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The Collapse of Free Polymer Chains 
in a Network 

Robert M. Briber,* Xiaodu Liu, Barry J. Bauer 

The conformation of linear polymer chains trapped in a matrix of cross-linked polymer has 
been measured by neutron scattering. Three regimes were found depending on the length 
of the linear chain, N,, with respect to the mesh size of the network, N,. When N, > N,, 
the radius of gyration, R,, of the linear chain is the same as that observed in the uncross- 
linked melt. When Nc < N,, R, shrinks according to the scaling relation RgP' - NCP1 that 
has been predicted for isolated polymer chains trapped in a field of random obstacles. 
When Nc << N,, the linear chains are observed to segregate. 

T h e  conformation of linear polymer chains 
trapped in a network is an important prob- 
lem having relevance in many fields ranging 
from transport through membranes, poly- 
mers in microporous structures, diffusion, 
and gel electrophoresis (1-9). Polymer net- 
works are one type of constrained environ- 
ment, and the conformational behavior of 
dilute, isolated polymer chains trapped in a 
network should provide important insight 
into the behavior of polymers in other set- 
tings. Indeed, the early treatment of repta- 
tion to describe the diffusion of polymers was 
developed specifically for the case of a linear 
chain diffusing through a tightly cross-linked 
melt (1 ); these results should be compared to 
recent results showing that the diffusion of 
long linear chains in a network becomes 
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slower than expected for a melt (5 ) .  If the 
conformation of the diffusing chain depends 
on the network density, then the dynamks 
of the polymer may be affected. Earlier at- 
tempts to measure the conformation of lin- 
ear chains trapped in a network have been 
hampered by phase separation of the chains 
(10) and by the fact that only a limited range 
of concentrations and cross-link densities 
were examined (1 1 ). These past studies have 
found that the linear chains have the same 
conformation in a network as in the melt for 
the systems that remained single-phase. 

The question of the conformation of a 
linear chain trapped in a network resembles 
the problem of the conformation of a poly- 
mer chain in a field of randomly placed 
obstacles with the cross-link points acting as 
the obstacles. The conformation of a poly- 
mer chain in a field of obstacles has been the 
subject of considerable recent theoretical 
work and computer simulations (12-19). In 
general, it has been found that the radius of 
gyration of the chain, R,, depends on the 

obstacle density. Muthukumar and others 
(1 2-1 8) have found that when the.density of 
obstacles is small, there is a transition from 
self-avoiding walk statistics for the polymer 
chain (that is, excluded volume statistics) to 
Gaussian behavior. When the densitv of the 
obstacles is higher, a transition from the 
Gaussian state to a localized colla~sed state 
occurs. Gersappe et al. (1 9) have argued for a 
somewhat different picture in which the 
chain statistics remain unaltered by the pres- 
ence of the obstacles and the changes in R, 
with increasing obstacle density operate only 
through the prefactor for R,. 

The calculation bv Edwards and Muthu- 
kumar (16) showed that, when the obstacle 
density is sufficiently high and the polymer 
chain has started to shrink from its unper- 
turbed dimensions, R, scales with the den- 
sity of the obstacles (p) as 

If the obstacles corres~ond to the cross-link 
points of the polymer network, then the 
number of obstacles will scale inversely 
with the mesh size of the network, N ,  (20) 

Therefore, R, of the linear chains should 
scale -with N,, as (21 ) 

This report will describe small-angle neutron 
scattering (SANS) experiments to measure 
the scattering from linear chains trapped in a 
network extrapolated to the limit of infinite 
dilution of the linear chains. We  attemDt to 
assess whether the conformation of a linear 
chain trapped in a network can be described 
by the scaling behavior derived from the 
studies of polymer chain conformation in a 
field of random obstacles. 

To  make samples of linear chains in a 
network that could be studied bv neutron 
scattering, we dissolved a narrow molecular 
weight distribution of anionically polymer- 
ized deuterated linear polystyrene with a 
weight-average molecular weight, M, = 
79,200 (linear chain length, N ,  = 760) and 
M,/M, = 1.05 (M, is the number-average 
molecular weight) in styrene monomer 
than contained a small amount of divinvl- 
benzene as the cross-linking agent. ~ r e e  
radical polymerization was used to form the 
polystyrene network around the linear 
chains. Earlier experiments have shown 
that this method of synthesizing networks 
containing linear chains does not result in 
significant grafting of the polymerizing net- 
work to the linear chains (22). It probably 
would not have been possible to prepare the 
samples for these experiments by diffusing 
the linear chains into the network from the 
outside because of kinetic constraints, espe- 
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cially for the highest cross-link densities. 
For each of the eight different cross-link 
densities that were synthesized (see Table 
I ) ,  four different concentrations of linear 
chains (6,) were prepared. In all cases, +, 
was kept at less than the polymer overlap 
concentration, +*, to  ensure that there 
were no  entanglements between the linear 
chains in the network. We  eliminated in- 
terchain contribution to the measured scat- 
tering by extrapolating to zero concentra- 
tion of the linear chain. The cross-link 
density of the networks was calculated from 
the stoichiometry of the divinylbenzene 
and from swelling measurements of the net- 
work (containing no  free chains) made in 
toluene. The two measures of Nc were with- 
in 15%, and the average is presented in 
Table 1. 

The  National Institute of Standards and 
Technology (NIST) 30-m SANS instru- 
ment at the Cold Neutron Research Facility 
(CNRF) at NIST was used for the scatter- 
ing experiments (23, 24). The development 
of the 30-m instrument along with the 
source of high flux of cold neutrons at the 
NIST CNRF made these experiments fea- 
sible. Because of the low concentration of 
labeled chains and the high counting sta- 
tistics required to extrapolate to the limit of 
6,- 0, it would have been very difficult to 
do these experiments earlier. 

To  measure the single-chain conforma- 
tion of a polymer chain in dilute concentra- 
tion, we use the classical Zimm equation 
(25) 

where I(q) is the measured scattering inten- 
sity, (P,(q)),, +,, We),, and u, are the 
weight-average single-chain form factor, 
the volume fraction, the number-average 
degree of polymerization, and the specific 
volume of the dilute-concentration polymer 
species, respectively; A, is the second virial 
coefficient, and k,  is the contrast factor for 
neutrons. In the limit of infinite dilution 
($,+ 0)  Eq. 4 reduces to a simple expres- 
sion containing the single-chain form factor 

For a polymer mixture with a Zimm-Schultz 
molecular weight distribution, (P,(q)), can 
be written as (26) 

where x = ((R,)nq)2 and (R,), is the num- 
ber-average radius of gyration, h = 
I/((N),(N),-I), and (N), is the weight- 
average degree of polymerization. In the 

Table 1. The radius of gyration, R,, and the chain 
expansion factor, a, as a function of N,. 

*N, = 760, (N,)J(N,), = 1.02, Tihe linear chains 
have segregated in these samples. 

limit of a monodisperse molecular weight 
distribution, Eq. 6 reduces to the standard 
Debye equation describing the single-chain 
form factor of a Gaussian ~o lvmer  chain. 

L ! 

Equation 4 was used to extrapolate the 
scattering data to the limit of +,+0 
(infinite dilution) for all values of q to 
obtain lim+,+ 0 [I(q)/+,]. This treat- 
ment allows the nonlinear fitting of Eq. 5 
to the data for all values of I(q) to  obtain 
(R,), rather than the traditional low-q 
Zimm approximation. 

Equation 5 was fitted to the data for the 
sample with N, = m, and we found the best 
fit values of the molecular weight (N,") 
and R, by varying both parameters. The 
value of Nom = 760 was obtained. which 

t 

was consistent with the value measured by 
gel permeation chromatography. We used 
this value of N," (and held it constant) in 
fittine Ea. 5 to the data from the cross- 
linkei sahptes to find R,, and the results 
are  resented in Table 1. The zero concen- 
tration-extrapolated scattering curve for 
the sample with N, = 740 and the nonlin- 
ear fit are shown in Fig. 1. 

Expanding Eq. 5 for small values of q 
gives 

A plot of I(q)-' versus q2 provides a con- 
venient way to observe trends in R, from 
the slope of the line given by Eq. 5. Figure 
2 is a plot of the extrapolated zero-concen- 
tration scattering data for five different 
cross-link density samples. The solid lines 
are least square fits to the data that show 
linear behavior. The linear behavior for 
I(q)-' versus q2 for the lower cross-link 
density samples implies that these samples 
are single phase, and the linear chains did 
not segregate. Figure 2 also shows that the 
slope of the curves decreases as the cross- 
link densitv increases. This effect clearlv 
demonstratks that R, for the linear chain; 
decreases with increasing cross-link density 
of the matrix. In addition, the three samples 

Fig. 1. The -, 0 extrapolated scattering versus 
q for the linear blend sample with N, = 740. 

Fig. 2. A Zimm plot of the ++O scattering for 
samples with N, = m, 640, 260, 100, and 50. 

exhibiting linear behavior converge to the 
same intercept, indicating that the molec- 
ular weight is constant (within the accuracy 
of the measurement) and that segregation 
or clustering of chains is not occurring. For 
the highest cross-link densities, the scatter- 
ing intensity increases dramatically in the 
low-q region [and no  longer shows linear 
I(q)-' versus q2 behavior], indicating that 
the linear chains have segregated. 

Figure 3 shows the dependence of R, as a 
function of the cross-link density. Three 
clear regimes can be distinguished from Fig. 
3. Region 1 occurs when the mesh size of 
the network is large relative to the length of 
the linear chain (N, 2 N,) and there is no  
measurable change in the linear chain R, as 
a function of cross-link density. In region 2, 
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Fig. 3. Plot of the variation of R,-I with N,-I. 

a systematic decrease in R, is observed as a 
function of the cross-link density. The on- 
set of region 2 appears to occur when the 
mesh size of the network decreases below 
the length of the linear chain (N, 5 N,). 
The length of the linear chains is indicated 
by an arrow on the abscissa in Fig. 3. In this 
regime, the scaling of the form predicted by 
Eq. 3 is observed as expected if the cross- 
link points are acting as random obstacles 
influencing the R, of the linear chain. In 
region 3, the mesh size of the network is 
much smaller than the length of the linear 
chain (N, << N,), and segregation of the 
linear chains is observed. This segregation is 
clear from the non-Gaussian scattering 
(nonlinear) behavior observed in Fig. 2. 
Region 3 corresponds to a collapsed state of 
the polymer chain. 

Although the experiments presented 
here cannot determine the detailed shape of 
the linear chains in these regimes, it is clear 
that the shape cannot be described by indi- 
vidual, isolated Gaussian chains. The gray 
bands in Fig. 3 show the approximate de- 
marcation between the regions, but more 
experiments are needed to determine the 
exact location of these transitions, The seg- 
regation of the linear chains for the highest 
cross-link densities was surprising, as we 
expected the mixtures to remain single 
phase because of the very .low concentra- 
tion of linear polymer. 

The contraction of R, can be normalized 
to the value. found in the uncross-linked 
melt. The ratio of R, to the unperturbed 
value of R t  is termed the expansion factor, 
a. The change in the value of a observed 
here (about 15%) for the collapse of the 
linear chain (see Table 1) is comparable to 
that found in studies of the collapse transi- 
tion of linear polystyrene in dilute solution 
(27-30). 

The collapse of the chains observed here 
for matrices with high cross-link density 
implies that the size of polymer chains in 

confined environments may deviate signif- 
icantly from the unperturbed dimensions 
expected in the melt. These effects should 
cause changes in the dynamics of polymer 
chains from what would be expected for 
problems such as gel electrophoresis and 
reptation through a network. 
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High-Temperature Molecular Magnets Based on 
Cyanovanadate Building Blocks: Spontaneous 

Magnetization at 230 K 
William R. Entley and Gregory S. Girolami* 

The molecular-based magnetic materials Cs2Mn"pf1(CN)d (1) and (Et,N),,Mn,,,- 
p(CN)J.2H20 (2) (where Et is ethyl) were prepared by the addition of manganese(ll) triflate 
to aqueous solutions of the hexacyanovanadate(1l) ion at 0°C. Whereas 1 crystallizes in a 
face-centered cubic lattice, 2 crystallizes in a noncubic space group. The cesium salt (1) 
has features characteristic of a three-dimensional femmagnet with a N6el transition at 125 
kelvin. The tetraethylammonium salt (2) also behaves as a three-dimensional fenimagnet 
with a N b l  temperature of 230 kelvin; only two other molecular magnets have higher 
magnetic ordering temperatures. Saturation magnetization measurements indicate that in 
both compounds the V" and high-spin Mn" centers are antiierromagnetically coupled. Both 
1 and 2 exhibit hysteresis loops characteristic of soft magnets below their magnetic phase- 
transition temperatures. The high magnetic ordering temperatures of these cyano-bridged 
solids confirm that the incorporation of early transition elements into the lattice promotes 
stronger magnetic coupling by enhancing the backbonding into the cyanide T* orbitals. 

I n  the last few years, there has been con- is now known, most exhibit long-range 
siderable interest in the preparation and cooperative magnetic behavior only when 
properties of "molecular magnets" (1-3). they are cooled to rather low tempera- 
Although a wide varietv of such materials tures. often well below 30 K (4-1 2). For ., 

example, the one-dimensional '(ID) hate- 
Schod of Chemical Sciences and Frederick Seitz Mate- 
rials Research Laboratory, Universityof lllinoisat Urbana- r!?1s,[M?!c5%)21 !TCNE! !Me. = methy 
Champai~n. 505 - ~athews-  venue, Urbana. IL yl) (7), LMn(Fqbenz),J,(nitMe) (1 O), and 
61 801, U-9. ~ n c u ( ~ b a 0 H j  2 ~ ~ 0 - ( 6 )  have magnetic 
*TO whom conespondence should be addressed. ordering temperatures TN of 8.8, 24, and 
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