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ABSTRACT: The analogy between semidilute polymer solutions and swollen polymer networks is reviewed
and some implications of current theories are considered. Small-angle neutron scattering has been used to
measure a characteristic correlation length in randomly cross-linked polystyrene gels at swelling equilibrium
in cyclohexane over the range 308-333 K and in toluene at ambient temperature. The equilibrium polymer
volume fraction ranged from ca. 0.01 to 0.3, depending on the cross-link density and the solvent used. These
results, together with those from earlier quasi-elastic light scattering measurements, were compared with reported
scaling laws for polymer solutions. Although similar behavior was noted, the presence of permanent cross-links
restricts the region wherein strong excluded volume effects are evident.

Introduction

Considerable insight into the understanding of highly
swollen polymer networks, gels, has been obtained from
an analogy with semidilute polymer solutions.! In a gel
the macromolecules are connected by permanent junctions,
the chemical cross-links, while in solutions only transient
junctions occur, i.e., entanglements or other constraining
interactions. In the spirit of this analogy, it is anticipated
that it will only be in the very low-frequency properties
that polymer solutions will display a different behavior to
gels, that is, when the probing frequency is smaller than
the reciprocal lifetime of the transient junctions in the
solution. Consequently, the recent advances in polymer
solution behavior theory should, in principle, be applicable
to gels.

Contemporary theories of semidilute/concentrated so-
lutions express the properties in terms of a fundamental
length, £, being the radius of a volume inside which in-
tramolecular effects are dominant and beyond which in-
termolecular effects prevail.”’? Static properties and
equilibrium thermodynamics are discussed in terms of a
static correlation length, £, while dynamic properties (e.g.,
as measured by quasi-elastic light scattering (QELS)) are
characterized by a hydrodynamic screening length, &; these
two parameters have been assumed to be identical with
or at least directly proportional to each other. The detailed
relation between the two parameters has been discussed
by Muthukumar and Edwards.

For a high degree of polymerization the short-range
structure of the macromolecule is relatively insignificant,
and universal laws that are a function of temperature,
concentration, and interaction parameter can be derived
for the global properties of the solution or gel and the
characteristic length scales of the macromolecules (£ or R,
where R, is the radius of gyration). Characteristic lengths
may be measured directly or extracted by some model-
dependent analysis of observable properties. Scattering
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experiments using light, X-rays, or neutrons are particu-
larly useful since between them they cover a wide range
of spatial and temporal resolution. The static scattering
law, S(Q), analyzed as a function of scattering vector @
can provide mean equilibrium dimensions while the first
cumulant of the dynamic scattering law, S(Q,t), may
provide a cooperative diffusion coefficient that is subse-
quently interpretable in terms of &,.

We describe here the results of measurement of £, by
small-angle neutron scattering (SANS) for randomly
cross-linked polystyrene networks at equilibrium swelling
at different thermodynamic conditions. Comparisons are
made with available data for polymer solutions and our
previously reported values for &, obtained by QELS. The
results are discussed in the framework of existing ideas on
the correlation length, £, a précis of which is given in the
next section, and the applicability of scaling laws to swollen
polystyrene networks is examined.

Theoretical Background

The formulation of a comprehensive theory of polymer
solutions and gels requires a thorough theoretical and
experimental understanding of £, We attempt this here
by providing an overview, in précis form, of current ideas
on the nature of £, and we start with an isolated unper-
turbed macromolecule. The conformation of such a
molecule is exactly describable by rotational isomeric state
theory!® and to all practical purposes is a random walk.
In solution, the conformation is expanded by repulsive
interactions between topologically remote segments of the
chain (with respect to the contour length) that become
spatially proximate. The molecule now adopts a self-
avoiding walk,'*® wherein different segments cannot co-
incidentally occupy the same volume element of the so-
lution, the well-known excluded volume effect. The theory
and description of such self-avoiding walks and the in-
terplay between temperature and solvent in influencing
polymer conformation in dilute solutions are at a high level
of development.*

In the discussion of the conformation of an individual
molecule in more concentrated solutions, there have been
two main approaches. Edwards uses a self-consistent field
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approach for both infinitely dilute solutions® and con-
centrated solutions,? wherein the excluded volume effect
is introduced as a perturbation of random walk statistics.
For concentrated solutions where volumes of occupation
overlap with each other, the effect is to screen the long-
range intramolecular excluded volume interactions with
a consequent alteration of the molecular conformation
toward that of an unperturbed random walk. The char-
acteristic length introduced is £g, a screening length
analogous to the Debye~Hiickel screening length in elec-
trolyte theory, and is defined as

fg = (12cwNI2)1/2 (1)

where ¢ is the polymer concentration, [ the statistical step
length, » a parameter characterizing excluded volume in-
teractions, and N the degree of polymerization. Essen-
tially, this theory views the molecule as expanded by ex-
cluded volume effects over distances shorter than g, while
for greater distances repulsive interactions are screened
and the conformation is that of a random walk.

The second approach to the theory of concentrated
polymer solutions has arisen from an analogy between
self-avoiding walks and critical phenomena in magnetic
materials,14®1718 In particular, the results of the renor-
malization group techniques developed by Wilson®® for
magnetic spin systems combined with scaling theory have
been applied to such solutions. A correlation length also
results from this treatment but with a slightly different
concentration dependence from that defined by Edwards.
The macromolecule is conceived as a series of “blobs” of
diameter £.2%2! If we use n as a running bond index that
measures the contour distance along the chain between
individual segments, then the blob concept assumes there
is a value of n (n,) below which Gaussian statistics prevail
and the chain has an unperturbed random walk. The
diameter of this thermal blob is £, and

£?=na 2)

where a is the length of a chain segment. For values of
n greater than n. excluded volume effects are apparent and
the chain statistics are that of a self-avoiding walk; the
end-to-end distance of the chain is obtainable from

R? = (N/n,)o/,? 3)

When the concentration of polymer is such that molecules
overlap, there exists another value of the monomer index
n,n., whereat the conformational statistics for n > n. are
those of an unperturbed Gaussian chain due to the in-
teractions responsible for excluded volume effects becom-
ing screened by the intervening chains. Inside such a
“concentration blob” the chain statistics are those of a
self-avoiding walk and the diameter, £, is given by

£2 = n8/%2 (4)
The pair correlation function for a Gaussian arrange-

ment of segments was derived by Debye,?? and for 1 < r
< R then

gr) ~ rt (5)
while for self-avoiding walks
glry ~ r4/8

Fourier transforming these pair correlation functions gives
the single-chain scattering law, P(Q), which for a Gaussian
coil is

PQ) ~ Q* (6

and for a self-avoiding coil
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PQ) ~ Q°/* (7

Hence it would appear possible to obtain a value of £,
from the value of the scattering vector, Q**, where the
scattering law displays a crossover from Gaussian behavior
to excluded volume statistics.

For times less than the characteristic disentanglement
time, a solution (¢ = semidilute) will behave as a network
with a mesh size, i.e., distance between entanglements of
£,.1710 This mean mesh size is equated to £, or £g since
both are proportional to the separation of binary inter-
actions. Scaling law theories have produced a dependence
of £, on polymer concentration, ¢, which is strictly true only
for conditions of strong excluded volume and infinite
molecular weight.

£~ b (8)

The differences between scaling-law relations and Ed-
wards original mean field theory arises from the assump-
tion in Edwards theory that the occupation of the neigh-
boring sites to any particular site is uncorrelated with the
occupation of that site. Improvements to the original
theory have been made,?®% yet still retaining the self-
consistent field approach. Extrapolation formulas have
been obtained from the improved theories that describe
polymer solutions from infinitely dilute to the bulk den-
sity;® moreover these formulas provide the proportionality
factors as well as the concentration equipment. The re-
lationships obtained are

tg = (hemall3)P/ i 1/41c-3/4 9)
in the limit w — < or ¢ — 0, and
g = (Bwe) /2 (10)

in the limit w — 0 or ¢ — p, where « is a numerical factor,
w an interaction parameter, and p the bulk density. Ev-
idently, eq 9 reproduces scaling-law data, while eq 10 is
the original Edwards’ prediction.

Schaefer!!1? has proposed an alternative source to rec-
oncile the scaling law and mean field results. The main
feature of his theory is that the stiffness of real macro-
molecules counteracts the assumption of free rotation im-
plicit in scaling laws. Due to this rigidity, moderate
polymer solution concentrations are required before the
size of the thermal blob, £,, approaches that of the con-
centration blob, £, When this condition is obtained, the
excluded volume effect is strongly screened and weak,
conformational properties are then best analyzed by per-
turbation methods.

This crossover is at a concentration, ¢, greater than the
overlap concentration, c*, defined by scaling law theories.
A further crossover point, at a concentration c', is predicted
by Schaefer!!12 where the chain becomes an unperturbed
random walk at all length scales. In common with the
original scaling-law analysis of Daoud and Jannink,?
Schaefer'? has also constructed a “phase” diagram of
polymer solution behavior in the plane of a reduced tem-
perature 7 = (T - 0) /6, where O is the Flory temperature
of the solution, and solution concentration. These dia-
grams purport to describe the behavior of polymer solu-
tions with temperature, solvent quality, and concentration,
and to some extent some of the predictions have been
verified. Due to the finite molecular weight, 6-solution
behavior is displayed over a finite region of = and ¢, and
it can be shown by scaling-law analysis that in this region
&, ~ ¢ Rigorously, it is incorrect to describe £, as a
screening length in this region, since there are no pairwise
excluded volume effects to be screened.®® Schaefer
identifies £, in this region with a mean distance between
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Figure 1. Proposed “phase diagrams” for polymer solutions by
(a) Schaefer and (b) Daoud and Jannink. r is the reduced tem-
perature (T — 6)/6 and c¢ is the polymer concentration. The
diagrams are not to scale and qualitative only. The regions
represent the following environments for the chains: (I) dilute
8; (I’) dilute good solvent; (II) semidilute good solvent; (III)
semidilute/semiconcentrated 9; (IV) semiconcentrated marginal;
(V) concentrated.

Table I
Predicted Scaling Laws between Correlation Length (£.),
Concentration (c), and Interaction Parameter «

region solvent type scaling relation
II good g, ~ ¢4l
I (] £~ clwt?
v marginal £, ~ V212

ternary contacts. At concentrations approaching bulk
polymer density, the segments are no longer completely
surrounded by solvent, and the characteristic length scale
is expected to be the statistical step length. Table I sets
out the relationships for £, in each of the regions of the
phase diagrams.

The discussion thus far has centered on the pair corre-
lation function for an individual selected chain. We may
also obtain the pair correlation function between all seg-
ments in the solution.! For distances less than £, the total
pair correlation function is dominated by segments from
the same chain whereon we have chosen our reference
segment. For a distance r > £, the segment density of any
one chain becomes less than the average density due to the
other macromolecules being present. The segments be-
come uncorrelated, dying out in a length £, The form of
the total pair correlation function has been calculated by
Edwards? for r > ¢, and the Fourier transform yields a
Lorentzian type scattering law.?"?8

SQ) = f(Tye)/(Q% + £7) (11)

This equation may be utilized in two ways to obtain the
correlation length £.: by observation of a crossover in Q
behavior from Q2 to Q%2 as the chain statistics take on
excluded volume behavior for r < ¢, (the value of Q where
this is noted is written as Q*), and from the Lorentzian
broadening in the region of Q where Q¢, < 1.

For polymer gels, the link with scaling laws is obtained
via the c* theorem,! where c* is the concentration at which
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chains begin to overlap. When a macromolecular perma-
nent network is swollen to equilibrium by an excess of a
thermodynamically favorable solvent, the equilibrium
concentration, c,, is proportional to ¢c*. Hence, apart from
proportionality factors, polymer gels should display a
correlation length, £, and furthermore this parameter
should display the same concentration and interaction
parameter (temperature) dependence as the equivalent
un-cross-linked solution as set out in Table I. It cannot
be said that £, in gels is the “permanent” mesh size, i.e.,
the distance between cross-links, because transient inter-
actions, entanglements, etc. also play a role in determining
£, This is especially true when the gel is in the O state.

Over the past 10 years a number of measurements of £,
have been reported for semidilute solutions using SANS
or SAXS. SANS has been the preferred technique because
of the superior contrast available when using a suitable
combination of deuterated and hydrogenous solution
components. The majority of experiments have utilized
the total correlation function, and in particular £, has
usually been determined from the Lorentzian broadening.
Observation of the position in Q space of the crossover
between scattering laws has been difficult, especially so
where the single-chain correlation function is used for the
case of a few deuterated molecules dispersed in the solu-
tion. It should be noted that although values of the cor-
relation length obtained by the three methods (Lorentzian
broadening and crossover point in scattering laws for la-
beled and unlabeled chains) differ in their absolute values,
they display the same c¢,T behavior.

Scaling-law theory has been supported by data obtained
for the concentration dependence of £, for polystyrene in
benzene,?” in toluene,* in carbon disulfide,>?® and in cy-
clohexane above the 6 temperature.?®%° In the latter case
the authors showed the temperature dependence of £,
followed the scaling-law prediction, but other workers®!
have shown these data to be also consistent with a mean
field interpretation. Mean field or marginal solvent be-
havior has been supported by results obtained for the
temperature dependence of £, for polystyrene in cyclo-
pentane,’2 methyl ethyl ketone,® and cyclohexane. % The
semidilute © concentration dependence of £, may be in-
ferred from data taken from ref 29 and 30.

As far as we are aware, there have only been two reports
of attempts to measure £, for swollen gels. Geissler et al.*
extracted £, from SANS of polyacrylamide-water gels. The
results were compatible with scaling analysis predicted
behavior for good solvent conditions and with results ob-
tained from intensity measurements of dynamically scat-
tered light using the same gels. Two other points of in-
terest that were reported in this study were a decrease in
£, with increasing cross-link density at fixed concentration
ard perturbation of the SANS signal at low angles, which
was attributed to inhomogeneities in the gel structure.
Bastide® has reported that the SANS signal from a fully
deuterated polystyrene network randomly cross-linked in
cyclohexane solution using irradiation and then swollen
to equilibrium in carbon disulfide was dominated by a large
excess of scattering also attributed to static inhomogene-
itites and £, could not be determined.

There have been many investigations of quasi-elastic
light scattering from both gels and semidilute solutions
reported in the literature. Briefly, the results have given
substantial support for an analogy between gels and so-
lutions. As discussed above for static measurements, these
experiments have produced evidence in favor of both as-
ymptotic scaling laws and mean field theories. Many of
these studies have recently been reviewed for solutions by
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Roots and Nystrom?36%” and for gels by Vaughan® and by
Nossal.®®

Experimental Section

Network Preparation. Randomly cross-linked networks were
prepared by ®¥Co vy-irradiation of linear atactic polystyrene of
molecular weight (M,) ca. 105, The polystyrene was compres-
sion-molded into disks of 13-mm diameter and 1-mm thickness
which were sealed into evacuated glass ampules prior to irradi-
ation. A range of networks was prepared with total radiation doses
between 2 and 10 MGy, thereby having a range of cross-link
densities. The sol fraction in each network was removed by
exhaustive extraction with toluene.

Solvents and Temperature Range. Networks were inves-
tigated when swollen to equilibrium in toluene at 293 K and in
cyclohexane over the temperature range 308-333 K. The equi-
librium degree of swelling under each solvent condition was de-
termined by a weighing method.##2 For SANS experiments,
network samples were swollen to equilibrium in deuterated
solvents, toluene-dg {(Aldrich, 99+ atom % d) and cyclohexane-d;,
(Aldrich, 99.5 atom % d). These solvents were used as received,
and it was assumed that the volumetric swelling of the gels was
identical with that in the hydrogenous solvents.

Small-Angle Neutron Scattering. SANS measurements on
equilibrium swollen networks were made with the D17 diffrac-
tometer at the Institute Laue-Langevin, Grenoble, France, and
the SAS instrument at AERE Harwell; both instruments are very
similar, the major differences being the @ range available. For
D17 a neutron wavelength of 12 A was used, and sample-detector
distances were chosen to give 0.013 < Q/A™! < 0.097. On the SAS
a wavelength of 6 A was used and the Q range obtained was 0.023
<Q/A <0.16. Swollen gels were enclosed in quartz cells with
an excess of solvent and generally had a path length of ca. 2 mm.
Temperature equilibration was £1 K of the set temperature, and
the duration of each measurement varied from ca. 30 min (D17)
to 6 h (SAS).

All SANS data from the gels were normalized to the scattering
from water obtained under the same conditions. For such nor-
malized scattering, the scattered intensity as a function of Q can
be written as*®

Q) = DsTs[dEcoh(Q)/dQ + Zine/4r]

where Z;,. is the macroscopic incoherent scattering cross section,
dZn(Q)/dQ is the differential macroscopic coherent scattering
cross section, D, is the path length in the sample, and T} is the
transmission of neutrons through the sample. The incoherent
scattering constitutes a background signal that must be subtracted
to leave the coherent scattering containing the structural infor-
mation. In view of the aforementioned difficulties of Bastide et
al.® in obtaining a value of £, for gels, great care has been taken
to account accurately for the background. Ideally, a background
signal would be obtained from a mixture of polymer segments
and solvent without the correlations existing in polymer segments
due to short-range and long-range effects. As a closest approach
to this situation, mixtures of benzene in cyclohexane-d;; and
toluene in toluene-dg have been used. The neutron transmission
and average normalized SANS intensity for a range of such
mixtures are shown in Figure 2; these data were found to be
relatively independent of temperature, and consequently the data
at 308 K for benzene—cyclohexane-d;, mixtures have been utilized
for the gels over the complete range of temperatures. The intensity
data in Figure 2 were used in the following manner. Total
macroscopic scattering cross sections were calculated for the
swollen gels, and it was assumed that the correct background
intensity to be subtracted corresponded to the solvent mixture
of the same total scattering cross section, this intensity being
interpolated from the intensity-volume fraction plots of Figure
2. After subtraction of this background, suitably corrected for
any differences in path length and neutron transmission, we
obtained the differential coherent scattering cross section

dZen(Q)/d2 = (o, - £,)°5(Q) (12)

where p, and p, are the coherent neutron scattering length den-
sities of the polymer and solvent,*? respectively. For our mea-
surements with the hydrogenous polymer in deuterated solvents,
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Figure 2. Average water-normalized SANS intensity (O) and
transmission (@) for (a) C;Dg/C;Hy toluene and (b) CgDy,
benzene/cyclohexane solvent mixture as a function of the volume
fraction of hydrogenous component. The sample path length was
2 mm, and the peak wavelength of the incident neutron radiation
was 1.2 nm.

we are measuring the total correlation function; hence the cor-
rected neutron scattering intensity, 1.(Q), is given by*

dZen(Q)/dQ = I1(Q) = (o, - p)*S(Q) =
(pp = )*f(Ti) /(Q + £7) (13)

Data were therefore analyzed by plotting the reciprocal scattered
intensity as a function of Q?, with £, values being obtained from
the ratio of the slope to the intercept, at @ = 0, of a linear
least-squares fit to the data over the range Q < Q*.

Results and Discussion

Typical plots of I(Q)™! as a function of Q2 for three
networks of different cross-link density at swelling equi-
librium in toluene are given in Figure 3a. Enlargements
of the data in the lower range of Q are shown in Figure
3b. At larger values of Q, a departure from the form of
eq 13 is evident for gels with ¢, < 0.073 and is attributed
to the crossover in the scattering law due to excluded
volume chain statistics inside the diameter of the con-
centration blob. Although values of ¢, are extractable in
principle from the relation

Q* = 27" (14)

in practice it is difficult to locate this value of Q@* with any
accuracy, even for polymer volume fractions where a
crossover was noticed in the @ range; consequently we have
not attempted to utilize eq 14. Another feature of many
scattering envelopes of the gels was an appreciable increase
in scattered neutron intensity at the lowest values of Q
used. Similar observations have been made by other
workers,?*% and this increased scattering is attributable
to long-range static inhomogeneities in the gels. By con-
trast, the data for networks swollen in cyclohexane-d,,
displayed no strong evidence for a crossover in scattering
law, as Figure 4 shows for the two extreme temperatures
used, i.e., 308 (6 temperature) and 333 K. Values of £, were
therefore only extracted from the Lorentzian broadening
analysis.
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Table I
Comparison of Values of the Correlation Length (&,) for
Gels at Swelling Equilibrium in Toluene at 293 K Obtained
with D172 and SAS, Harwell, Diffractometers

§./nm
code by D17 SAS
N3.H200 0.010 7.3 6.7
N2.H300 0.022 4.7 4.4
N2.H400 0.032 4.3 3.1
N2.H600 0.055 2.2 2.0
N2.H700 0.081 2.2 3.2
N3.H1000 0.128 1.7 1.7

9 Sample-detector distance of 2.8 m.

Table ITI

Comparison of Values of the Correlation Length (&), for
Gels at Swelling Equilibrium in Cyclohexane Obtained
with Sample-Detector Distances of 1.4 and 2.8 m on D17
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Figure 3. Reciprocal intensity, I(Q)™, against Q2 over the in-
termediate range of scattering vector for hydrogenous polystyrene
gels at swelling equilibrium in toluene-dg at 293 K: (®) ¢, = 0.022;
(0) ¢, = 0.032; (©) ¢, = 0.073.

Q%0242
Figure 4. Reciprocal intensity, I(Q)™, against Q? over the in-
termediate range of scattering vector for a hydrogenous poly-
styrene gel at swelling equilibrium in cyclohexane-d;5: (O) at 308
K, ¢, = 0.116; (®) at 333 K, ¢, = 0.058.

308 K 333 K
§./nm §./nm
code op 14m 28m ®p 14m 28m
N3.H200 0.063 10.6 10.7  0.026 7.5 8.7
N2.H300 0.116 4.7 5.1 0.058 4.4 3.9
N2.H400 0.148 5.2 44  0.090 4.2 3.5
N2.H600 0.195 3.7 3.4 0125 3.2 3.1
N2.H800 0.234 3.2 28 0.159 2.8 2.8

The major source of error in the evaluation of £, is the
estimation of the volume fraction of polymer in the swollen
gel. To minimize this error, gel samples were swollen to
equilibrium over a period of 4 weeks under each solvent
condition used. After being weighed in the swollen state,
each gel was carefully deswollen before drying under
vacuum at ca. 373 K to constant weight. By this means
the reproducibility of the equilibrium swelling, obtained
by comparing identically cross-linked networks, was de-
termined as 10%. This uncertainty in the gel concentra-
tion influences the background intensity to be subtracted
and could therefore produce artifacts in the values of £,
obtained. While such a variation in volume fraction can
remove any crossover effects in the scattering and thus
preclude observation of Q*, it was found that it has neg-
ligible influence on the value of §, obtained from the
Lorentzian broadening analysis. Although the statistical
uncertainty in £, obtained from the least-squares fit to the
data was <2%, this is a somewhat optimistic estimate of
the error. A better estimate of the reproducibility of &, is
obtained from the comparison of values obtained by SANS
on the same gels. Typical results are quoted in Tables I1
and III, and on average these values agree to within 5%
of each other.

A double-logarithmic plot of correlation length, £, as a
function of polymer volume fraction is shown in Figure 5
for gels swollen in toluene. Included in this figure are data
for solutions of polystyrene in good solvents,®?"* where
strong excluded volume effects prevail. For solutions, the
predicted scaling law (¢, ~ ¢™/4) is followed over the whole
concentration range utilized, whereas for gels it is only
followed up to ¢, < 0.06; furthermore, in this region of ¢,,
the absolute magnitudes of £, for solutions and gels were
equivalent to each other. Thus it appears that in this range
of polymer concentration the only influence of the per-
manent cross-links is to limit the degree of equilibrium
swelling. The departure from scaling-law analysis at higher
volume fractions does not follow a power-law dependence
for a marginal regime, as proposed by Schaefer.? A
smooth curve drawn, by eye, through our experimental
points does, however, extrapolate to a value of 14 A at bulk
polymer concentration (¢, = 1), a value commensurate
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Figure 5. Static correlation length, £, against polymer volume
fraction, ¢,: (O) polystyrene gels at swelling equilibrium in
toluene-dg; f‘) polystyrene solutions in carbon disulfide, data from
ref 5; (W) polystyrene solutions in benzene, data from ref 27; (a)
polystyrene solutions in toluene, data from ref 50.

with the Kuhn effective step length* for polystyrene.
Increasing polymer volume fraction is accompanied by
increasing cross-link density in the equilibrium swollen
gels, and therefore it is difficult to associate this departure
with one or the other aspect of the gels. However, de-
partures do not appear for the available solution data, and
it is tempting to attribute the deviations for gels to the
existence of permanent cross-links. Although the segment
density in the vicinity of a cross-link will be higher than
the average throughout the gel and the existence of
junctions will restrict the number of available conforma-
tions, the cross-link densities are not so high as to make
these factors significant. Furthermore, if the segment
densities near junction points are significantly higher than
the average, they would lead to greatly increased scattering
intensity, probably with a maximum in some region of Q
since the gel would correspond to a “macrofluid”, where
the cross-links are the fluid components with the inter-
vening gel acting in the role of a potential energy function.
No evidence for such a maximum has been observed, and
hence there does not appear to be any correlated long-
range density fluctuations of any magnitude. In view of
the sparsity of £, data for solutions in good solvents and
¢, 2 0.1, further discussion on the deviation from scaling
laws would be speculative in the extreme.

The correlation lengths for gels at swelling equilibrium
in cyclohexane at 308 and 333 K as a function of polymer
volume fraction are shown on the double-logarithmic plot
in Figure 6. Again, for comparative purposes, data for
polystyrene solutions, taken from the literature®®® and
measured by ourselves, are shown too. In these solutions
£, followed the predicted power-law dependence on con-
centration for the O solvent at 308 K and for strong ex-
cluded volume conditions at 333 K over the range of
polymer volume fraction covered, 0.05 < ¢, < 0.40. Fur-
thermore, data in the literature for polystyrene—cyclo-
hexane solutions show a rapid change for the concentration
dependence of £, from the 6 to the strong excluded volume
prediction with increasing temperature above the 6 tem-
perature. In cyclohexane the magnitude of £, in the gels
is again in satisfactory agreement with the values for
equivalent solutions. More particularly, agreement is best
at low concentrations and at the O temperature, while at
higher concentration and temperature the values of £, in
gels tend to exceed those in solution. In the poly-
styrene—cyclohexane gel system the effects of temperature
and polymer concentration are bound together in terms
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Figure 6. Static correlation length, ¢, against polymer volume
fraction, ¢,: (O) polystyrene gels at swelling equilibrium in cy-
clohexane-d;; at 308 K; (@) polystyrene solutions in cyclo-
hexane-d;, at 308 K; (O) polystyrene gels at swelling equilibrium
in cyclohexane-d,, at 333 K; (®) polystyrene solutions in cyclo-
hexine-dm at 333 K. Solution data from ref 30 and 31 and this
work.

of the macroscopic swelling (i.e., as the temperature in-
creases, the solvent quality improves, the gel swells, and
the concentration decreases) and these factors are pre-
dicted to have opposing influence on the range of the pair
correlation. The equations, obtained by linear regression
on the experimental points, for the concentration depen-
dence of £, in the gels swollen in cyclohexane are (where
cc is the coefficient of correlation in the least-squares fit)

T/K E/A cc

308 0.97(0.05)p,, 055 Fo.06 0.965
313 0.83(%0.06 )¢, 028 7006 0.988
318 0.96(30.07)p 0" %007 0.970
333 1(50.05)p, 0567005 0.968

At the © temperature the power-law exponent was only
slightly lower than the predicted value of unity found for
solutions. The concentration dependence weakened as the
temperature increased and the solvent quality improved.
At 333 K, the highest temperature investigated, the value
of the power-law exponent was 0.5, the value predicted for
solvents giving rise to weak excluded volume effects. This
is consistent with the macroscopic swelling of the gels in
cyclohexane at 333 K, which is greater than at the © tem-
perature but much less than in toluene at ambient tem-
perature. This suggests the solvent quality is poorer than
the good solvent limit and the weak excluded volume effect
is more suited to a perturbation treatment. This is in
contrast to the behavior observed for solutions, which is
indicative of a strong excluded volume interaction. It
seems as if the permanent cross-links have introduced
restrictions on the excluded volume effect compared to
linear polymer solutions. Over the range of concentration
investigated, there was no firm evidence of a breakdown
in simple power-law behavior similar to the results for gels
in toluene. On the other hand, it could be argued that
since the degree of swelling in cyclohexane was less than
in toluene, more emphasis was placed on the higher con-
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Table IV
Comparison of the Correlation Length (¢/nm) for Gels at
Swelling Equilibrium in Cyclohexane Obtained by SANS
and by Dynamic Light Scattering

code ép £(SANS) M, £D,
T=308K
N3.H200 0.063 9.7 7.1 28.4
N2.H300 0.116 5.8 4.7 22.0
N2.H400 0.171 4.1 3.1 11.0
N4.04D400 0.209 3.5 2.8 8.7
N4.04D600 0.276 2.8 1.8 6.0
N2.H1000 0.323 24 1.5 4.0
T=318K
N3.H200 0.038 8.2 10.0 10.9
N2.H300 0.078 5.1 5.6 11.5
N2.H400 0.128 3.7 4.0 8.1
N4.04D400 0.166 3.1 3.3 7.4
N4.04D600 0.225 2.5 2.2 44
N2.H100 0.279 2.2 1.5 41
T=333K
N3.H200 0.026 7.8 13.5 7.8
N2.H300 0.058 5.0 6.2 7.3
N4.04D400 0.134 3.1 3.6 5.2
N4.04D600 0.187 2.6 2.2 3.8
N2.H1000 0.242 2.2 1.9 3.3
Table V

Values of the Exponents vy and v for the Concentration
Dependence of the Osmotic Modulus (M,,°) and
Cooperative Diffusion Coefficient (D) for Gels at
Swelling Equilibrium in Cyclohexane and the Implied
Exponent, v;, for the Concentration Dependence of £

v¢ from v$ from
variation of variation of
T/K ™M M, with ¢ YD D, with ¢

308 294 £ 0.17 -(0.98 £ 0.06) 1.17 £ 0.09 —(1.17 + 0.09)
318 262+ 0.17 -(0.87 £0.06) 0.67 = 0.09 —(0.67 £ 0.09)
333 262+£0.11 -(0.87 £0.04) 0.46 x 0.12 —(0.46 + 0.12)

SMy, ~ c™, 5D~ ¢", f ~ ¢,

centration range and semidilute solution good solvent
behavior was not clearly displayed. The apparent value
of the exponent of 0.5 might be ascribed to the slope over
a limited concentration range of a curve similar to that
suggested for the gels in toluene, and indeed experimental
data for the latter case over the same higher concentration
range might also approximate to such a power law.

At this juncture it is germane to compare values of £,
with the mean values of the correlation length obtained
from our quasi-elastic light scattering measurements of ref
46 for gels at swelling equilibrium in cyclohexane. These
are reported in Table IV along with values interpolated
from the above curves for the SANS measurements. The
values extracted from the intensity of the dynamically
scattered light (M,,) are of the same magnitude as the
SANS measurements at all three temperatures, whereas
the values obtained from the mean decay rate of the
photocount correlation function (D) exceed the SANS
values considerably at the © temperature, but the agree-
ment improves with increasing temperature. The exper-
imentally measured power-law exponents of M,, and D,
and the implied exponents of £ from scaling-law analysis'™*
are presented in Table V. The scaling exponents for &
obtained by the three methods are in reasonable concur-
rence at the © condition, but at higher temperatures only
the scaling form of the diffusion coefficient is consistent
with the SANS results. At 333 K the behavior is com-
patible with the predictions for £ given by theories that
treat excluded volume interactions as a perturbation to an
otherwise essentially ideal system. The values of apparent
scaling exponents at intermediate temperatures could be
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regarded as reflecting a broad transition region from ©6-
solvent to so-called marginal solvent behavior. It is not
critical that £(D,) values do not agree with the SANS
values despite having the same concentration dependence,
since the blob model does not require that the dynamic
and static screening lengths are equal, only that they are
proportional. It seems that the correlation range of the
hydrodynamic interactions is larger than that for static
correlations of density fluctuations in the O state, but as
the temperature and/or solvent quality improves, the
screening of hydrodynamic forces becomes more efficient
and the static and dynamic correlation ranges coincide. By
way of comparison, however, in dilute solutions with good
or O solvents the hydrodynamic radius is smaller than the
radius of gyration.*” Alternatively, the use of the pure-
solvent viscosity in the analysis of quasi-elastic light
scattering data may be criticized on the grounds that the
concentration of the gels is outside the semidilute regime.
The local viscosity may be expected to increase with in-
creasing polymer concentration due to a reduction in free
volume. This argument has been used to account for a
maximum in the concentration dependence of D, for
polymer solutions.** In addition, the gels may be very
congested, particularly in the vicinity of cross-links, and
segment friction may no longer be totally dominated by
the solvent. This concurs with the observation that
agreement with the SANS results improves as the tem-
perature is raised and the system approaches the semi-
dilute regime. If this is the case, however, the consistency
between the power-law exponents for the concentration
dependence of £(SANS) and £(D,) must be purely for-
tuitous. Another hypothesis for disagreement between
static and dynamic measurements is that different sta-
tistical averages are involved.®#? Dynamic measurements
are related to 1/r, whereas static experiments measure (r?),
r being the separation of correlated segments. Static
measurements are, therefore, more sensitive to the wings
of the correlation function and dynamic measurements
more sensitive to short-distance statistics. The conclusion
of this analysis is that true scaling behavior in dynamic
experiments can only be observed with very high molecular
weight polymers and low but semidilute concentration.

Unfortunately none of these arguments can account for
the discrepancy between the correlation length £(M,,) from
the light scattering intensity measurements and £(SANS)
or £(D.).

Conclusions

The results reported here, covering a variety of ther-
modynamic environments, for the concentration depen-
dence of £, in gels at swelling equilibrium provide some
support for the analogy between entangled solutions and
highly swollen networks. Power laws previously reported
for solutions of linear polymers were reproduced in some
cases, but differences were also evident. Behavior com-
patible with predictions for semidilute solutions in good,
marginal, and O solvents was observed, but the concen-
tration crossovers between these regimes, as indicated in
Figure 1, were not strictly evident. It appears the semi-
dilute region over which strong excluded volume effects
are present is restricted for the gels compared to the so-
lutions. The mechanism by which permanent junctions
may lead to violation of the assumption that the system
is semidilute remains to be resolved.
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Intermolecular Correlation Functions from Foérster
Energy-Transfer Experiments

Glenn H. Fredrickson
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ABSTRACT: Fluorescence experiments that probe the transfer of electronic excitations between donor and
trap chromophores are investigated as a means of studying intermolecular correlations in macromolecules.
Expression for the observables in such experiments are derived, and specific applications are discussed. The
theory may allow fluorescence experiments to be used to study the correlation hole in polymer melts and in
bulk samples, spatial correlations in the dilute—semidilute regime of solutions, the structure of block copolymers,
segment distributions away from surfaces or interfaces, and the time evolution of density fluctuations in
spinodally decomposing mixtures. A variety of other applications are possible.

I. Introduction

Illumination of a chromophore or dye molecule with a
source of radiation can lead to the absorption of photons
and the creation of a singlet electronic excited state. When
an ensemble of such chromophores in a condensed medium
at room temperature is illuminated, the resulting excited
states or excitations are effectively localized on the-indi-
vidual chromophores. These excitations can decay through
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the familiar process of fluorescence but can also be
transferred nonradiatively to nearby unexcited chromo-
phores. This latter process is referred to as electronic
excitation transport (EET).! An expression for the rate
at which an excitation is transferred from an excited
chromophore (the donor) to an unexcited chromophore
(the acceptor) a distance r away was first derived by
Forster.? If the energy of the excited acceptor molecules
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