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ABSTRACT: Small angle neutron scattering has been used to measure the radius of gyration of deuterated
linear polystyrene at dilute concentration contained in a polystyrene network with different crosslink
densities. At each crosslink density, four samples with different linear chain concentrations (less than
the overlap concentration) were made. The lower crosslink density samples (Nc >180) remained single
phase, while higher crosslink density samples showed evidence of phase separation. Zimm plots were
made for all samples which were single phase, and the second virial coefficient was obtained as a function
of crosslink density. It was found that the second virial coefficient decreased with increasing crosslink
density. Single chain form factors were obtained by extrapolating the scattering data to zero concentration
of the linear chain for the single phase samples. A modified Debye equation was used to fit the zero
concentration extrapolated scattering data over the entire experimental q range to obtain the radius of
gyration, Rg, for the linear chain. It was found that Rg was a function of the crosslink density. When
the crosslink density was low (Nc > Nl), Rg did not change appreciably and had a value nearly the same
as in the melt. For higher cross-link density samples (Nc < Nl), Rg was found to decrease with increasing
crosslink density and the scaling relation Rg

-1 ∼ Nc
-1 was observed. Chain segregation was observed for

the highest crosslink density samples. The dependence of Rg on crosslink density can be qualitatively
explained using a theory for the conformation of polymer chain in a random media. For the phase
separated samples, a two correlation length theory was used to fit the scattering data.

Introduction

The conformation of an isolated linear polymer chain
trapped in a network is an important problem in the
field of polymer physics. In addition to shedding light
on the interaction between the linear chain and the
network matrix, this problem is related to problems in
other fields such as diffusion of linear polymer chains
(in a network), gel permeation chromatography, polymer
chain transport through membranes and porous struc-
tures, and gel electrophoresis.1-11 If the crosslink points
in a polymer network can be equated to quenched
random obstacles, the conformation of a polymer chain
in a network can be related to the conformation of a
linear chain in a quenched randommedium. A quenched
random medium is defined as a medium containing
obstacles randomly distributed in space and fixed in
position (i.e. quenched). A number of theories and
computer simulations have been published in the lit-
erature describing polymer chain conformation in such
media.12-20 In general, it has been found that the radius
of gyration, Rg, depends on the obstacle density. In the
work by Muthukumar et al.14,16-17 it was found that for
Gaussian chains, when the density of obstacles is low,
there is a transition when from a self-avoiding polymer
chain (i.e. a chain exhibiting excluded volume effects)
to an ideal Θ statistics. The existence of the quenched
random obstacles reduces the strength of the excluded
volume effects (equivalent to lowering the quality of the
matrix solvent). When the density of obstacles is higher,
a transition from a Gaussian chain to a localized
collapsed chain occurs. Gersappe et al.18 have shown

by computer simulation that the chain statistics remain
the same in the presence of the obstacles and the
changes in Rg with increasing obstacle density operate
only though the prefactor for Rg. In the Monte Carlo
lattice simulation by Honeycutt and Thirumalai,19 it
was shown that polymer chains in a porous media
collapse and the collapsed polymer chains (located in
obstacle-free regions) were considerably more spherical
(less anisotropic) than random coils. Although many
of the details of the systems examined in the theoretical
work mentioned above differ, it has generally been
found that the Rg shrinks in the presence of random
obstacles.
Although there are a number of theoretical studies

and computer simulations in the literature, only a few
experiments related to this problem have been per-
formed. In the small angle scattering (SANS) work by
Boué et al.,21 it was found that the Rg of the free linear
chains was equivalent to that found in the melt for
linear chains which were the same as the length of
network strands. In the work by Wu and Jong,22 the
Rg of the linear chains was measured by SANS using
contrast variation and was observed to be smaller than
in the corresponding uncrosslinked melt, although for
most of the samples the linear chains appeared to be
segregated. Recently, Horkay et al.23 also observed a
significant decrease in the Rg of trapped chains in a
solvent swollen crosslinked polymer by SANS. In all
of these previous experiments, only a few crosslink
densities were studied. In the work reported here,
SANS was used to measure the Rg of deuterated linear
polystyrene (PSD) chains trapped in a protonated
polystyrene (PSH) network as a function of crosslink
density. A broad range of crosslink densities was
studied, covering mesh sizes from much larger to much
smaller than the length of the linear chain. The linear
chain concentrations for all of the samples were less
than φ* (the overlap concentration) to eliminate inter-
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chain interactions. The single chain form factor was
obtained from the SANS data by extrapolation to zero
linear chain conformation.

Theory
A. Measurement of Single Chain Form Factor

by SANS for Dilute Mixtures. Among other things,
SANS can be used to study both the morphology in a
phase separated polymer mixture and the polymer chain
conformation in a single phase system. The single chain
scattering factor can be obtained from SANS data by
using theories which have been developed over the
years.24-27

Using the Flory-Rehner swelling theory,28,29 the free
energy of a swollen network containing free linear
polymer chains can be written as

where φl is the volume fraction of the linear chain; φs is
the volume fraction where the network is relaxed (i.e.
reference state of the network which is usually taken
as the volume fraction where the network was formed25);
Nc is the average number of repeat units between
crosslink points in the network; Nl is the average
number of repeat units in the linear chain; vl, vc, and
v0 are the molar volumes of the network repeat unit,
linear chain repeat unit, and reference volume for the
lattice, respectively (usually v0 is given as (vcv1)1/2); and
ø is the Flory-Huggins interaction parameter. The
chemical potential of the linear chain in the network is
given by ∆µ1 ) ∂(∆F/kT)/∂nl, where the ∆F is the total
free energy of the system and nl is the number of moles
of the linear chain in the network. Swelling equilibrium
is reached when the chemical potential of the linear
chains in the network is equal to the chemical potential
of pure linear chains. Accounting for concentration
fluctuations in the already swollen network30 and as-
suming φs ) (1 - φl), the zero angle scattering can be
calculated as

where kn is the contrast factor for neutron scattering.
For small φl, eq 2 can be written as a virial expansion

where the A2 is the second virial coefficient and is given
by

This is consistent with the classical Zimm equa-
tion,24,25,31,32 which describes the scattering from a dilute
concentration polymer mixture:

where I(q) is the measured scattering intensity, 〈Pl(q)〉w

and 〈Nl〉n are the weight average single chain form factor
and the number average degree of polymerization. In
the limit of infinite dilution (φl f 0), the effect of A2 is
eliminated and eq 5 reduces to the single chain form
factor:

For a polymer with a Zimm-Schulz molecular weight
distribution,25,33 〈Pl(q)〉w can be written as34

where 〈x〉n ) (Rgq)2 and Rg is the number average radius
of gyration, h ) 1/(〈N〉w/〈N〉n - 1), and 〈N〉w is the weight
average degree of polymerization. Equation 5 is used
to extrapolate the experiment scattering data to the
limit of φl f 0 (infinite dilution) for all values of q to
obtain limφlf0(I(q)/knφl) (the single chain form factor).
This allows the nonlinear fitting of eq 6 to the data using
all values of I(q) to obtain Rg rather than the traditional
low-q Zimm approximation.
B. Radius of Gyration of Linear Chains in a

Matrix of Quenched Random Obstacles. A calcula-
tion by Edwards and Muthukumar,14,16,17 showed that
when the attractive interactions arising from the ob-
stacles dominate over the excluded volume contribu-
tions, the radius gyration of free linear chains in a
quenched random medium is a function of the obstacle
density:

where F is the density of the obstacles, b is the statistical
segment length, and C ) eu2 (e is a constant and u is a
positive interaction constant between the polymer seg-
ment and the obstacles). If the obstacles correspond to
the crosslink points of the polymer network and 2Nc >>
1, then we expect F ≈ 1/2νcNc. By substituting this
relation into eq 8, the radius of gyration, Rg, can be
rewritten as a function of Nc and for the limiting cases:

where Rg(Θ) is the radius of gyration of the linear chain
at Θ conditions. This predicts that as the obstacle
density increases, the chain undergoes a crossover from
the Gaussian state to a localized state where the inverse
of the radius of gyration is proportional to the inverse
of Nc.
C. SANS from Two Phase Polymer Mixtures.

For an incompressible, randomly distributed two phase
polymer system with sharp interfaces, the scattering
intensity can be obtained as35,36

∆f
kT
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where φS is the volume fraction of phase separated
component and ê is the Debye-Bueche correlation
length, which is related to the size of the heterogene-
ities. According to eq 10, a plot of I(q)-1/2 versus q2
should give a straight line.
For two phase polymer systems with complex mor-

phologies, a deviation from linearity in the low-q region
is often observed in I(q)-1/2 versus q2 plots.37-39 In order
to account for this, the Debye-Bueche analysis has been
modified and a two-correlation length model has been
proposed.37 The scattering intensity based on this two-
correlation length model can be calculated as

where B1 ) 8πê13fφs(1 - φs)kn, B2 ) π3/2ê23(1 - f)φs(1 -
φs)kn, ê1 is the short-range correlation length, ê2 is the
long-range correlation length, and the parameter f is
the fractional contribution of the short-range correlation
length to the total correlation function which can be
calculated as f ) B1/[B1 + 8/π1/2(ê1/ê2)3B2]. The f
parameter provides the information of the distribution
of second phase domains in the bulk materials. The
case of f ) 1 corresponds to where the second phase
domains are distributed in space uniformly, and 0 < f
< 1 refers to where the second phase is heterogeneously
distributed. The average size 〈lc〉 and the average
volume 〈v〉 of the second phase domains can also be
calculated from the two-correlation lengths and the f
parameter which is given as 〈lc〉 ) 2fê1 + (1 - f)ê2π1/2

and 〈v〉 ) 8fê13 + (1 - f)π1/2ê23.

Experimental Section
A narrow molecular weight distribution, anionically polym-

erized, deuterated linear polystyrene (PSD) was obtained from
Polymer Labs, Inc., with Mw ) 85 000 and Mw/Mn ) 1.02.40
The styrene monomer and divinylbenzene were purchased
from Aldrich Chemical Co. The linear deuterated polystyrene
was then dissolved in styrene monomer containing a small
amount of divinylbenzene (DVB) as the crosslinking agent.
Free radical polymerization using AIBN as the initiator was
performed to form the polystyrene network around the linear
chains. The polymerization was done using the following
temperature history: 3 h at 50 °C, 3 h at 60 °C, 12 h at 70 °C,
and another 3 h at 130 °C. By varying the amount of the
divinylbenzene, nine different crosslink densities were syn-
thesized (see Table 1). For each crosslink density, four
different concentrations of linear chains were made. In all
cases, the concentration of the linear chains was less then the
overlap concentration φ*. After polymerization, the samples
were cut and polished into disks suitable for SANS (1 mm in
thickness and 14 mm in diameter). The samples were
sandwiched by two quartz windows and placed in brass sample
cells. Before the neutron scattering, all of the samples were
annealed at 120 °C for about 24 h.
The crosslink densities of the samples were calculated from

the stoichiometry of the divinylbenzene, and the results were
checked by swelling.41 The toluene was used as the swelling
solvent, and the Flory-Huggins interaction parameter for
polystyrene/toluene at room temperature was taken as 0.40.42
The final crosslink densities were calculated by averaging the
results of stoichiometry and swelling measurements (Table 1).
The 30 m SANS instrument at the Cold Neutron Research

Facility (CNRF) at the National Institute of Standards and
Technology (NIST) was used for the scattering experiments.
In this study, the incident neutron wavelength was 5 Å, and

the wavelength resolution, ∆λ/λ ∼ 0.15, where λ is the
wavelength of the neutron beam and ∆λ is the full width at
half-maximum. The data were not desmeared for instrumen-
tal resolution. A two-dimensional detector was used to collect
the scattering data. The samples were kept at 140 ( 0.2 °C
(above the polystyrene glass transition temperature) for the
SANS experiment. The observed scattering intensity was
corrected for background scattering, sample transmission and
thickness, empty cell scattering, cell by cell variation of the
detector efficiency, and the incoherent scattering.43 The
intensity was then converted to an absolute scale using a
secondary intensity standards calibrated at NIST.58 The
corrected two-dimensional data were then circularly averaged
to obtain the dependence of scattering intensity on the wave
vector (q ) (4π/λ) sin(θ/2), where θ is the scattering angle).
Error bars were calculated on the basis of the standard
statistical analysis of the fits to the data and represent 2
standard deviations. Error bars on calculated quantities were
based on standard propagation of errors.44

Results and Discussion
A. Discussion of Compatibility. The scattering

intensity in the low-q range for a single phase binary
polymer blend should follow the Ornstein-Zernike
equation,45,46 and a plot of 1/I(q) versus q2 should give
a straight line. In this experiment, it was found that
for samples with Nc > 640 the 1/I(q) versus q2 plots do
show linear behavior, but for samples with Nc < 260 a
significant increase in the scattering intensity at the
low-q region was observed. For samples with Nc ) 260
and 340, only the lowest concentration samples show
linear behavior. Nonlinear behavior implies that seg-
regation of the linear chains had occurred. Figures 1
and 2 are 1/I(q) versus q2 plots for samples with Nc )
740 and Nc ) 180 showing the two types of behavior.

Table 1. Radius of Gyration, Second Virial Coefficient,
and the Chain Expansion Factor as a Function of Nc

a

sample Nc Rg Å A2 × 105, mol/cm3 R ) Rg/Rg(Θ)

1 ∞ 70.8 ( 0.4 0.55 ( 0.26 1.00
2 740 70.1 ( 0.4 -1.63 ( 0.41 0.99
3 640 66.8 ( 0.5 -1.44 ( 0.50 0.94
4 340 64.3 ( 0.7 -7.22 ( 0.90 0.91
5 260 62.0 ( 0.6 -8.58 ( 1.12 0.88
6 180 b b b
7 100 b b b
8 50 b b b

a Mw ) 79 200; Mw/Mn ) 1.02. b The linear chains have segre-
gated in these samples.

Figure 1. Ornstein-Zernike plot for the sample with Nc )
740.

I(q) )
8pê3φS(1 - φS)kn

(1 + q2ê2)2
(10)

I(q) )
B1

(1 + q2ê1
2)2

+ B2 exp[-
q2ê2

2

4 ] (11)
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Although classical rubber elasticity can be used to
calculate the expected degree of swelling for a particular
crosslink density network swollen by a given molecular
weight linear chain, one cannot predict the observed
phase separation point for the materials on the basis of
this model. Classical theory defines a reference state
of the network (φs in eq 1) which represents the volume
fraction where the network is relaxed (i.e. not subject
to swelling forces). Generally this is taken to be the
volume fraction where the network is formed, which
leads to the condition that the network chains should
be relaxed at the end of the polymerization (even in the
presence of the unattached linear chains). If the
network is truly relaxed under the conditions of syn-
thesis, then phase separation should not occur with
increasing crosslink density or increasing length of the
linear chain, as has been observed in this work and
other studies involving networks containing linear
chains or for networks polymerized in solution.21,22 No
theoretical or practical way of dealing with the problem
of determining the reference state of the network has
been determined. Consequently, on the basis of the
traditional view of swelling theory, the samples in this
work would not have been expected to phase separate
even at high network densities if the network were in
the relaxed state as polymerized. Clearly other factors
beyond the traditional theory are required, such as
where the conformation of the chain is altered due to
the presence of the crosslinks (i.e. random obstacles).
It should also be pointed out that the phase separation

observed in this experiment was not driven by the
isotope effect, which leads to a small positive interaction
parameter between deuterated and protonated polysty-
rene, øH-D.45 The critical value of øs/v0 for phase
separation in the limiting case of infinite molecular
weight of one component (i.e. a network) can be esti-
mated from the equation for the spinodal based on the
Flory-Huggins free energy of mixing by taking the limit
as the molecular weight of one species becomes infinite
and is given by øs/v0 ) 1/2φlNlνl. The critical value for
the highest concentration of linear chain studied in this
work (φl ) 5%) is øs/v0 = 1.33 × 10-4 mol/cm3, which is
significantly larger than the value reported for øH-D
(øH-D/v0 ≈ 2 × 10-6 mol/cm3). This indicates that the
isotope effect should not be a significant influence on
the segregation of the linear chains in this work.

It should be noted that another possible explanation
for the phase separation is that the crosslinking agent
(DVB) is chemically different from the PS. This might
give rise to an additional enthalpic interaction to the
crosslink points. This should be a small effect, and on
the basis of copolymer theory one would expect this
interaction to scale as ∼φDVB2 or 1/Nc

2, which, for the
relatively low levels of crosslinking used in this study,
should not play an important role.
B. Analysis of Single Phase Samples. The scat-

tering curves for the samples with Nc ) 740 are given
in Figure 3. The scattering intensity was normalized
by dividing by the linear chain concentration. The
normalized scattering curves do not completely overlap
with each other due to an effective second virial coef-
ficient, A2, which is not zero. In order to obtain the
single chain form factor, the effect of A2 needs to be
eliminated by extrapolating to zero concentration. Equa-
tion 5 was used to do this extrapolation, and the zero
concentration extrapolated scattering data were ob-
tained over the full q range.
Once the zero concentration extrapolated data were

obtained, eqs 6 and 7 were used to fit the data for the
single phase samples over the entire q range by non-
linear regression to obtain a best fit Rg. The data for
the uncrosslinked sample (Nc ) ∞) were fit first, and
the best fit linear chain molecular weight and unper-
turbed radius of gyration, Nl

∞ and Rg
∞, were obtained.

The value of Nl
∞ was then held constant in fitting the

data for the crosslinked samples to obtain Rg. The
results are presented in Table 1. The zero concentration
extrapolated scattering curve for the sample with Nc )
740 and the fit are shown in Figure 4.
In the limit of small q, eq 7 can be expanded which

can be substituted into eq 5, which can be rewritten as

According to this equation, in the φl f 0 limit, a plot of
I(q)-1 versus q2 should be linear and the radius of
gyration, Rg, can be obtained from the slope. On the
basis of eq 12, φl/I(q) versus q2 can also be cross-plotted
for different concentration samples, which is the clas-
sical Zimm plot.24,25 The extrapolated φl/I(0) data
plotted versus φl should be linear, and the second virial

Figure 2. Ornstein-Zernike plot for the sample with Nc )
180.

Figure 3. I(q)/fl versus q for the samples with Nc ) 740.

knφl
I(q)

)
(1 + h)
vl〈Nl〉wh

[1 +
q2(2 + h)〈Rg〉n

2

3h ] + 2A2φl (12)
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coefficient can be obtained. As an example, a classical
Zimm plot for the samples with Nc ) 740 is given in
Figure 5. For the single phase samples, values for A2
were obtained as a function of crosslink density and the
results are listed in Table 1. A plot of the measured A2
versus Nc

-1 is given in Figure 6, and the solid line is
the linear least squares fit to the data. The experimen-
tal observation is that A2 decreases with increasing
crosslink density (or decreasing Nc). As discussed
earlier, the phase separation indicated by the decreasing
A2 cannot be explained by classical theory, as eq 4
predicts the opposite dependence of A2 with Nc. The
theoretical prediction from eq 4 is shown as a dashed
line in Figure 6.
According to eq 2, a plot of I(0)-1 versusNc

-1 for same
linear chain concentration samples also gives a straight
line. A typical plot of I(0)-1 versus Nc

-1 for φl ) 0.0177
is given in Figure 7. The solid straight line was the
linear least squares fit to the experimental data. The
predicted scattering based on eq 2 was plotted in Figure
7 as the dashed line. The calculated line in Figure 7
also has a slope which is opposite to the data, similar
to the results predicted in Figure 6 for A2. The analysis

of both A2 and I(0) based on classical theory ignores any
possible dependence of ø on the crosslink density which
has been observed in some systems,48,49 although this
effect is expected to be small in comparison with the
observed trends.
The difference between the calculated and measured

values of A2 and I(0)-1 has been observed previously.
Briber and Bauer41 discussed this difference as a failure
of classical Gaussian rubber elasticity to adequately
describe the zero angle scattering. Gaussian rubber
elasticity predicts that as the crosslink density increases
(Nc decreases), the scattering should decrease. At a
fixed temperature, as the crosslink density increases,
theory predicts that the value of (ø - øs) should increase
causing a decrease in I(0). This is not what is observed
experimentally. It remains to be seen if other theories
for rubber elasticity can explain the experimental
results.
An alternate explanation has been proposed by Bas-

tide et al.,50 where the excess scattering intensity (from
the swollen network) is due to a nonuniform density of
crosslinks. Regions of nonuniform crosslink density
exist due to sample preparation, and subsequent swell-

Figure 4. Zero concentration extrapolated scattering versus
q for the sample with Nc ) 740.

Figure 5. Zimm plot for samples with Nc ) 740. The dashed
line is the theoretical prediction.

Figure 6. Second virial coefficient versus Nc
-1.

Figure 7. I(0)-1 versusNc
-1 for the samples with linear chain

concentration equal to 0.02. The dashed line is the theoretical
prediction.
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ing allows the observation of these regions by scattering.
Although crosslink density may be nonuniform in these
networks, it seems unlikely that it would affect the
scattering as strongly as is observed at the very low
effective degree of swelling studied in this work. Re-
cently, Rabin and Onuki51 have proposed that the
fundamental assumptions of classical rubber elasticity
where the free energy of the gel is the sum of an elastic
strain energy and mixing free energy (with the free
energy of mixing for the swelling species being the same
as that for an identical polymer blend) is not valid. The
difference between the theoretical prediction and the
experimental data observed in this work and others41,49
could indicate that the basic assumptions of the classical
theory may be questionable. Also recent work by
Fredrickson et al.52,53 shows that the presence of a
crosslink dependent effective interaction parameter, ø,
can be explained by molecular architecture differences
in polymer blends of the same chemical species.
C. Radius of Gyration as a Function of Crosslink

Density. For the samples which remained in the single
phase state, the zero concentration extrapolated data
can be plotted as I(q)-1 versus q2 to provide an easy
method for observing Rg (eq 12). Figure 8 is a plot of
the extrapolated zero concentration scattering data for
five different crosslink density samples. The solid lines
are linear least squares fits to the data sets which show
linear behavior. The slope of the straight lines decrease
as the crosslink density increases, indicating that Rg for
the linear chains decreases as Nc decreases. For
samples with higher crosslink densities, the scattering
increases dramatically in the low-q region (and no
longer shows linear I(q)-1 versus q2 behavior), indicating
that the linear chains have segregated.
Figure 9 shows the radius of gyration as a function

of the crosslink density. The solid line in Figure 9 is
the theoretical prediction by eq 8, and the constant, C,
in eq 8 was found to be 77.2 molecule-2, which can be
related to the dimensionless pseudopotential of the
random obstacles. Three different regimes can be
distinguished in Figure 9. The first region corresponds
to where the mesh size of the network is larger than
the length of the linear chain (Nc > Nl), and no change
in the linear chain radius of gyration as a function of
crosslink density is observed. The theoretical prediction
in this region also shows a very slow change of radius

of gyration as a function of crosslink density. The
second region occurs when the network mesh size is less
than the length of the linear chain (Nc < Nl) and a
systematic decrease in the radius of gyration is observed
as a function of the crosslink density. In this region,
the scaling law predicted by eq 9 is observed as expected
if the crosslink points are acting like random obstacles
influencing the radius of gyration of the linear chain.
The third region occurs when the mesh size is much
smaller than the length of the linear chain (Nc << Nl)
and segregation of linear chains is observed. This
segregation is clearly shown by the non-Gaussian scat-
tering (nonlinear) behavior observed in Figure 8. This
region corresponds to the samples where the chains
have segregated. Computer simulations have found19
the shape of the polymer linear chain in a porous
medium is considerably more spherical (less anisotropic)
than typical random Gaussian coils. The experiments
discussed in this paper do not provide information on
the anisotropy in the shape of the segregated polymer
chains. This third region should probably correspond
to a metastable state. If the system were in equilibrium,
the network would shrink and linear chains would be
expelled from the network.54 This kind of phase sepa-
ration between the network and the swelling agent
(sometimes called microsyneresis) has been observed
before in network/solvent systems.54 For the system
discussed in this paper, the process of expelling the
linear chain from the network should be very slow and
chains probably become trapped in regions of the
network with lower crosslink density.
The contraction (or expansion) of the polymer chain

relative to its Gaussian state can be described by an
expansion factor, R, defined as28 R ≡ Rg/Rg(Θ), where
Rg is the observed radius of gyration and Rg(Θ) is the
radius of gyration in the theta state. In this study, Rg
is taken as the radius of gyration of linear chain in a
crosslinked matrix and Rg(Θ) is taken as the radius of
gyration of the linear chain in the uncrosslinked matrix.
The calculated values of R as a function of crosslink
density are listed in Table 1. The values of R observed
here prior to segregation of the chains are in the same
range as those found for the collapse transition for linear
polystyrene in dilute solution.56

D. Analysis of Two Phase Samples. For the
higher crosslink density samples, the nonlinear behavior

Figure 8. I(q)-1/2 versus q2 for the zero concentration ex-
trapolated data for five different crosslink density samples.

Figure 9. Rg
-1 versus Nc

-1.
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at the low-q region of the Ornstein-Zernike plots
implies that the free chains have segregated and are
not dispersed uniformly. This is also the behavior
exhibited by most of the samples studied by Wu and
Jong, where a decrease in the Rg of the linear chain was
observed in the segregated regions using SANS and
contrast variation.22 The curvature of I(q)-1 versus q2
plots in the low-q region changes with linear chain
concentration and crosslink density for all of the phase
separated samples. In general, the curvature changes
from concave downward to convex upward with increas-
ing crosslink density at fixed linear chain concentration
(Figure 10).
Based on the Debye-Bueche equation for a two phase

structure with sharp interfaces, a plot of I(q)-1/2 versus
q2 should be a straight line. As an example, a plot of
I(q)-1/2 versus q2 for the samples with Nc ) 180 is given
in Figure 11. The data in this plot show relatively linear
behavior in the high-q region and a significant deviation
from linearity in the low-q region. In general, for a
given crosslink density, the low-q curvature decreases
with increasing linear chain concentration. This non-
linear behavior in the I(q)-1/2 versus q2 plot demon-

strates that the structure of these samples does not fit
the Debye-Beuche model. The changing curvature in
the I(q)-1/2 versus q2 plot in the low-q region has been
observed before for other systems37-39 and can be
analyzed using a two-correlation length scattering
model.37 This model is summarized in the theoretical
section, and the scattering intensity is given by eq 11.
The first term in eq 11 is the normal Debye-Bueche
term, and the second term is Guinier type scattering.57
According to this equation the sum of B1 and B2 equals
I(0). Nonlinear regression fitting of the data can be
performed using eq 11 by floating three parameters, B1,
ê1, and ê2 with the constraint that B2 ) [I(0) - B1]. The
zero angle scattering intensities were obtained by
Guinier extrapolation of the low-q scattering data to q
) 0 (ln[I(q)] versus q2).57 The best fit curves are
presented in Figure 11 as solid lines. The model was
found to fit the data quite well. The best fit parameters
B1, ê1, and ê2 are listed in Table 2. If we assume that
in the phase separated samples the segregated linear
polymer forms spherical particles, the average size 〈lc〉
and the average volume 〈v〉 of the particles can be
calculated, and the values are also given in Table 2.
In the two-correlation length model, the correlation

length, ê1, is the short-range correlation length and, ê2,
is the long-range correlation length. ê1 is related to the
average size of the primary particle, and ê2 is related
to the average cluster size of the primary particles. Plots
of ê1 and ê2 as a function of linear chain concentration
and crosslink densities are given in Figures 12 and 13,
respectively. Figure 12 shows that at constant crosslink
density, ê1 increases with increasing linear chain con-
centration while ê2 is relatively constant. Figure 13
shows that at constant linear chain concentration both
ê1 and ê2 decrease with decreasing crosslink density.
The parameter f is defined as the fractional contribu-

tion of the exponential correlation function to the total
scattering. It was found that f decreases with increas-
ing linear chain concentration for samples with the
same crosslink density and when the crosslink density
increases for the samples with the same linear chain
concentration. The behavior of ê1, ê2, and f as a function
of linear chain concentration is consistent with a model
of segregated chains in regions which increase in size
and contain more chains as the concentration increases.
The extrapolated zero angle intensity (I(0) ) B1 + B2)

from Table 2 indicates that the segregated chains
consist of aggregates of multiple chains. The number
of chains can be estimated by dividing I(0) for the
segregated samples by the expected I(0) if chains were
uniformly dispersed. For example, the number of
aggregated chains varies from about 2 to 5 as the
concentration varies from 2 to 5% for the samples with
Nc ) 180. Clearly, as the crosslink density increases,
it becomes unfavorable for the linear chains to remain
dispersed, though the network and aggregation occur.
This aggregation process occurs during the polymeri-
zation of the network around the linear chains and
probably results in a morphology which is non-equilib-
rium with the linear chains trapped in regions of lower
crosslink density. Annealing of the samples was per-
formed after the synthesis to allow the linear chains to
reach equilibrium, but this may not be possible due to
the low mobility of the chains in a crosslinked matrix.

Conclusions

The chain conformation of linear polystyrene trapped
in a polystyrene network has been studied by small

Figure 10. Ornstein-Zernike plot for samples with Nc ) 20.

Figure 11. I(q)-1/2 versus q2 plot and nonlinear best fit curves
for the samples with Nc ) 180.
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angle neutron scattering for a wide range of crosslink
densities. It was found that the lower crosslink density
samples were single phase, but the higher crosslink
density samples were phase separated. The phase
separation occurred during the polymerization of the
network and probably trapped the segregated chains in
a non-equilibrium state. For the single phase samples
the radius of gyration of the linear chains, Rg, was found
to be a function of the crosslink density. When the
crosslink density was low (Nc > Nl), Rg did not change
appreciably, but as the crosslink density increased (Nc
< Nl),Rg decreased according to the scaling relationRg

-1

∼ Nc
-1 as predicted by arguments based on the collapse

of a polymer chain in a field of quenched random
obstacles where the obstacles are equated to the crosslink
points of the network. The decrease in Rg observed as
the crosslink density increased is about 15%, compa-

rable to what has been observed for the collapse transi-
tion for chains in dilute solution. The second virial
coefficient was found to decrease with increasing
crosslink density, which does not agree with classical
theory. For the phase separated samples it was found
that, with increasing linear chain concentration or
crosslink density, the degree of segregation of the linear
chains increased. The segregated linear chains were not
uniformly distributed in the samples, and the degree
of nonuniformity was controlled by the crosslink density.
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