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ABSTRACT: The nature of order-disorder transitions in cross-linked diblock copolymer melts was studied
using small-angle X-ray scattering (SAXS) and birefringence measurements. Experiments were conducted
on cross-linked polystyrene-block-polyisoprene copolymer samples wherein the polyisoprene block was
selectively cross-linked at a temperature well above the order-disorder transition temperature of the
pure block copolymer. We find a reversible transition from a disordered gel to an ordered gel when the
cross-linking density is below a critical value. The rheological properties of disordered block copolymer
gels are very different from that of cross-linked homopolymer gels.

I. Introduction
The fact that molten block copolymers undergo re-

versible order-disorder transitions is well-established.1,2

In the ordered state, the blocks are microphase-
separated into structures with either crystalline (e.g.,
spheres arranged on a body-centered-cubic lattice) or
liquid crystalline (e.g., cylinders arranged on a hexago-
nal lattice) symmetry. In the disordered state, block
copolymers are isotropic liquids. Microphase separation
of block copolymers is exploited in a number of practical
applications such as thermoplastic elastomers and
adhesives.3-6 In these traditional applications, the mi-
crophase separation transition is used once during the
lifetime of the productsthe material is processed in the
disordered (liquid) state and used in the ordered (soft
solid) state. Our objective is to create solid block
copolymer materials wherein the order-disorder transi-
tion is accessed numerous times during the lifetime of
the product. This would enable the use of block copoly-
mers in new applications that rely on reversible changes
in the mechanical properties of solids such as shape
memory, actuators, and artificial muscles.7-10 The pos-
sibility of using cross-linked networks in such applica-
tions was recognized long ago.11 Polymer networks
immersed in solvents can swell and shrink reversibly
in response to changes in thermodynamic potentials
such as solvent quality, pH, etc.11-13 It has proven
difficult to exploit the swelling of elastomers in practical
applications (e.g., artificial muscles) due to two rea-
sons: (1) the large changes in sample volume lead to
fatigue and eventual degradation of mechanical integ-
rity, and (2) the kinetics of the phase transition is slow
because it is limited by the diffusion of solvent in and
out of the material.14 It is thus desirable to design solids

wherein changes in material properties do not require
changes in volume or diffusion across macroscopic
dimensions.

Cross-linking reactions have been used to create a
variety of polymeric nanostructures. Block copolymer
micelles with cross-linked shells are being considered
for use as drug delivery vehicles.15-18 Macromolecules
with novel architectures such as wormlike and mush-
roomlike structures have been produced by a com-
bination of block copolymer self-assembly and cross-
linking.19-21 Periodic structures formed in block copoly-
mers and their blends have been stabilized by cross-
linking.22,23 These cross-linked structures have been
used as templates for preparing nanostructured in-
organic materials.24,25 The objective of these studies15-25

was to “fix” the nanostructures.
Our objective is to create cross-linked nanostructures

that disassemble and re-form spontaneously and revers-
ibly in response to changes in temperature. We begin
with a melt of a linear polystyrene-polyisoprene diblock
copolymer that exhibits an ordered phase composed of
polystyrene cylinders arranged on a hexagonal lattice
in a polyisoprene matrix. The ordered phase melts into
a disordered liquid when heated above 114 °C. We added
a cross-linking agent to the block copolymer and con-
ducted the cross-linking reaction at 160 °C, i.e., in the
disordered state. The cross-linking agent used in this
study selectively cross-links the polyisoprene chains.
Experimental characterization of our cross-linked block
copolymers was based on swelling data, optical bire-
fringence, and small-angle X-ray scattering (SAXS). The
experiments confirm the presence of a new kind of
ordered block copolymer phase formed within a cross-
linked matrix. We also report the result of rheological
experiments on the cross-linked block copolymer solids.
Our initial findings are reported in ref 26.

II. Experimental Methods

A polystyrene-polyisoprene (SI) block copolymer was syn-
thesized and characterized by methods described in ref 27. The
weight-averaged molecular weights of the polystyrene and
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polyisoprene blocks were 8 × 103 and 24 × 103 g/mol,
respectively, and we refer to the polymer as SI(8-24). The
volume fraction of polystyrene, f, was determined to be 0.21.
The ratio of the weight to number-averaged molecular weights
(Mw/Mn) was estimated by gel permeation chromatography to
be 1.03. The glass transition temperature (Tg) of the polysty-
rene microphase was determined, using a TA Instruments
model 2920 DSC with a heating rate of 10 °C/min, to be 51
°C. A polyisoprene homopolymer was also synthesized by
anionic polymerization. The weight-averaged molecular weight,
Mw, was 48.7 × 103 g/mol (Mw/Mn was 1.01), and we refer to
the polymer as I(48).

Mixtures of dicumyl peroxide (DCP) and polymer were
prepared by dissolving predetermined amounts of the compo-
nents in benzene. The mixture was dried first at room
temperature for 20 h, followed by further drying in a vacuum
oven at 70 °C for 4 h. The final DCP concentration in the
mixture was determined by weighing the dry mixture. The
finite vapor pressure of DCP at 70 °C led to measurable losses
of DCP during sample preparation.

DCP/SI(8-24) mixtures were molded into disks with 10 mm
diameter and 1 mm thickness using a Carver press at room
temperature. The disk was placed in a Parr high-pressure
vessel and heated for 2 h at 160 °C and 300 psi under a
nitrogen blanket. This led to the formation of bubble-free cross-
linked samples. All of the experiments described below were
performed on the disks thus obtained. Samples are labeled
according to the wt % of DCP which ranged from 0.40 to 1.94%
(Table 1). Reheating the samples to 160 °C resulted in no
changes in the properties of the sample as measured by the
probes given below. We thus conclude that our synthesis
protocol leads to complete consumption of the cross-linking
reagent. We also subjected disks of homopolystyrene and
homopolyisoprene to the same protocol and found that the
homopolystyrene molecular weight remained unchanged, while
the homopolyisoprene was converted to a cross-linked gel. It
is thus obvious that our protocol results in selective cross-
linking of the polyisoprene chains.

The network structure of our samples was studied by
immersing them in toluene, a good solvent for both polystyrene
and polyisoprene, while order-disorder transition tempera-
tures were determined by birefringence and SAXS. Birefrin-
gence experiments were conducted on an apparatus described
in ref 28. The samples were capped with fused quartz windows
and placed in a thermostated oven between crossed polarizers,
and the fraction of incident light power (from a Nd:YAG laser
with wavelength λ ) 532 nm) that was transmitted was
monitored as a function of thermal history. SAXS experiments
were performed on beamline 1-4 of the Stanford Synchrotron
Radiation Laboratory (SSRL) using samples encased between
Kapton windows. The following is the configuration of the
beamline: X-ray wavelength λ ) 1.488 Å, wavelength spread
∼ 1%, and beam diameter ∼ 0.5 mm. Reciprocal space, ranging
from k ) 0.076 to 1.6 nm-1 (where k ) 4π sin(θ/2)/λ), was
probed. The samples were held inside a thermostated oven.
The scattering pattern was recorded with a CCD camera and
azimuthally averaged. After the subtraction of the background
and empty cell scattering, the measured scattering data were
converted to absolute scattering intensity using a secondary
standard provided by SSRL. Rheological measurements were

performed using an ARES rheometer (Rheometric Scientific
Inc.) using 1 mm thick, 10 mm diameter disks. The frequency
(ω) dependence of the dynamic moduli (G′ and G′′) were
measured using a strain amplitude of 2% or less. Independent
measurements over a range of strain amplitudes were made
to ensure that the reported values of G′ and G′′ were in the
linear viscoelastic regime.

III. Experimental Results
Cross-linked samples weighing about 0.02 g were

immersed in excess toluene for 12 h at room tempera-
ture. Samples with DCP wt % e 0.6 dissolved com-
pletely, leaving no trace of a gel. These samples also
did not maintain their shape when heated in the dry
state to 160 °C. Immersing samples with DCP wt %
g0.65 in excess toluene resulted in the formation of a
swollen gel. These samples also maintained their shape
when heated in the dry state to 160 °C. We conclude
that the gel point of our cross-linked samples is obtained
when the DCP wt % is in the vicinity of 0.65. The
polymer volume fraction in the swollen state φ was
determined by weighing the swollen gels. We accounted
for the difference in densities of toluene and SI(8-24)
but ignored the volume change of mixing and loss of
polymer during the swelling experiment. The values of
φ thus obtained are given in Table 1.

After completing the swelling experiments, some of
the samples were dried in a vacuum oven at room
temperature for 12 h and then at 80 °C for 4 h. The gel
fraction, fgel, defined as the ratio of the weight of the
dry sample after the swelling experiment to that before
the swelling experiment, in these samples is also
reported in Table 1.

According to the Flory-Erman theory (FE),13 ho-
mopolymer networks undergoing affine deformation
during swelling, φ, obey the relationship

where ø is the Flory-Huggins interaction parameter
between monomers of the polymer chain and the
solvent, V0 is the unswollen sample volume, and V1 is
the molar volume of solvent. Parameters X and µ depend
on the network structure. For randomly cross-linked
networks Mark and co-workers have shown that29,30

where F is the polymer density, Mn is the number-

Table 1. Characteristics of Cross-Linked Samples

mol wt between cross-links
sample DCP (wt %)

polymer vol
fraction in gel φ

gel
fraction fgel Mc

FE (kg/mol) Mc (kg/mol)
cross-link
density, x

SI[0.00] 0
SI[0.40] 0.4 N/A
SI[0.65] 0.65 0.049 a 13.4 20.6 1.00
SI[0.70] 0.70 0.037 0.471 14.1 19.1 1.08
SI[1.06] 1.06 0.075 0.736 11.5 13.1 1.57
SI[1.16] 1.16 0.083 0.803 10.9 11.6 1.79
SI[1.58] 1.58 0.139 a 7.3 8.5 2.43
SI[1.94] 1.94 0.146 0.875 7.0 6.9 3.00
I[1.00] 1.00 0.076 0.903 14.8 13.4

a Not determined.

ln(1 - φ) + øφ
2 + φ )

-( X
V0

)V1φ
1/3[1 + µ

X
(1 - φ

-2/3)] (1)

X
V0

)
F(Mn/Mc - 3)

2Mn
(2)

µ
V0

)
F(Mn/Mc - 1)

2Mn
(3)
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average molecular weight of the polymer precursor, and
Mc is the molecular weight between cross-links.

Equations 1-3 are strictly applicable to randomly
cross-linked homopolymers. Our system is considerably
more complex because we have randomly cross-linked
one of the blocks of a copolymer. Unfortunately, theories
that address the swelling of cross-linked block copoly-
mers have not yet been developed. Lacking a better
alternative, we used eqs 1-3 to obtain an estimate of
Mc, with the measured values of φ and Mn ) 32 kg/mol.
We assumed that ø ) 0.371, which corresponds to the
volume averaged value of øps ) 0.41 (polystyrene and
toluene) and øpi ) 0.36 (polyisoprene and toluene).31 The
values of Mc thus obtained are denoted as Mc

FE and
given in Table 1. Extensive characterization of polyiso-
prene networks obtained by DCP cross-linking has led
to the conclusion that one cross-link per DCP molecule
is obtained in the system.32 We can thus obtain a second
estimate of Mc from the DCP concentration in our
samples. This estimate is called Mc and is also given in
Table 1. It is clear from Table 1 that there is reasonable
consistency between Mc and Mc

FE. Because of the many
unanswered questions regarding the applicability of the
FE theory to cross-linked block copolymers, we have
chosen to use Mc as a measure of the cross-linking
density of our samples. The results of swelling experi-
ments on a cross-linked I(48) sample with 1.00 wt %
DCP are also given in Table 1. We call this cross-linked
sample I[1.00].

The cross-linking density of our block copolymer
samples is quantified by a parameter x, defined by

where Mc,gel is the molecular weight between cross-links
for the sample at the gel point which is SI[0.65]. The

parameter x is thus a dimensionless measure of cross-
linking density, normalized to unity at the gel point.

In Figure 1, we show typical small-angle X-ray scat-
tering profiles, I(k), obtained from our samples. We
restrict attention to temperatures between 70 °C (above
Tg) and 170 °C (just above the cross-linking tempera-
ture). The data were obtained as a function of increasing
temperature with 10 min equilibration time at each
temperature. At 70 °C, I(k) from the pure block copoly-
mer, SI[0.00], contains a primary peak at km ) 0.31
nm-1 and a second-order peak at k2 ) 0.53 nm-1 (Figure
1a). The ratio k2/km is about x3, which is in agreement
with that expected from cylinders arranged on a hex-
agonal lattice.33,34 The scattering profiles of SI[0.00] are
sensitive functions of temperature. The primary peak
scattering intensity Im changes by a factor of 10 in our
temperature window. The qualitative characteristics of
I(k) change abruptly when T is increased from 100 to
110 °C: the width of the primary peak increases
abruptly, and the second-order peak vanishes. This is
a standard signature of an order-to-disorder transi-
tion.35-38 We thus conclude that TODT of SI[0.00] is 105
( 5 °C.

In parts b, c, and d of Figure 1 we show I(k) measured
from SI[0.65], SI[1.16], and SI[1.94], respectively. We
see that cross-linking suppresses the second-order scat-
tering peak (e.g., see inset of Figure 1b). The primary
scattering peak is thus the dominant feature of the
SAXS profiles from our cross-linked solids. In Figure
2a we plot Im at 70 and 170 °C as a function of cross-
linking density, x, for the solid samples (x g 1). We find
that Im at 70 °C decreases with increasing x, while Im
at 170 °C increases with increasing x. The decrease in
Im at 70 °C with increasing x may reflect an increased
mixing on the length scale of the ordered phase or
increasing structural disorder with increasing x. The

Figure 1. SAXS intensity profile I(k) as a function of scattering vector k for (a) SI[0.00], (b) SI[0.65], (c) SI[1.16], and (d) SI[1.94]
at different temperatures. Filled circles, 70 °C; open circles, 90 °C; filled squares, 110 °C; open squares, 130 °C; filled diamonds,
150 °C; and open triangles, 170 °C. Insets of (a) and (b) show the scattering profiles in the vicinity of the second-order peak at
temperatures 70 °C (filled circles) and 170 °C (open triangles).

x ) Mc,gel/Mc (4)
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slight increase of Im at 170 °C with x indicates that the
cross-linking brings the polyisosprene chains together
and thereby increases the amplitude of the disordered
concentration fluctuations. We define ∆ISAXS to be the
difference between Im at 70 °C and Im at 170 °C. It is
clear from Figure 2b that ∆ISAXS decreases monotoni-
cally with x, indicating that the networks become less
thermally responsive as x increases. In Figure 2c we plot
the slope of the least-squares linear fit through the Im
vs x data at each temperature, dIm/dx, vs T. It is clear
that dIm/dx is a monotonically increasing function of T.
This is in accordance with physical intuition. There is,
however, a clear discontinuity in dIm/dx, when the
temperature is changed from 100 to 110 °C. The
significance of this discontinuity will be made clear
shortly.

The scattering peak at high temperatures (above 110
°C) is due to disordered concentration fluctuations. The
scattering profiles from ordered phases are often ex-
pressed as a product P(k)S(k), where S(k) is the contri-
bution due to the periodicity and P(k) is the form factor

of the individual structures that are placed on the
periodic lattice (e.g., cylinders). We propose a natural
extension of this for periodic structures made up of chain
molecules

where C(k) is the contribution due to chain connectivity.
C(k) will become irrelevant in the strong segregation

Figure 2. SAXS data from cross-linked block copolymer
solids. (a) Intensity of primary SAXS peak, Im, vs cross-linking
density, x, at 70 and 170 °C. (b) Plot of ∆ISAXS, the difference
between Im obtained at 70 and 170 °C, vs x. (c) Plot of dIm/dx
vs temperature T. The discontinuity in dIm/dx occurs at a
temperature that is nearly identical to the TODT of the cross-
linked samples with x e 1.7.

Figure 3. Normalized SAXS intensity IN ) I/[I at T ) 170
°C] vs scattering vector k from SI[0.70] in the vicinity of the
second-order peak at selected temperatures (a) 70, (b) 110, and
(c) 150 °C. Arrows mark higher order peaks at x3km and
x7km, where km is the position of the primary peak. Solid
lines represent least-squares fits of the data to eq 7.

I(k) ) P(k) S(k) C(k) (5)
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limit (i.e., C(k) f 1) where mixing between the two
blocks is not permitted except in the infinitely thin
interface between the microphases. It is clear, however,
that our systems are far from the strong segregation
limit.2,39-41 In the disordered state, when T . TODT, I(k)
is dominated by chain connectivity contributions. We
thus used the measured scattering profile at the highest
temperature 170 °C, I(k)T)170°C, as a measure of C(k)
and define a normalized scattering intensity

It should be clear from the arguments given above that
IN(k) will be dominated by the form factor P(k) and the
structure factor S(k). Typical results for IN(k) are shown
in Figure 3a where we show results obtained from SI-
[0.70] at 70 °C. We focus on the high k region of the
scattering data well beyond the primary scattering peak.
The arrows represent the locations of the x3km and
x7km peaks expected from a hexagonal lattice.42 Plots
of the normalized intensity show clear evidence of the
higher order peaks corresponding to a hexagonal phase
(Figure 3a). In contrast, the I(k) profiles shown in the
inset of Figure 3a show no clear evidence of higher order
peaks.

To estimate the area under the higher order peaks,
we approximate the scattering profile in the region 0.4
nm-1 < k < 1.6 nm-1 by the functional form

where a1, a2, a3, b1, b2, b3, c1, c2, and c3 are fitting
parameters. The first two terms in eq 7 account for the
x3km and x7km peaks while the last term accounts for
the k dependence of the background. The curve in
Figure 3a is the least-squares fit of eq 7 through the
data. The fitting procedure enables determination of the
area under the second-order peak A2 ) b1xπb3.

Figure 3b and 3c show the effect of increasing tem-
perature on IN(k) for SI[0.70]. It is evident that the
higher order peaks diminish in intensity with increasing
temperature. At 150 °C we see the higher order peaks
are no longer evident (Figure 3c). The solid curves in
Figure 3b,c are least-squares fits to eq 7, and they
enable determination of the temperature dependence of
A2 for SI[0.70].

We obtained IN(k) from all of the block copolymer
samples listed in Table 1 and estimated the temperature
dependence of A2 using eq 7 as described above. The
results are shown in Figure 4a, where A2 from different
samples is plotted as a function of temperature. The
finite values of A2 obtained at temperatures e 110 °C
from samples with DCP wt % e 1.06 clearly indicate
the presence of a hexagonal ordered phase in this
temperature range. Since A2 is related to the extent of
long-range order in our system, which, in turn, must
depend on cross-linking density, it is no surprise that
the values of A2 depend on cross-linking density. We
expect a decrease in long-range order with increasing
cross-linking density. This is consistent with the trends
seen in Figure 4a. A point worth noting, however, is that
values of A2 from ordered samples with DCP wt % e
1.06 at a given temperature are comparable in magni-
tude. For example, A2 at 70 °C from the pure block

copolymer SI[0.00] is 0.058 while that from SI[1.06] at
the same temperature is 0.038. This implies that the
intensities of the second-order peak in IN(k) for both un-
cross-linked and cross-linked samples are similar. In
contrast, the second-order peak is not discernable in the
unnormalized I(k) data shown in Figure 1 (compare
parts a and b of Figure 1). Recall that our samples were
made by cross-linking the disordered state at 160 °C.
It is clear that when the DCP wt % e 1.06 the ordered
phase reappears upon cooling.

An abrupt change in ordering behavior is seen in
Figure 4a when the DCP wt % is increased from 1.16
to 1.16. For samples with DCP wt % is g1.16 we see
negligible values of A2 across the entire temperature
window. This implies that when the DCP wt % is g1.06
the ordered phase does not reappear upon cooling.

It is clear from Figure 4a that at temperatures g120
°C the values of A2 for all our samples reach a “baseline”
that lies between 0.01 and 0.00. Deviations from this
baseline were considered as signatures of an ordered
phase. Our method for determining TODT from the SAXS
data is shown in Figure 4b, where we show the tem-
perature dependence of A2 of SI[0.70]. We fit a straight
line through the high-temperature data (T g 130 °C)
and identified the first point of departure from this line
as the order-disorder transition. We identified TODT of
all of the samples with DCP wt % e 1.06 in this manner.

Birefringence measurements can also be used to
detect the presence of anisotropic structures such as
lamellar and hexagonal phases in block copolymers.27,44

Figure 5 shows the temperature dependence of light
intensity I leaking through our samples held between
crossed polarizers, normalized by the incident intensity
(I0). We find that the temperature dependence of I/I0,
shown in Figure 5, is similar to that of A2, shown in
Figure 4a. Samples with DCP wt % e 1.06 show finite

IN(k) ) I(k)/I(k)T)170°C (6)

I(k) ) b1 exp(-
(k - b2)

2

b3
) + c1 exp(-

(k - c2)
2

c3
) +

(a1 +
a2

k - a3
) (7)

Figure 4. (a) Temperature dependence of A2, the area under
the second-order SAXS peak, obtained from cross-linked SI
samples. (b) Temperature dependence of A2 at SI[0.70]. Solid
line is the least-squares fit through high-temperature data (T
g 130 °C). The order-disorder transition is marked by the
first point of departure from this line at T ) 110 °C.
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birefringence signals at low temperatures. In contrast,
samples with DCP wt % g1.16 show negligible bire-
fringence at all accessible temperatures. The birefrin-
gence signal I/I0 from samples with DCP wt % e 1.06
approach “baseline” values ranging from 0.03 to 0.00.
We estimate TODT from the birefringence data using the
same methodology as that described above for the SAXS
data (see Figure 4b). The birefringence data confirm all
of the conclusions made on the basis of the SAXS data
including the effect of cross-linking density on long-
range order.

In Figure 6 we show the rheological properties of our
samples. We restrict our attention to temperatures
between 71 °C (above Tg) and 163 °C (slightly above the
cross-linking temperature). For clarity, G′(ω) and G′′(ω)
are shown in separate plots, without using time-
temperature superposition to shift the data. The data

shown in Figure 6a,b were obtained from SI[0.00]. As
expected, in the low frequency limits we obtain solidlike
properties (G′ and G′′ are insensitive functions of
frequency when T e 100 °C) in the ordered state and
liquidlike properties (G′ ∼ ω2 and G′′ ∼ ω when T g
110 °C) in the disordered state. The rheological proper-
ties of cross-linked samples below the gelation threshold
(x < 1) are qualitatively similar to those shown in Figure
6a,b. Typical rheological data obtained from samples
above the gelation threshold (x g 1) are shown in Figure
6c-f. It is clear that solidlike properties are obtained
in both ordered and disordered states. At low frequen-
cies in the disordered state, G′ approaches a plateau due
to the presence of the cross-linked network.45 The lack
of a plateau in G′′ indicates the presence of polymer
chains that are not attached to the network. This is
consistent with the swelling data presented earlier. We
use the term Gc to indicate the value of the low-
frequency plateau in G′ from our disordered, cross-
linked samples with x g 1. In Figure 7 we show the
dependence of Gc on cross-linking density, x. The circles
in Figure 7 represent experimental data obtained from
our cross-linked block copolymers at 163 °C. The solid
curve in Figure 7 represents the shear modulus for an
ideal network according to the well established theory
of rubber elasticity,45

where R is the gas constant, T is temperature, F is
copolymer density, and Mc is the average molecular
weight between cross-link junctions determined by the
F-E analysis (Table 1). It is assumed that ideal
networks do not contain free chains. It has been

Figure 5. Temperature dependence of the birefringence
signal, I/I0, from samples with various DCP concentrations.

Figure 6. Shear moduli as a function of frequency, G′(ω) and G′′(ω): (a, b) SI[0.00], (c, d) SI[0.70], and (e, f) SI[1.06] at various
temperatures: filled circles, 71 °C; open circles, 81 °C; filled squares, 91 °C; open squares, 101 °C; filled diamonds, 112 °C; open
triangles, 122 °C; filled triangles, 132 °C; open diamonds, 142 °C; filled inverted triangles, 152 °C; open inverted triangles, 163
°C.

Gc
ideal ) FRT/Mc (8)

1282 Hahn et al. Macromolecules, Vol. 38, No. 4, 2005



shown46,47 that for nonideal cross-linked networks con-
taining chains that are not bonded to the network,

The dashed line in Figure 7 represents Gc
nonideal with

fgel values from Table 1. It is clear from Figure 7 that
the cross-linked block copolymers are considerably softer
than predictions based on the well-established theory
of rubber elasticity. To ensure that this was not due to
network imperfections, caused by our cross-linking
procedure, we measured the rheological properties of the
cross-linked polyisosprene homopolymer (sample I[1.00]
in Table 1). The measured value of Gc was 1.5 × 106

dyn/cm2,48 which is in reasonable agreement with
Gc

nonideal, calculated using eqs 8 and 9 and data given in
Table 1 (Gc

nonideal ) 2.0 × 106 dyn/cm2). It is thus clear
that the large departure between Gc obtained from
cross-linked block copolymers and that predicted by
network theories is related to the structural differences
between disordered cross-linked block copolymers and
cross-linked homopolymers. In other words, the differ-
ences in the low-frequency mechanical properties of our
samples cannot be explained by simple changes in either
the average cross-linking density or gel fraction. At high
cross-linking density (x g 2.4), the modulus of the cross-
linked block copolymers is only a factor of 4 smaller than
that of ideal networks (Figure 7). This relatively small
decrease in Gc may be due to the presence of dangling
ends in the cross-linked networks. The volume fraction
of polystyrene (the un-cross-linked block) in our block
copolymer is 21%. Thus, every chain in our networks
has a dangling end composed of an 8 kg/mol polystyrene
block and a polyisoprene block of variable length. At low
values of x (x e 2), however, the values of Gc are smaller
than those obtained from ideal network theories by
factors ranging from 20 to 200 (Figure 7). Such large
differences cannot be explained on the basis of changes
in the length of the dangling ends. A possible reason
for the unusually low values of Gc from our systems with
x e 2 is the presence of “mobile” concentration fluctua-
tions. We envision our samples to be composed on
regions that are stiff (where most of the cross-linked
polyisosprene chains reside) and mobile (where most of
the un-cross-linked polystyrene chains reside) and that

the applied strain is localized in the mobile regions. The
presence of a SAXS peak in all of our samples (Figure
1) clearly indicates the presence of concentration fluc-
tuations. One measure of the mobility of the concentra-
tion fluctuations is provided by ∆ISAXS. Samples con-
taining structures that are thermally responsive are
characterized by large values of ∆ISAXS, while those that
have a frozen disordered state at all temperatures are
characterized by a large value of ∆ISAXS. It is therefore
instructive to plot Gc vs ∆ISAXS, as we have done in
Figure 8. The data indicate an exponential decrease in
Gc with increasing ∆ISAXS. There thus appears to be a
coupling between the thermal responsiveness of the
cross-linked block copolymer solids, as gauged by the
magnitude of ∆ISAXS, and their mechanical responsive-
ness, as gauged by the magnitude of Gc. This coupling
provides a new avenue for controlling the mechanical
properties of cross-linked solids.

In Figure 9a we show the temperature dependence
of the primary SAXS peak intensity Im obtained from
SI[0.70] during a heating and cooling cycle. It is clear
that the changes in the sample structure as seen in the

Figure 7. Plateau modulus, Gc, as a function of the cross-
linking density x. Filled circles represent measured values of
Gc of the cross-linked block copolymer solids. The curves show
theoretical predictions of Gc. Solid curve is the ideal network
model (eq 8), while the dashed curve is the nonideal network
model (eq 9).

Gc
nonideal ) Gc

idealfgel (9)

Figure 8. Low-frequency plateau modulus, Gc, vs difference
between Im obtained at 70 and 170 °C, ∆ISAXS, for cross-linked
block copolymer solids.

Figure 9. Temperature dependence of (a) primary SAXS peak
intensity, Im, during heating (filled circles) and cooling (open
circles) of SI[0.70] and (b) the birefringence, I/I0, during two
heating and cooling cycles of SI[0.70]. In (a) the heating and
cooling cycle data are almost identical.
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SAXS data are reversible. In addition, there is no
evidence of hysteresis in the data shown in Figure 9a.
In Figure 9b we show the birefringence results obtained
in heating and cooling cycles from samples SI[0.70]. It
is evident that SI[0.70] must be supercooled substan-
tially below TODT before the signatures of a fully ordered
sample are obtained. The absence of hysteresis in the
SAXS measurements and the presence of hysteresis in
the birefringence measurements were observed in all
of the samples with DCP wt % e1.06. This is due to the
difference in length scales probed by the two techniques.
SAXS probes the local structure on the length scale of
the periodicity of the ordered phase (20 nm) while the
birefringence measurements probe the structure on the
length scales of the ordered grains (1 µm). The data
shown in Figure 9b were obtained from two independent
heating and cooling cycles. There is virtually no differ-
ence between the birefringence data obtained from the
two cycles. It is thus clear that the order-disorder
transitions in our solids can be accessed repeatedly and
reversibly. We have thus accomplished our objective as
stated in the Introduction.

In Figure 10, we show the dependence of TODT on
cross-linking density x as measured by both birefrin-
gence measurements and SAXS. The phase diagram
contains three kinds of phases: disordered liquids (DL)
defined as samples below the gel point (x < 1) with
negligible (I/I0) and A2, disordered solids (DS) defined
as samples above the gel point (x g 1) with negligible
(I/I0) and A2, and ordered solids (OS), defined as samples
with finite values of (I/I0) and A2 regardless of x. The
ordered solid is confined to a region of boxlike shape
indicating the presence of two regimes: (1) a regime
where TODT is essentially independent of the cross-link
density (x when e 1.7) and (2) a regime where ordered
solids cannot be observed in our experimental window
(x > 1.7). The triangles in Figure 10 indicate the order-
disorder transition temperatures of the samples with x
> 1.7 are below Tg, i.e., they could not be measured.
The discontinuity in the dIm/dx vs T data in Figure 2c
occurs at a temperature that is nearly identical to the
TODT of our cross-linked samples with x e 1.7.

To our knowledge, the fact that block copolymer
chains composed of hundreds of repeat units can un-

dergo reversible order-disorder transitions despite the
attachment of one of the blocks to a cross-linked network
has not been shown in previous studies.15-25 However,
liquid crystalline elastomers,7,49-51 wherein low molar
mass mesogens are covalently attached to an elasto-
meric network, do exhibit reversible nematic-to-isotropic
phase transitions in response to changes in tempera-
ture. Considerable insight into the phase behavior of
these systems has been obtained through a combination
of careful synthesis, characterization, and theory.7,49 In
a closely related study Sakurai et al.23 examined the
effect of cross-linking on the morphology of a polystyrene-
block-polybutadiene-block-polystyrene (SBS) copolymer.
The SBS copolymer exhibited a lamellar phase in bulk
at all accessible temperatures. A disordered sample was
prepared by adding adequate amounts of dioctyl phtha-
late (DOP), a common solvent for both polystyrene and
polybutadiene blocks. The polybutadiene blocks were
cross-linked in the disordered state, and the DOP was
then solvent-extracted to obtain a dry but cross-linked
SBS sample. It was found that these cross-linked SBS
samples were disordered. However, annealing these
samples led to the reappearance of the lamellar phase.
This study demonstrates that cross-linking does not
impede order formation when the driving forces for
order formation are sufficiently large. The changes in
structure seen in the cross-linked SBS samples upon
annealing are, however, irreversible. There was no
possibility of obtaining a disordered phase in these
cross-linked samples because the order-disorder transi-
tion of the block copolymer was inaccessible even in the
absence of cross-links.

IV. Conclusions

We have accomplished our goal of synthesizing and
characterizing cross-linked block copolymer solids that
undergo reversible order-disorder transitions, thereby
opening the door to applications such as shape memory
materials and artificial muscles. Ordered solids were
synthesized by selectively cross-linking the polyisoprene
chains of a polystyrene-polyisoprene block copolymer,
at temperatures well above the order-disorder transi-
tion of the pure block copolymer in the absence of cross-
links. The resulting networks were characterized by
swelling experiments, which gave x, the average of the
cross-linking density, and birefringence and SAXS
experiments which enabled the determination of the
order-disorder transition temperature, TODT, as a func-
tion of x. Two regimes of behavior were observed: (1)
below a critical value of x, TODT was a weak function of
cross-linking density, and (2) above a critical value of
x, TODT decreases extremely rapidly with cross-linking
density. Rheological measurements revealed the pres-
ence of a low-frequency plateau in G′ in the disordered
cross-linked solids. The value of the plateau modulus
is orders of magnitude lower than that obtained from
homopolymers with the same cross-linking density.
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