymer was synthesized using
methods described previously.23 The resulting polymer was char-
acterized using gel permeation chromatography (GPC) of the
precursor block and GPC and1H NMR of the final polymer. The
weight-averaged molecular weights of the polystyrene and poly-
isoprene blocks were determined to be 10 and 9 kg mol-1,
respectively; the polydispersity index of the polymer) 1.02. We
refer to this polymer as SI(10-9). The volume fraction of the
polystyrene block,f, was 0.50. The glass transition temperature was
found to be between 55 and 75°C by differential scanning
calorimetry (DSC).

Mixtures of about 1 g ofSI(10-9) and dicumyl peroxide (DCP)
were prepared by dissolving predetermined amounts of the com-
ponents in benzene. The mixture was then freeze-dried for 24 h.
The final DCP concentrations were determined by weighing
the dry mixtures, and these concentrations were found to match
the initial concentrations for all mixtures within our experimental
error ((0.3 mg). The compositions of the samples are given in
Table 1.

SI(10-9)/DCP mixtures were molded into disks with 7.5 mm
diameter and 1 mm thickness using a Carver press at room
temperature. The disks were placed in anodized aluminum spacers
and annealed at 105°C for 30 min prior to curing the sample at
160 °C for 2 h, under a N2 blanket between 200 and 300 psi to
prevent the formation of bubbles. This results in the selective cross-
linking of the isoprene block.12,33 Although the cross-linking
reactions between DCP and polyisoprene are not simple, it is
observed that at low concentrations one molecule of DCP creates
one cross-linked site.33

The cross-linked samples were immersed in toluene and the
amount of solvent uptake was determined for the samples which
formed a gel. The polymer volume fractions at swelling equilibrium
are tabulated in Table 1. After the swelling experiments, the gels

were dried for 72 h under vacuum and the dry gels were weighed.
The gel fraction,fgel, defined as the ratio of the weight of the dry
network before swelling to the weight after, is given in Table 1.
Lacking a theory that addresses the swelling of cross-linked block
copolymers,12 the molecular weight between cross-links,Mc, was
determined using expressions developed for imperfect homo-
polymer networks34,35 and the affine network model for swelling
equilibrium35-37

whereVS is the solvent molar volume,F is the network density,
øSP is the solvent-polymer interaction parameter,Mn is the number-
average molecular weight, andφp is the polymer volume fraction
at swelling equilibrium. CalculatedMc values are tabulated in Table
1.38 We then calculate the number of cross-links per chain
determined via swelling,Nc,affine, by

Hereæ is the network functionality, and we assume it to be 4.1,36

We also calculate the number of cross-links per chain based on
the DCP wt %,Nc,DCP (assuming each DCP molecule creates one
cross-link33), and compare these cross-linking densities to those
calculated by the swelling experiments in Table 1. For convenience,
we express the cross-linking density in terms ofXc, which isNc,DCP

normalized byNc,DCP at the gel point, andXc values are given in
the final column of Table 1. Samples are identified by the value of
Xc; thus, SI[1.00] is the sample with the lowest DCP amount of
the cross-linked block copolymers that form gels.

Depolarized light scattering (DPLS) experiments were conducted
on 1 mm thick dry samples in an apparatus described in ref 39. All
of the samples were equilibrated for 30 min at each temperature
during both heating/cooling runs. The temperature steps were either
2 or 5 °C and the temperature range that we focus on is between
80 and 120°C. We present values of the total forward DPLS power,
P, normalized by the incident power,P0, obtained as a function of
temperature.39 The temperature scans were repeated at least three
times.

Table 1. Characteristics of Cross-Linked Samples

sample
DCP

(wt %) V2
a

gel
fraction,

fgel Mc
b Nc,affine

c Nc,DCP
d Xc

e

SI[0.00] 0.00 0.00 0.00
SI[0.16] 0.32 0.22 0.16
SI[0.32] 0.63 0.43 0.32
SI[0.47] 0.93 0.64 0.47
SI[0.59] 1.17 0.81 0.59
SI[0.63] 1.25 0.87 0.63
SI[0.76] 1.51 1.05 0.76
SI[0.83] 1.64 1.14 0.83
SI[0.94] 1.85 1.29 0.94
SI[0.95] 1.88 1.31 0.95
SI[1.00] 1.97 0.0499 0.55 8.26 1.12 1.38 1.00
SI[1.02] 2.00 0.0540 0.57 8.15 1.13 1.40 1.02
SI[1.04] 2.05 0.0550 0.73 8.12 1.14 1.43 1.04
SI[1.07] 2.10 0.0557 0.84 8.09 1.14 1.47 1.07
SI[1.10] 2.16 0.0571 0.91 8.04 1.15 1.51 1.10
SI[1.15] 2.25 0.0641 0.80 7.86 1.18 1.57 1.15
SI[1.27] 2.48 0.0756 0.92 7.51 1.23 1.74 1.27
SI[2.20] 4.23 0.1563 0.88 4.90 1.88 3.02 2.20

a Polymer volume fraction in gelb Molecular weight between cross-
links (kg/mol) based on the affine network modelc Number of cross-links
per chains based on the affine network modeld Number of cross-links per
chain based on the DCP concentratione Number of cross-links per chain
based on the DCP concentration normalized over the experimentally
determined gelation point

Mc )
VSF(φp

2
- φp

1/3)
ln(1 - φp) + φp + øSPφp

2 +
VSF
2Mn

(φp - 4φp
1/3)

(14)

Nc,affine )
2Mn

æMc
(15)

Macromolecules, Vol. 39, No. 14, 2006 Cross-Linking Block Copolymers 4851

CDV



SAXS experiments were performed at beamline 1-4 of the
Stanford Synchrotron Radiation Laboratory with 1.488 Å wave-
length photons as described in ref 40. Data were collected using a
CCD-based X-ray detector, and the two-dimensional patterns were
radially averaged over a 70° window. The data were corrected for
the CCD dark current, and the scattering from air and Kapton
windows. Absolute scattering intensities from a disordered SI(8-
26) (an internal calibration sample) were determined using small-
angle neutron scattering at the National Institute of Standards and
Technology at temperatures between 132 and 168°C. During the
first SAXS experimental run, a T-independent calibration constant
of the SAXS instrument was determined by comparing the SAXS
and SANS measurements from SI(8-26) over the above temper-
ature range. The SAXS intensity of a secondary polyethylene
standard at room temperature was also measured during that run.
The polyethylene standard was used to calibrate the SAXS
instrument in subsequent experiments. Independent checks on well-
studied disordered block copolymers indicated that our procedure
for absolute calibration was accurate to within 10%.41 The conclu-
sions in this paper are based entirely on peak width analysis and
thus not dependent on the uncertainties associated with the use of
secondary standards for instrument calibration.42

Ultrathin sections (ca. 50 nm) were prepared for transmission
electron microscopy (TEM) experiments using an RMC Boeckeler
PT XL Ultramicrotome at-100°C using a cryogenic attachment.
The contrast between the polystyrene and polyisoprene domains
was enhanced using 2 wt % (aq) OsO4 vapor staining. Imaging
was done at the National Center for Electron Microscopy (NCEM),
Lawrence Berkeley National Laboratory using a JEOL 200CX
microscope operating at 100-200 kV.

Results and Discussion

The depolarized light scattering signal,P/P0, vs temperature
for neat SI(10-9) (Xc ) 0.00) and the sample withXc ) 1.02
is presented in Figure 1. The heating and cooling run data from
the SI[0.00] are unremarkable withP/P0 values of about 10-2

at low temperatures. The discontinuous decrease inP/P0 at 98
( 3 °C during the heating run is a standard signature of the
order-to-disorder transition.43 The formation of order seen during
the cooling run requires undercooling the sample about 3°C
below TODT, the order-disorder transition temperature, and is
typical of systems undergoing reversible first order phase
transitions. Qualitatively similar data were obtained from the
cross-linked samples. Typical data obtained from the SI[1.02]
sample is shown in Figure 1. Here again we see a discontinuous
drop in P/P0 during the heating run at 111( 4 °C. We take
this as a measure of the order-disorder transition temperature
of our cross-linked sample,TODT

cr . The order, which is lost

upon heating, reappears upon cooling, as shown in Figure 1.
The order-disorder transition obtained in cross-linked samples
above the gel point (Xc > 1.00) is thus reversible. As depicted
in Figure 1, the ODT becomes less sharply defined as a result
of the introduction of cross-links. ForXc ) 0, the birefringence
signal decreases over a temperature window of 4°C, but for
Xc ) 1.02, this decrease occurs over a 7°C temperature window.
Another noteworthy observation is the difference inP/P0 values
obtained from the cross-linked and un-cross-linked samples. In
the ordered state,P/P0 for the SI[1.02] sample is about a factor
of 100 larger than that obtained from the un-cross-linked sample.
Possible reasons for this large difference will be addressed
shortly.

Figure 2 shows the DPLS power vs temperature for various
cross-linking densities. To show all of the data on one plot, we
present the normalized DPLS signal,∆p, defined as

Although both heating and cooling scans were performed, only
heating curves are shown for clarity. It is obvious from Figure
2 thatTODT

cr increases withXc at low values ofXc.
Figure 3 shows SAXS profiles for the SI[1.02] sample. The

absolute scattering intensity,I, is plotted vs scattering vectorq
(q ) 4π sin(θ/2)/λ, λ is the X-ray wavelength andθ is the

Figure 1. DPLS power vs temperature for SI[0.00] (crosses, dotted
line) and SI[1.02] (open circles, solid line). The “c” next to the data
denotes the cooling run, while the “h” denotes the heating run.

Figure 2. Normalized DPLS power vs temperature for various cross-
linking densities, Xc, during heating runs. The DPLS power is
normalized using eq 16.

Figure 3. SAXS intensity,I, vs scattering vector,q, profiles for SI-
[1.02] at 95°C (below theTODT) and 117°C (above theTODT).

∆p )
P/P0 - (P/P0)120°C

(P/P0)85°C - (P/P0)120°C
(16)

4852 Gomez et al. Macromolecules, Vol. 39, No. 14, 2006

CDV



scattering angle) at 95 and 117°C. Only the primary SAXS
peak was observed in our samples, regardless of the value of
Xc and temperature. This is not unexpected because the second
order peak in our samples is severely suppressed due to the
symmetry of the block copolymer (f ) 0.50).44 Figure 4 shows
the temperature dependence of the SAXS peak widthσ45,46

obtained from samples with different values ofXc. Increasing
the temperature leads to a discontinuous increase inσ in all of
the samples and this is a standard signature of an order-to-
disorder transition.43 As was the case with the DPLS data,
the discontinuity is less pronounced in the cross-linked
samples.

Figure 5 shows the ODT temperatures measured by DPLS
and SAXS for various cross-linking densities in the liquid state
(Xc < 1.00). We have limited the range ofXc to the range where
our theoretical expression (eq 13) is valid. It is clear that the
ODT temperatures obtained by DPLS and SAXS for a given
value ofXc are in excellent agreement. The solid line in Figure
5 is a linear fit for the dependence ofTODT

cr on Xc.47 The slope
of the fitted line is 11.2 with a (6.5, 15.9) 95% confidence
interval. The confidence interval for the slope of the linear
regression line is well above zero. In Figure 5 we present the
theoretical results (eq 13) using the mean field PS-PI ø
parameter,øm ) 0.0064+ 20/T, and the fluctuation corrected

ø, øf ) 0.0118+ 26.5/T.23,48 In the literature,B values of theø
parameter vary from 20 to 74.23,49A B coefficient of 104 would
provide quantitative agreement with experiments.

At this point we can only speculate about the reason for the
lack of quantitative agreement between theory and experiment
seen in Figure 5. In un-cross-linked block copolymers, the
disordered state is stabilized by fluctuations and thus measured
order-disorder transitions occur at temperatures lower that those
predicted by mean-field theories.50,51It is certainly conceivable
that fluctuation effects may play a much more important role
in cross-linked block copolymers than un-cross-linked block
copolymers. In Figure 5, we see that our data lie below the
theoretical prediction obtained using the fluctuation-corrected
ø parameter indicating that crude corrections based on our
knowledge of un-cross-linked diblock copolymers might not be
sufficient.

Equation 12 indicates that the rate of change of (øN)ODT
cr

depends only on the volume fraction of the un-cross-linked
component. Thus, the change inTODT

cr with Xc for the f ) 0.79
sample studied in ref 12 is predicted to be less that that for the
present system withf)0.50. It is apparent from the data in refs
11 and 12 that in the PS-PI block copolymer withf ) 0.79,
SI(8-24), theTODT

cr changes less rapidly than in SI(10-9) (f )
0.50).

We have focused thus far on samples that exhibited reversible
order-disorder transitions in both DPLS and SAXS experi-
ments. In Figure 6, we show DPLS data obtained from SI[1.27]
which did not show any evidence of an order-disorder
transition. The SAXS data from these samples were also devoid
of discontinuous changes; we do not show these for brevity.
We conclude that this sample is disordered across the entire
temperature window.

We now address the large difference in values ofP/P0

obtained in the ordered state in the cross-linked and un-cross-
linked samples (Figure 1). This is quantified in Figure 7 where
we plot the value ofP/P0 at a common temperature of 90( 2
°C obtained from the cooling curves vsXc. The error bars
represent the range of values obtained for at least three
independent runs. The circles in Figure 7 represent data
obtained from samples that exhibited a discontinuous change
in P/P0. The triangles in Figure 7 represent data from
samples that did not exhibit any discontinuity inP/P0. We
see an interesting, nonmonotonic dependence ofP/P0 on Xc. In
the 0.00 e Xc e 0.50 range,P/P0 decreases by a factor

Figure 4. SAXS peak widths,σSAXS, vs temperature for various cross-
linking densities,Xc.

Figure 5. Temperature vs the normalized cross-linking density,Xc,
phase diagram forXc < 1. The squares represent experimentally
measured ODTs via DPLS, the circles represent ODTs measured via
SAXS and the solid line represents a linear fit to the data. The dotted
lines are the theoretical results as given in eq 13 using a mean-fieldø
parameter,øm, or a fluctuation correctedø, øf, from ref 23.

Figure 6. DPLS power vs temperature for the heating run for
SI[1.27]. No ODT is observed for this sample.
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of 10. This is followed by a 500-fold increase inP/P0 in
the 0.50e Xc e 1.05 range. Finally in the 1.05e Xc e 1.15
range, the value ofP/P0 again drops sharply to about
0.001. Note that 3 independent samples were made withXc ≈
1 and all of the samples exhibited anomalously high values of
P/P0.

It has been established that the value ofP/P0 from unaligned
block copolymers is related to the average grain size of the
ordered phase,lav.39,52In the limit of smallP/P0, laV is given by

whereL is the sample thickness,∆n is the difference between
the extraordinary and ordinary refractive indices, andλ is the
wavelength of the incident beam. The reason for the decrease
in (P/P0)90°C in the 0.00e Xc e 0.50 range should now be clear.
The creation of random cross-links in the disordered state
hinders the ability of the chains to form large ordered grains.
Therefore, we come to the expected conclusion that increasing
the cross-linking density from 0 to 0.5 results in a 10-fold
decrease in the average grain size obtained in the ordered state.
However, eq 17 and the data in Figure 7 suggest that the average
grain size increases by a factor of 500 whenXc is increased
from 0.5 to 1.0. Equation 17 is not quantitatively valid when
P/P0 approaches unity and thus the values oflaV obtained using
eq 17 for samples withXc ≈ 1 are in error. Nevertheless, the
data in Figure 7 indicate that the average grain size increases
by orders of magnitude as the cross-linking density approaches
the gelation threshold. The increase in grain size with increasing
Xc was not observed in the SI copolymer with cylindrical order
studied in refs 11 and 12.

To further elucidate the nature of the ordered state of our
samples we conducted TEM studies. Samples were annealed at
120°C and then cooled at 4°C/h until they reached 50°C. We
expect that this protocol will freeze in the grain structure of
our samples just above the glass transition temperature, i.e., in
the vicinity of 90°C. In Figure 8, we show typical TEM images
obtained from 4 samples: the neat SI(10-9) copolymer in
Figure 8a and samples withXc ) 0.94, 1.02, and 1.27 in Figure
8, parts b, c, and d, respectively. The TEM images of the neat
diblock were unremarkable and similar to those reported in
earlier publications.53 Long range order was evident along
directions both parallel and perpendicular to the lamellar
normals, as shown in Figure 8a. In the SI[0.94] sample shown

in Figure 8b, we find that long range order parallel to the
lamellar normals is somewhat larger than that perpendicular to
them. In the SI[1.02] sample shown in Figure 8c, we see
extremely anisotropic grains with good long range order parallel
to the lamellar normals and very little long range order
perpendicular to the lamellar normals. In the SI[1.27] sample
shown in Figure 8d, we see no evidence of long range order.

The combination of DPLS and TEM data indicates that near
the gel point, cross-linking in the disordered state results in a
very large increase in long-range order parallel to the lamellar
normals. We have no explanation for this large increase in grain

Figure 7. DPLS power at 90°C for various cross-linking densities,
Xc. There is a sudden increase inP/P0 after crossing the gelation
threshold.

laV ) 15λ2

4π2(∆n)2L( P
P0

) (17)

Figure 8. Typical electron micrographs of (a) SI[0.00] (no cross-
linking), (b) SI[0.94], (c) SI[1.02], and (d) SI[1.27].
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size. It is perhaps related to the critical nature of both the
gelation transition and the order-disorder transition.54 The
Landau theory that we have developed is incapable of addressing
the magnitude of long range order. However, the theory does
predict that the ordered phase is stabilized by cross-linking, and
this may serve as the starting point for uncovering the underpin-
ning of grain structure in cross-linked block copolymers. It is
conceivable that this surprising result may provide a unique
insight into the nature of the gel point.

We cannot use the TEM data to quantify the changes in grain
size with cross-linking density. Obtaining quantitative grain sizes
of samples composed of extremely long and thin grains by TEM
is virtually impossible. Even if the grains have a well-defined
director that lies in one plane, it is highly unlikely that this
plane will coincide with the plane of the TEM section. Figure
8c clearly shows that the director takes a curved trajectory,
implying that individual TEM images are incapable of capturing
entire grains. It is conceivable that electron tomography may
shed light on the grain structure in our samples, but we do not
have access to such instrumentation at this time.55,56 We
conducted thorough scans of the TEM images of our samples.
We found many regions of highly anisotropic grains in the SI-
[1.02] sample but were unable to find any such regions in the
other samples.

We conclude our discussion with the phase diagram of cross-
linked SI(10-9) shown in Figure 9. The distinction between
order and disorder (gray vs white in Figure 9) is based on DPLS
and SAXS data and confirmed by TEM. The labels a, b, c, and
d in Figure 9 show the locations of the samples that were studied
by TEM. The triangles represent data from samples that were
disordered in our temperature window. The abbreviations OS,
DS, and DL stand for ordered solid, disordered solid, and
disordered liquid, respectively. The thick vertical line denotes
the gelation threshold. The gently sloped horizontal line is a
linear fit through theTODT

cr vs Xc data, while the roughly
vertical line is a fit through the SI[1.10] and SI[1.15] data. Cross-
linked block copolymers withXc between 1.00 and 1.15
exhibited reversible transitions from an ordered solid to a
disordered solid.

Concluding Remarks

We have used a combination of theory and experiment to
study the thermodynamics and phase behavior of PS-PI block
copolymers wherein the PI block is randomly cross-linked. The
theory, which is restricted to cross-linking densities below the
gel point (Xc ≈ 1), predicts that cross-linking samples in the
disordered state stabilizes the ordered phase, since the selective
junctions corral the disordered polyisoprene chains. This
surprising prediction is verified by DPLS and SAXS measure-
ments on a symmetric poly(styrene-block-isoprene) copolymer.
This increase inTODT

cr with Xc stops sharply atXc ≈ 1. At Xc g
1.15, the cross-linking density is high enough to prevent
formation of the ordered phase. The DPLS data indicate that
the long range order in cross-linked samples at the gel point
(Xc ≈ 1) along the lamellar normals is significantly larger than
that obtained from both the neat un-cross-linked sample as well
as samples cross-linked that are not in the vicinity of the gelation
point. Theories and simulations that address the phase behavior
and grain structure of cross-linked block copolymers near and
above the gel point are warranted.
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Appendix A. Expression for Average Cross-links Per
Chain

Our derivation of an expression for the average number of
cross-links per chain is similar to that in ref 29. The probability
of havingR number of cross-links in the system is defined as

Therefore, the average number of cross-links is given by

In the above equationZ1 is given by eq 6 forn ) 0. Following
the procedures described in Appendix B, one can writeZ1 as

whereψ(k) ) fFB(k) - (1 - f)FA(k) andc(k) ) FA(k) + FB(k)
denote the order parameter and the concentration variable of
the system, respectively.F0 is given by

Figure 9. Temperature vsXc phase diagram of cross-linked SI(10-
9). The squares are DPLS determined ODT temperatures, the circles
are SAXS determined ODT temperatures. The vertical bold line
demarks the experimentally determined gelation point (Xc ) 1.00). The
gently sloped horizontal line is a linear fit to all of the ODT data, and
the roughly vertical line is a linear fit to the SI[1.10] and SI[1.15]
samples. The triangles are two samples which showed no presence of
order in DPLS, SAXS or TEM experiments. The labels a, b, c, and d
correspond to the cross-linking densities of the TEM images presented
in Figure 8. The labels OS, DS, and DL denote the ordered solid,
disordered solid, and disordered liquid regions of the phase diagram,
respectively.
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In the above equation

D is given by eq B9 andx ) Nk2l02/6.
We consider the mean field solution for the disordered liquid

field, cM(k) ) δk,0 andψM(k) ) 0, which gives the mean field
value of the average number of cross-links as

Our approach ignores fluctuations in the density fields, which
can have contributions to the quantitative value of the average
number of cross-links.

Appendix B. Derivation of Free Energy of Cross-Linked
Block Copolymer Melts

In this appendix we provide details of the derivation of the
free energy of cross-linked block copolymer melts. We also
derive the dependence of theø parameter (eq 12) andTODT (eq
13) on the cross-link density for the cross-linked system.

The partition function for the (n+1)-replica systems is
described by (eq 6)

where

is the standard Edwards Hamiltonian for theRth replica system.
We introduce the identities 1) ∫DF(A,B)δ(F(A,B) - F̃(A,B)) in order
to write the partition function in terms of the coarse grained
density variablesF(A,B)(r̂) andr̂ ≡ {r0,r1,...,rn}, which represent
a 3(n + 1) dimensional vector space. The microscopic density
variables,F̃(A,B), are defined as

After introducing the identities, the partition function is

The density variables in theRth replica system,F(A,B)
R (rR) )

ν0N∑i)1
m ∫(A,B)ds δ(rR - ri

R), are a subset of the variables
F̃(A,B)(r̂). They are related asF̃(A,B)

R (rR) ) V0
-n ∫dx̂

F̃(A,B)(x̂)δ(xR - rR). We introduce auxiliary fieldsγA(r̂)
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In the above expression
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The entropic part in the partition function originating from
the integration of the chain configurations with weight factors,
PA({r̂ i}) and PB({r̂ i}), is calculated using the Random Phase
Approximation (RPA). Note the similarity in the entropic
contribution between a typical diblock copolymer and theRth
replica system. The entropic contributionQm ) (∏R)0

n D{
ri

R})PA({r̂ i})PB({r̂ i}) can be expanded in a power series of the
auxiliary fieldsγA(r̂) andγB(r̂) in the following manner:Q )
Q0 + Q1 + Q2 + ..., whereQ0, Q1, andQ2 represent the zeroth,
linear, and quadratic order terms inγA andγB respectively. It
turns outQ0 ) Vn+1, Q1 is an irrelevant constant, and

In the above equation

wherex ) N(k̂ ‚k̂)l02/6, g2(y) ) 2/y2(y + {exp(-y) - 1}) and
g12(x,y) ) 1/(xy)(1 + exp(-x - y) - exp(-x) - exp(-y)).
Below, we show howMAA(k̂) is calculated. Expressions forMBB-
(k̂) andMAB(k̂) can be obtained in a similar way.

In the above equation,〈...〉0, refers to the configuration average
with a weight of exp(-3/2Nl02∫0

1ds (dr(s)/ds)2). Therefore, the
partition function can be written as

Hereγ ≡ (γA,γB) and

We perform a saddle point approximation to calculate the
integrals in the auxiliary fields and obtain

In the above equation,F ≡ (FA,FB) and

where

and

We define the order parametersψ(k̂) ) (1 - f)FA(k̂) - fFB(k̂)
andc(k̂) ) FA(k̂) + FB(k̂). In terms of the order parameters,
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exp(-
3

2Nl0
2
∫0

f
ds(dr̂(s)

ds )2)
) (NV0

n+1)2(∏
R)0

n

D({ri
R}))∫0

f
ds∫0

f
ds′∫ dk̂

(2π)3(n+1)
γA(k̂)γA(- k̂) ×

exp[-
3

2Nl0
2
∫0

f
ds(dr̂ i

ds)2

- i(k̂‚(r̂(s) - r̂(s′)))]
) (NV0

n+1)2∫0

f
ds∫0

f
ds′ ∫ dk̂

(2π)3(n+1)
γA(k̂)γA(-k̂) ×

〈exp[-i(k̂‚(r̂(s) - r̂(s′)))]〉0

) (NV0
n+1)2∫0

f
ds∫0

f
ds′ ∫ dk̂

(2π)3(n+1)
γA(k̂)γA(-k̂) ×

exp[- (k2〈(r̂(s) - r̂(s′))2〉0)]

) (NV0
n+1)2∫0

f
ds∫0

f
ds′ ∫ dk̂

(2π)3(n+1)
γA(k̂)γA(-k̂) ×

exp[-
k2Nl0

2

6 |s - s′|]
) (NV0

n+1)2 ∫ dk̂

(2π)3(n+1)
γA(k̂)γA(-k̂)g2(f2k2Nl0

2

6 )

·n+1 ) ∫DFADFBDγADγB ×

exp(- ∫ dk̂

(2π)3(n+1)
γTMγ + O(γA

3,γB
3,γA

2γB,γAγB
2) -

∑
R)0

n [ νAA
R

2ν0
2
∫ dkR

(2π)3
FA

R(kR)FA
R(-kR) +

νBB
R

2ν0
2
∫ dkR

(2π)3
FB

R(kR)FB
R(-kR) +

νAB
R

ν0
2
∫ dkR

(2π)3
FA

R(kR)FB
R(-kR)] +

µ2

2ν0
n+1

∫ dk̂

(2π)3(n+1)
FB(k̂)FB(-k̂) -

i∫ dk̂

(2π)3(n+1)
(γA(k̂)FA(-k̂) + γB(k)FA(-k̂)) (B7)

M ≡ (MAA MAB

MAB MBB
)

·n+1 ) ∫DFADFB × exp(-∫ dk̂

(2π)3(n+1)
FTM-1F +

O(FA
3,FB

3,FA
2FB,FAFB

2)- ∑
R)0

n [ νAA
R

2ν0
2
∫ dkR

(2π)3
FA

R(kR)FA
R(-kR) +

νBB
R

2ν0
2
∫ dkR

(2π)3
FB

R(kR)FB
R(-kR) +

νAB
R

ν0
2
∫ dkR

(2π)3
FA

R(kR)FB
R(-kR)] +

µ2

2ν0
n+1

∫ dk̂

(2π)3(n+1)
FB(k̂)FB(-k̂) (B8)

M-1 ≡ (WAA WAB

WAB WBB
)

WAA ) Vn+1

m(NV0
n+1)2D

f2g2(fx),

WBB ) Vn+1

m(NV0
n+1)2D

(1 - f)2g2((1 - f)x),

WAB ) Vn+1

m(NV0
n+1)2D

f(1 - f)g12(fx,(1 - f)x),

D ) f2(1 - f)2[g2(fx)g2((1 - f)x) - (g12(fx,(1 - f)x))2] (B9)

·n+1 ) ∫Dψ(k̂)Dc(k̂) exp(- F̃[ψ,c])

F̃ ) ∫ dk̂

(2π)3(n+1)
(Γψψψ(k̂)ψ(-k̂) + Γψcψ(k̂)c(-k̂) +

Γccc(k̂)c(-k̂)) + O(ψ3,c3,cψ2,ψc2) (B10)
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Since the system was cross-linked in the disordered state,
ψ(0)(k(0)) ) 0 andc(0)(k(0)) ) δk(0), 0. Therefore, if we replace
ψ(k̂) andc(k̂) by their values which minimize the free energy

F̃[ψ,c] we get Lt
nf0

Fn

n
) -â-1 Lt

nf0

Zn+1 - ·1

n·1
where Fn is

given by eq 8.
To investigate the stability of different phases, we need to

expand the order parameters in single and many replica sectors
as described in eq 7 and calculate the free energyF )

Lt
nf0

Fn

n
. The conditions∂F/∂ψ|c)cM;ψ)ψM ) ∂F/∂c|c)cM;ψ)ψM

) 0 and∂2F/∂ψ2|c)cM;ψ)ψM > 0, ∂2F/∂c2|c)cM;ψ)ψM > 0, ∂2F/
∂c∂ψ|c)cM;ψ)ψM > 0 are used to calculate the stable minimum
energy phases (cM,ψM) and the conditionF(ψ ) ψM,c )
cM,øODT) ) Fdis, whereFdis is the free energy of the system in
the disordered liquid state, can be used to calculateTODT or
øODT. It is clear from the expansion ofΓcc ask̂‚k̂f0, ΓccfVn+1/
2m(NV0

n+1)2 - (1 - f)2µ2/2V0
n+1 + O(k̂.k̂), that a liquid state

(cj(k̂) ) 0) becomes unstable for (1- f)2µ2/2ν0 > V/2m(Nν0)2,
i.e., (1 - f)2µ2N > 1 or nc > 1/2.

From the expansion ofΓψψ

it is evident that the disordered phase inψR(kR) becomes unstable
for temperatures that will makeVømin/(2m(NV0)2) - µ2/(2V0) -

ø/V0 < 0, whereømin is the minimum value of thekR dependent
part of Γ(R)(kR) at a wave vectorkm

R ∝ 1/(Nl02)1/2, which
determines the phase separation length scale in the diblock
copolymer system. Therefore, if we consider the free energy
up to the quadratic power in the order parameters, (øN)ODT

cr )
ømin/2 - µ2N/2. In absence of any cross-linking, (øN)ODT ) ømin/
2. Thus, we get eq 12 as a relation between theøN parameter
when the system is cross-linked and un-cross-linked.

Following the same approach and takingø ) A + B/T, we
find that the disordered phase becomes unstable for temperatures
Vømin/(2m(NV0)2) - µ2/(2V0) - (A + B/T)/V0 < 0. Thus,N(A +
B/TODT

cr ) ) ømin/2 - µ2N/2. However,N(A + B/TODT) ) ømin/2;
therefore, we get eq 13 as a relationship betweenTODT

cr and
TODT. We assume thatA andB do not change when cross-links
are introduced.
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