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ABSTRACT: Polystyrene was photopolymerized by bulk, free-radical methods in a three-step synthesis to
yield a sample containing a portion of deuterated chains at a specific conversion of interest. The initial portion
of protonated polystyrene, fraction I, was cross-linked with 1 mol % divinylbenzene and polymerized up to
conversions of 40-50%. The unreacted monomer was replaced with deuterated styrene monomer, and fraction
II was polymerized for an additional 4-20% conversion. Fraction III was again protonated, which brought
the total conversion to 100%. Fractions II and III were either linear or cross-linked. All of the compositions
with fraction II greater than 4 wt % were found to have unusually high molecular weights and radii of gyration
when studied by small-angle neutron scattering (SANS). SANS gave weight-average molecular weights between
110000 and 760000 for fraction II, while GPC indicated molecular weights from 110000 to 240 000, yielding
an apparent enhancement of SANS molecular weight of up to 5 times the GPC value. The enhancement
was thought to be caused by the presence of “excluded volume” arising from previously inhomogeneously
polymerized cross-linked fraction I and leads to a model suggesting a nonrandom distribution of labeled polymer,
which results in several chains scattering like one large chain.

Introduction

Background. Small-angle neutron scattering (SANS)
is a powerful tool in the study of polymer chain confor-
mation and morphology.!® SANS takes advantage of the
strong difference in coherent scattering between hydrogen
and deuterium, permitting determination of molecular
weights and radii of gyration, as well as structural and
morphological features of suitably labeled polymers. The
inherent assumption in the technique is that no difference
in the behavior of the protonated and deuterated portions
exists, permitting the study of labeled chains identical with
their protonated (ordinary) counterparts.

Recently, Fernandez et al.”® synthesized polystyrene/
poly(deuteriostyrene) /polystyrene (PSH/PSD/PSH)
networks for SANS experiments. The samples were pre-
pared by inserting a fraction of labeled monomer at a
midrange point in the polymerization. The networks
contained 1 mol % divinylbenzene (DVB) and were made
by using free-radical bulk polymerization techniques. The
synthesis was conducted in such a manner as to minimize
disturbances in the chain conformations. This created a
portion of labeled polymer molecules at a specific con-
version range after the gelation. Abnormally high R, and
M., values were obtained, attributed to norandomness of
lower molecular weight chains.

The proposed mechanism for this nonrandomness was
related to the synthesis method by assuming that chains
formed at about the same time should tend to cross-link
with other contemporaneously synthesized chains. There
was hypothesized to be a greater probability of unreacted
cross-link sites occurring in freshly made chains. The extra
cross-link sites provided for nonrandom contacts of the
labeled portions, resulting in an apparent increase in
molecular weight.

The present work was intended to continue the research
begun by Fernandez et al. If the cross-linking agent were
to be removed from the deuterated portion, then the chains
might have less reason to be nonrandom. Samples were
made by a similar method, but with several modifications.
The first part, fraction I, was always cross-linked (x), while
the labeled portion, fraction II, was either cross-linked or
linear (1). The reaction was carried to 100% conversion
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with fraction I1I, which again was either cross-linked or
linear. Three series of specimens were made: xxx, xlx, and
xll, in which the conversion of fraction II was varied. In
all these series, only the mid-conversion range was deu-
terated, permitting the study of the conformation of the
chains in just that particular region.

Theory. As SANS theory has been discussed in detail
elsewhere, 3% 15 only a brief overview will be given here.
The probability that a neutron will be scattered through
a solid angle Q is given by the scattering cross-section
dZ/dQ per unit volume. For polymers containing labeled
portions, the scattering cross-section is given by

= 1 1 )
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where Cy is the sample constant given by
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and S(K) is the single-chain form factor. The Debye form
for a random coil is given by
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K is the wave vector and is equivalent to (47 /A) sin 6. The
quantity A is the neutron wavelength and 26 is the angle
of scatter. ay and ap are the scattering lengths of pro-
tonated and deuterated structural units in the polymer,
N, is Avogadro’s number, p represents the polymer den-
sity, X is the concentration of the deuterated species in
the polymer, and mp is the deuterated mer molecular
weight. The value of R, in these equations is the 2 average.

In the Guinier region, where R,’K® < 1, eq 3 can be
simplified; substitution into eq 1 yields the basic SANS
equation for polymers:

dz -1 1 K2R32
[Eﬁ(K)] oM\t 3
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d=(K)/dQ is directly proportional to scattering intensity
I(K) and can be obtained by converting from /(K) using
suitable machine constants.'® By measuring intensity vs.
K for a sample, M, and R,* may be obtained through a
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Zimm plot ([d=(K)/dQ]™! vs. K?) of eq 4, where the mo-
lecular weight is given by
1 dZ
M, = Oy dn (0) (5)
and d=(0)/dQ is the intercept of the plot. The quantity
R} is given by

Rgz = [3CNMw(51°pe)]1/2 (6)

R.” can be found from
R* = (Mw/Mi,)l/zRgz 7

where M, and M, are the weight- and z-average molecular
weights.!” 22 The value of dZ(K)/dQ must be corrected
by removal of incoherent scattering intensity by sub-
tracting scattering from the appropriate blank, leaving only
the coherent intensities, as discussed below.

It must be pointed out that the correlation function of
the deuterated species and the protonated species will, in
general, be different if the molecular weights of the two
species are different. The molecular weight mismatch can
be corrected by using the method of Boue et al.'? and Crist
et al.?® where

XAw
M, = Mw(app)[l T Aw ] ®8)

XAz

2= P2 - a9z
Rg" = Ry (app)[ I I a-Xaw ] ©
and where

Ny = Ngp(l + Aw) (10)
N,y = N,p(1 + Az2) (11)

Ngu, Nup, N,g, and N,p are the weight- and z-average
degrees of polymerization for the protonated and deuter-
ated polymers and X is the mole fraction of deuterated

polymer.

Experimental Section

Synthesis. The goal was to synthesize a polystyrene/poly-
(deuteriostyrene) /polystyrene network such that the labeled
polymer would be inserted at a certain midrange conversion and
in such way as not to disturb the conformation of the polymer
chains already in place. The net effect was to have chains formed
during a certain conversion interval labeled. This was accom-
plished based on method “A” of Fernandez et al.”® All syntheses
were conducted in glass molds placed vertically in an ultraviolet
light reaction chamber kept at room temperature. The molds
consisted of two glass plates, 4 in. X 4 in. X !/, in. each, between
which were placed two 10-um Mylar films. Between the Mylar
sheets was placed a cut O-ring, typically Viton (90 durometer,
1.5-mm diameter), with the opening directed upward to allow for
addition of monomer solution. The components were assembled
sandwich fashion and clamped together with 6-8 1/,-in. binder
clips placed strategically around the glass plate edges. Two, 2-in.
C-clamps were used to hold the mold vertically. Leakage from
the mold was minimal.

Styrene monomer (Fisher) and deuterated styrene monomer
(Cambridge Isotope Labs) were purified by passing the monomers
through a chromatography column packed with neutral alumina
(80—200 mesh, Fisher). Technical grade DVB (K&K Rare and
Fine Chemicals) and analytic grade benzoin (Kodak) were used
as received. The initiator (benzoin) concentration was kept
constant at 0.4 wt %, and the cross-linker (DVB) concentration
was kept at 1.0 mol %, after adjusting for the 55% concentration
of the DVB. Both were based on styrene monomer weight.

Fraction I was prepared by filling the mold with the styrene-
/DVB/benzoin mixture and allowing polymerization to proceed
to the desired conversion, usually 40~50%. The sample was
demolded and dried in a vacuum chamber at room temperature
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for 1-2 days. Conversions were determined gravimetrically from
the swollen and dried weights.

Fraction II, consisting of the labeled polymer, was prepared
by swelling the dried fraction I samples to the original weight
before evaporation with a monomer mixture consisting of deu-
terated styrene and benzoin, with or without DVB. The samples
were allowed to equilibrate for 1 day in a closed container, at which
point equilibrium was assumed to have been reached. The res-
wollen samples were then placed into the UV chamber and allowed
to polymerize for an additional conversion period. Polymerization
of fraction II proceeded from 4% to 20%, taking 0.5-4 h. The
samples were demolded and dried as before.

Fraction III was prepared in the same way as fraction II, with
the exception that protonated (normal) styrene monomer was
used, as in fraction 1. Fraction III was polymerized for at least
36 h, at which point the total conversion was in excess of 98%.
The finished samples were dried in a vacuum chamber for 1-2
days to remove all unreacted monomer.

Several blanks were prepared to determine incoherent scattering
levels in the SANS experiments. One type consisted of a random
copolymer of styrene and deuterated styrene, at the appropriate
weight percent, polymerized to 100% conversion in the molds.
Another type of blank was made from pure styrene monomer plus
initiator. A third type of blank was prepared by following the
synthesis method outlined above, but in which for fractions I, II,
and III, the monomer consisted of solutions of styrene and deu-
terated styrene, thus also producing a randomly labeled polymer.

For the purpose of preparing conversion vs. time and molecular
weight vs. conversion curves, linear polystyrene was synthesized
systematically for a full range of conversions obtainable. At
specific conversions polymer was recovered by first dissolving the
partly polymerized material in THF and then precipitating into
excess methanol and drying.

Equipment. Molecular weights were determined with a Waters
gel permeation chromatograph (GPC) calibrated to high resolution
with narrow molecular weight distribution polystyrene standards.
Some molecular weights were verified with intrinsic viscosity
measurements.

Small-angle neutron scattering experiments were conducted
on the 5-m SANS instrument available at the National Center
for Small Angle Scattering Research (NCSASR) at Oak Ridge
National Laboratory (ORNL), Oak Ridge, TN. The incident
neutron beam had a wavelength of 4.82 A, with source slits of 2
c¢m and sample slits of 0.9 cm. The detector was an 18 X 17 cm
two-dimensional array with 0.3 X 0.3 cm elements. The sam-
ple-to-detector distance was fixed at 4.6 m. All data were corrected
for detector sensitivity and background. Measurements were made
for 3 h per sample, typically yielding about 50 000-100 000 net
counts above background. Since the SANS instrument had an
absolute calibration, intensities were directly convertible to
scattering cross-sections and to molecular weights.’

The K values over which the data were taken ranged from 0.007
t0 0.080 A. On comparison of this range with the R values (see
Results), it is seen that K?R,? is usually greater than 1 for the data
taken, ranging from 0.8 to 3.3. However, the linearity of the data
obtained suggests that it still yields the correct results; a small
systematic error may be present. The error in R, and M,SANS
is estimated to be between 10% and 20% for all the samples.

Results

Conversion vs. time and molecular weight vs. conversion
curves are given in Figures 1 and 2, respectively, for linear
polystyrene. The molecular weight increases linearly with
conversion, from M, = 40000 initially to about 70000 at
55% conversion, and then increases at an increasing rate
with the onset of the Trommsdorff effect. The weight-
average molecular weight of the final product was near
300000. These results are similar to that obtained by other
workers at this laboratory using similar synthesis meth-
ods.”1718 All obtained M,, of about 300000 for polystyrene
at 100% conversion, indicating a high degree of repeata-
bility in the experimental method.

In order to determine the molecular weight of the in-
serted fraction II, the instantaneous molecular weight is
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Figure 1. Experimental conversion vs. time curve for bulk,
free-radical polymerization of polystyrene.
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Figure 2. Experimental weight- and number-average molecular
weights and calculated weight-average instantaneous molecular

weight vs. conversion curves for polystyrene polymerizations: (a)
M,; (®) M,

needed. The molecular weight data were converted into
instantaneous molecular weights according to Robertson!®
and James and Piirma:%

0-p
w

dp

where p is the conversion of interest. The instantaneous
molecular weight is found by adding to the overall mo-
lecular weight (M,%P) the quantity corresponding to the
slope of the M, vs. p curve (dM,*?/dp) at the conversion
of interest multiplied by p. The result of this calculation
is given in Figure 2.

The instantaneous molecular weight is significantly
greater than the overall molecular weight at the same
conversion and increases much faster. M,? above about
65% conversion thus becomes inaccurate due to the
steepness of the curve.

Twelve samples were prepared for this study, for which
the distribution of the fractions is shown in Table I. The
instantaneous molecular weights were calculated for
fraction II by taking M_? at the midpoint conversion of
fraction II (conversion of fraction I plus half the conversion
of fraction II). Sperling et al.” found that the main-chain
molecular weight in cross-linked polystyrene is the same
as that for linear polystyrene synthesized under the same
conditions. This result indicates that the small amounts

MpP=MS>P+p (12)
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Table I
Polystyrene Network Type and Fraction Weight
Distribution

wt conv of fraction

sample type I II III  mol fraction II
A XXX 0.433 0.041 0.526 0.044
B XXX 0.428 0.048 0.524 0.052
C xlx 0.576 0.076 0.348 0.081
D XXX 0.500 0.083 0.417 0.089
E xll 0.512 0.086 0.402 0.092
F xlx 0.494 0.099 0.407 0.106
G xlx 0.447 0.117 0.436 0.125
H xll 0.559 0.141 0.300 0.150
I xlx 0.472 0.165 0.363 0.175
J XXX 0.464 0.179 0.357 0.190
K xlx 0.463 0.188 0.349 0.200
L xll 0.450 0.202 0.348 0.214
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Figure 3. [dZ(K)/dQ]}/Cn vs. K = (47 /M) sin § for sample K.
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Figure 4. Zimm plot for sample K.

of cross-linker used have little effect on the primary mo-
lecular weight distribution; so molecular weights obtained
for linear polystyrene are applicable to cross-linked poly-
mers.

SANS Results. Molecular Weight Data. Weight-
average molecular weights and z-average radii of gyration
determined by SANS are presented in Table II. Inco-
herent scattering was removed by the appropriate blank
as discussed in Appendix I. A typical dZ(K)/dQ vs. K plot
and the corresponding Zimm plot for determination of
M SANS and R,? are given in Figures 3 and 4.

Molecular weights from GPC and SANS are shown in
Table II. Weight-average radii of gyration were calculated
from R? by eq 7, using GPC data for values of M, and M,.
These values, together with R,;"/ (M, SANS)1/2 gre also given
in Table IIL

The average value of R,¥/(M,SANS)1/2 is 0.28 + 0.04,
which is well within error of the known value of 0.275 for
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Table I1
Results of GPC and SANS and Calculated Values for Polystyrene
sample type MWP(GPC)“ MWSANS a Nt Rgz,a A st’b A ng / ( MWSANS)I /2%
A XXX 110000 180000 1.6 126 105 0.25
B XXX 110000 110000 1.0 130 106 0.32
C xlx 200000 230000 1.2 140 114 0.24
D XXX 150000 210000 14 200 160 0.35
E xll 160000 290 000 1.8 150 122 0.23
F xlx 150000 340000 2.3 161 144 0.28
G xlx 130000 330000 2.5 189 154 0.27
H xil 240000 470000 2.0 243 198 0.29
I xlx 150000 590000 3.9 224 183 0.24
J XXX 150 000 760000 4.8 334 278 0.32
K xlx 160000 520000 3.3 241 197 0.27
L x11 150000 580000 3.9 244 199 0.26
s Experimentally determined. ?Calculated values.
Table III
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Figure 5. Aggregation number N vs. mole percent of fraction
1L

polystyrene.??” The molecular weights obtained from
SANS and from GPC are significantly different, the SANS
result being 1-5 times greater than the GPC result. The
nonrandomness number, N, can be defined as the ratio of
M_SANS ¢ M_P(GPC).

Figure 5 shows N increasing approximately linearly with
mole percent of fraction II above about 4 mol %. The
different types of samples, xxx, xIx, and xll, all follow the
same trend. The quantity N appears to approach unity
as the size of fraction II goes below 4 mol %.

Comparison to Previous Data. The present results
are compared with those obtained by Fernandez et al.,”®
for samples prepared by the same technique, in Tables III
and IV. Both Fernandez et al. and the present work show
significant nonrandomness and almost the same ratio of
R/ (M,SANS)V/Z but in the previous work, N approaches
1 for increasing size of fraction II and approaches a very
large value (about 40) as fraction II weight approaches zero.
The data of Fernandez et al. were corrected for molecular
weight mismatch according to the method of Boue et al.!?
and Crist et al.,”® eq 8-11.

Both instantaneous and cumulative averages were
studied, and the correction was found to be 5% or less for
all samples. The total error estimated for the experimental
molecular weight determinations is of the order of 10%,
and hence the correction of Boue et al.!? was not applied.
Also, since the apparent molecular weight caused by the
nonrandomness was much higher in some cases, there is
some ambiguity in selecting the degree of polymerization
data for this correction. However, even if the worst case
is assumed, the correction is still of the order of 10%, far
smaller than the nonrandomness effect found.

Discussion

The present data show that samples containing greater
than about 4-6 mol % of fraction II appear to be non-

Summary of Results Obtained hy Fernandez et al.”$ for
Polystyrene Networks

wt fraction

sample 1 II I Ne
2 0.799 0.201 0.000 16
5 0.750 0.139 0.111 4
7 0.600 0.139 0.261 11
4 0.750 0.102 0.148 15
6 0.600 0.100 0.300 16
3 0.750 0.054 0.196 34

9 Molecular weight mismatch corrected (see eq 8-11). °This
sample was affected by the Tromsdorff effect, and its molecular
weight is known with less certainty than the other samples of Fer-
nandez et al.

Table IV
Comparison of Main Results of Fernandez et al.”® with
Present Results for Polystyrene

Fernandez present work

% conversion at 6085 40-55
beginning of
fraction I1

types of networks XXX
studied

SANS blank PSH

xxx, xlx, xll

PSH/PSD random
copolymers

mol wt mismatch 0-30% small and ignored
correction
range in N 1-35 1-5

dependence of N on decreases with  first none and then

mol % fraction I1 increasing increasing with fraction
fraction II II
R;’/(MWSANS)I/2 0.31 £ 0.09 . 0.28 £ 0.04

random. These midrange-labeled compositions had values
of N, the nonrandomness number, increasing from 1 to 5
as the size of fraction II increased. The following sections
discuss the reasons for this behavior.

Fernandez et al.”® were the first to show nonrandomness
in these types of samples. However, they found a radically
different dependence of the nonrandomness number on
fraction II concentration. Also, Fernandez et al. found a
higher range of nonrandomness numbers, from 1 to 35.
The most important differences in the two synthetic
procedures is that the current samples (A-L) all have
fraction I conversions from 43% to 58%, while those of
Fernandeéz et al. all lie above 60%. Table IV compares the
two sets of data. For the larger fraction I specimens there
is significantly less open volume for fraction II to polym-
erize in. This smaller polymerization volume empirically
should lead to greater degrees of nonrandomness since the
same volume of fraction II is occupying less total space,
which was found.
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Proposed Mechanism of Nonrandomness. The
nonrandomness number N increases with increasing size
of fraction II. The Occam’s Razor principle suggests a
mass effect, with increasing size of fraction II triggering
an increased response to whatever underlying mechanism
causes the nonrandomness.

Several other cases of nonrandomness in SANS exper-
iments have been reported in the literature, most notice-
ably the segregation of PEH /PED blends, as demonstrated
by Schelten et al.#%1%2¢ In samples slow cooled from the
melt, PED tends to segregate from PEH due to differential
crystallization temperatures, resulting in a nonrandom
distribution of PED, which in turn leads to unusually high
values of M,, and R,. Schelten pointed out the important
result that the effect was apparently noticeable for even
small deviations from a statistical blend.

In a completely different experiment, Guenet and Picot®
studied the rejection of atactic PS in a crystallizing iso-
tactic PS matrix. As the degree of crystallinity was in-
creased, the labeled atactic PSD showed increasing degrees
of clustering as the chains were forced into decreasing
amorphous volumes. The immediate cause of nonran-
domness was an increasing degree of nonrandomness in
the labeled-chain distribution. In both cases the authors
noted that clustering can occur if even one contact between
labeled chains above statistical occurred; two nonrandom
adjacent chains can give an apparent molecular weight
twice that of the single-chain molecular weight.

In accordance with the above results, it is proposed that
the apparent increase in molecular weight of the samples
studied arises from the labeled chains being excluded from
some region of the bulk, causing a slightly nonrandom
distribution of the labeled chains. Several mechanisms can
be proposed to explain this.

The effect may be a result of artifacts introduced by the
synthesis method. When fraction II was swelled into
cross-linked fraction I, the fresh monomer may have been
excluded from certain regions due to incomplete or inef-
ficient swelling, resulting in fraction I not returning to its
originally partly polymerized state as before the first
evaporation of monomer. This may have been repeated
when fraction III was prepared. One could conceive of the
emplaced chains of either fraction I or fraction II “sticking”
together, caused the observed increase. With higher con-
versions of fraction II, the effect would be more pro-
nounced.

This possibility cannot be totally ruled out but seems
doubtful in view of circumstantial evidence. Styrene is a
good solvent for polystyrene and presumably also for
deuterated polystyrene. In blends of PSH and PSD, two
groups, Wignall et al.?! and Cotton et al.,?? both found
normal results, indicating no thermodynamic incompata-
bilities in the system. There is no reason to assume that
insufficient time was allowed for swelling equilibrium to
be obtained.?6?

Some mechanisms considered by Fernandez et al.”® to
explain their data included the possibility that the chains
were not clustered but were actually one continuous chain,
caused either by very low termination rate or from a high
degree of chain transfer. This may seem reasonable as the
quantity R,/ (M,SANS)1/2 corresponds to that of a random
coil for all the samples (Table IT). However, this possibility
is unlikely considering the polymerization conditions.
Fraction II contains fresh initiator and cross-linker when
swollen into fraction I, the effects of which would serve
to lower M,, and decrease the possibility of chain transfer.

The working hypothesis developed by Fernandez et al.
to explain their results relied on the fact that fraction II
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contained cross-links. They proposed that pendant vinyl
groups (PVGs) (i.e., potential cross-link sites) served as
the means to provide for nonrandom contact points. In
fraction II there is a higher probability that a chain
cross-links with another just-formed chain rather than with
previous (fraction I) or later (fraction III) chains. This is
because of the greater probability of unreacted PVGs in
the just-polymerized portion of fraction II. Consequently,
the labeled fraction II chains tends to be clustered due to
the cross-linking in fraction II.

Figure 5 shows no real difference in the apparent non-
randomness number of the three types of samples (xxx,
xlx, xll). Any effects of cross-links in fractions II or fraction
I1T appear to be negligible. The observed clustering is due
to the presence of cross-linking in fraction I or perhaps
some other factor. The mechanism of Fernandez et al.,
that of cross-links present in fraction II causing the ob-
served apparent increase in molecular weight, does not
account for the apparent increase observed in the xlx and
xll samples in the conversion range studied.

Inhomogeneities in Free-Radical Co-
polymerizations. Numerous authors have discussed the
presence of inhomogeneities in cross-linked polymers, in-
cluding resins and condensation polymers.?® Vinyl/
divinyl copolymerizations are thought to form inhomoge-
neities before the gel point is reached.®®2¢ This type of
polymerization was recently modeled by Boots and Pandey
using the kinetic gelation model.?® The presence and
causes of inhomogeneities in the styrene/DVB system have
been extensively studied,***® the results of which will be
used to explain the trends of the data.

Although many have tried to apply the results of Flory
and Stockmayer to predict the gel point of styrene/DVB
copolymers,*’*8 gel point predictions have consistently been
found to be a magnitude too small for low cross-link con-
centrations.*** In fact, Stockmayer was the first to point
out that styrene/DVB is not ideal, as one of the basic
assumptions of the gelation theory is equal reactivities of
all the double bonds in the system; however, the reactivity
of DVB is much greater than that of styrene.

This marked difference in reactivities is responsible for
the appearance of inhomogeneities in styrene/DVB co-
polymers. The presently accepted polymerization mech-
anism, as applied to these copolymers, is as follows,36:4244:45
While there is a conventional buildup of a network through
interchain cross-linking, as predicted by the Flory theory,
intrachain reactions predominate. At the beginning of the
copolymerization, significantly more DVB reacts, which
leads to a high probability of “back-biting” reactions,
producing tightly cross-linked regions (gel balls) at low
conversions. There is a greater concentration of divinyl
monomer in the polymer than what would be expected
from the monomer feed ratio. The structure of the poly-
mer just before the gel point, at about 13% conversion for
1 mol % cross-linker,*** consists of densely cross-linked
regions interspersed in a more or less continuous network
of much lower cross-link density. Due to the tightness of
the gel balls, there are significant numbers of PVGs that
are unable to react within these regions, as well as trapped
radicals.

The situation is compounded by the fact that com-
mercial DVB is a mixture of roughly 35% m-DVB and
20% p-DVB. The remainder is mostly ethylstyrene. p-
DVB reacts somewhat faster than m-DVB, increasing the
driving force toward inhomogeneities. For both the meta
and para isomers, the unreacted second vinyl group has
the same reactivity as the styrene double bond.3940:43,4446
The structure of fraction I around 40-50% conversion is
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imagined to consist of regions of tightly cross-linked
polymer containing mainly p-DVB as the cross-linker, with
trapped PVGs. Connecting these regions will be linear and
branched sequences containing both m-DVB and p-DVB,
with a significant number of unreacted PVGs available for
further reaction. This model has been qualitatively ver-
ified by Guillot,*® who found that pendant chains are en-
capsulated in cross-link “islands” while the network is still
growing and that polymerization occurs just outside the
boundaries of the gel (high cross-linked) regions. He also
states that m-DVB tends to react later, forming PVGs
around these regions. This is similar to a result of Righi.*®
Boots and Pandey® present figures that show, for 10%
divinyl cross-linker and 44% conversion, significant ag-
gregation, as calculated by the kinetic gelation model. In
their case, a significant number of PVGs are present on
the “edges” of the aggregates, as well as trapped within.

When fraction II monomer mixture, consisting of the
labeled monomer, is swelled into the dried fraction I, the
regions of high-cross-link density are relatively unavailable,
excluding fraction II from polymerizing in certain regions.
Fraction II is envisioned as being slightly nonrandom from
this cause, accounting for the observed apparent molecular
weight increase. While the unavailable volume for fraction
II was not calculated, it can be estimated to be sufficient
(perhaps 20-30% of the swollen volume) to force the po-
lymerizing fraction II chains into nonrandom spatial con-
figurations. This effect would be enhanced by an increase
in the number of fraction II chains as found experimentally
(Figure 5). The effect of PVGs in fraction I or fraction
II, if any, is not apparent. An increase in fraction I size
will cause a corresponding increase in excluded volume,
leading to higher states of apparent aggregation, as ob-
served qualitatively by Fernandez et al.”®

The notion of “gel balls” caused by the higher reactivity
of the DVB may account for the differences in the de-
pendence of N on fraction II size. If the viscosity of the
medium is high enough, perhaps new “gel balls” are formed
when fresh DVB is added along with deuterated styrene
in fraction II. This leads to the inverse dependence noted
by Fernandez et al. However, if the effect is concentration
related, the apparent aggregation increases with fraction
11 size. These two mechanisms may be competing, with
factors such as internal viscosity and internal diffusion
constants playing important roles, related to the conversion
of fraction I.

IPN Model. Another approach to the understanding
of the results is modeling the system based on homo-
IPNs.%® In a paper by Siegfried et al.’! concerning the
mechanical properties of PS/PS homo-IPNs, they noted
that network I controls the physical and mechanical
properties of the IPN. Network II was seen to form less
continuous domains and behave like a filler. In the present
case, fraction I behaves like network I. The presence of
network I is then excluded volume, forcing network II
(fraction II) into restricted regions—and causing aggre-
gation of the labeled chains. This model would not have
to depend on the presence of microgels and inhomogene-
ities in fraction I, although their presence would enhance
the effect. Another point to be made is that in IPNs,
network I is polymerized to 100% conversion and then
swelled with monomer II. Network I chains in the finished
IPN are extended. This is not the case for fraction I, but
the similarities remain.

Conformation of the Segregated Chains. As noted
in Table II, all of the samples had R,”/(M,SANS)1/2 values
within experimental error of the 6-solvent value of 0.275.
For polymers in the bulk state, good agreement with ©-
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Figure 6. Comparison of Kratky plots for samples B, G, and L
(bottom) with those calculated by Guenet and Picot? (top) for
interpenetrating random coils. Numbers correspond to aggre-
gation number N,

solvent values have been found for many systems (see ref
1-3). If the above mechanism for aggregation is accepted,
then an aggregate of about 4 chains, as in samples I-L,
must consist of a random coil, as the R,"/(M,SANS)!/2
values behave like that of a single chain, échelten et al.®
and Guenet and Picot®® have calculated Kratky plots
(KR,)2I vs. KR, in form) for clustering or interpenetration
of la%eled chains. These plots show maxima at moderate
K values, the height of which increases and moves to
smaller K values with increasing clustering (V). The form
of these plots, which are based on the random coil model
(Gaussian chain distribution), is similar to plots of the
experimental data, as shown in Figure 6.

The agreement in Figure 6 may support the proposed
nonrandomness mechanism. Clustering due to excluded
volume will lead to an interpenetration of the labeled
chains above what is statistically expected. Apparently,
the aggregates still behave like a random coil, as R,"/
(M,SANS)1/2 g similar to the value for single chains, al-
though the aggregate consists of several chains. The ap-
parent aggregation number may not correspond to the
actual number of labeled molecules in the aggregate but
may only be an indication of the degree of aggregation and
nonrandomness in fraction II.

Finally, it appears that the theory available for the exact
interpretation of cross-linked and nonrandom systems is
still embryonic. These results point to important new
understanding of networks but cannot be characterized
beyond the simple nonrandomness number for lack of
exact theory. However, noting the rapid state of devel-
opment of the field, it may be hoped that such a theory
will be forthcoming shortly.

Conclusions

Polystyrene cross-linked with 1 mol % divinylbenzene
showed apparent increases in molecular weight through
SANS measurements of chains labeled at the mid-con-
version range. In the conversion range 40-55%, nonran-
domness numbers of 1-5 were found, increasing with in-
creasing size of the labeled portion. The nonrandomness
number does not depend on the presence or absence of
cross-linker in fraction II, the labeled portion, or the
polymer at higher conversions, fraction III.

The apparent molecular weight increase is postulated
to be due to the presence of excluded volume, leading to
a nonrandom distribution of polymer chains formed later.
The excluded volume is thought to contain inhomogene-
ities that consist of regions of higher cross-link density and
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Table V
Comparison of Results Obtainable for Several Blanks As
Shown for Sample F¢

dz/dQ, Ri;/
blank type cm! RA A (MSANS)L/2
PSH 3B+4 176+ 14 0.255
PSH/PSD random copolymer 37 +4 197 %15 0.276
(90/10 wt %)
av level of 90/10 copolymer 39+4 203+18 0.277

blank
aSample F: 9.8 wt % fraction IL
Table VI

Comparison of Results Obtainable for Several Blanks As
Shown for Sample G*

dz/de, R ‘;/
blank type cm™! R A (MwSi Sy1/2
PSH 454 18511 0.254
PSH/PSD random copolymer 44 £4 190 + 13 0.264
(87/13 wt %)
av level of 87/13 copolymer 42+4 189+£13 0.268

blank
?Sample G: 11.7 wt % fraction II.

may be considered as “tight” gel balls. This causes po-
lymerizing chains to be restricted in the potential volume
they can occupy and hence appear segregated in SANS
observations of abnormaily high molecular weights and
radii of gyration. :

At least two series of further experiments are planned.
In one, the conversion of fraction I would be varied. As
fraction I size increases, the state of aggregation should
also increase for similar-sized fraction II's. This has been
shown tentatively by this work and the previous study.”®
The difficulty of preparing low-conversion fraction I sam-
ples may limit the usefulness of this experiment. In an-
other series, the amount of cross-linker could be varied
from O (111 case) up to perhaps 10-20%. Questions to be
resolved include the dependence of the “excluded volume”
mechanism on cross-linker., Will the absence of cross-linker
eliminate the observed segregation in the full conversion
range, and how will the molecular weight increase depend
on cross-linker concentration and on size of fraction II in
different conversion ranges.

The importance of their presence of inhomogeneities lies
in their effect on the physical and mechanical properties
of the resulting polymer. The present results might explain
why certain polymers exhibit lower than expected strength.
Inhomogeneities serve as stress concentrators and failure
sites. If the mechanisms of their formation can be com-
pletely elucidated, then perhaps stronger or tougher
polymers can be produced.
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Appendix

Choice of Blanks. Blanks consisting of both proton-
ated PS and randomly deuterated PS, at the appropriate
weight percent, were used to measure incoherent scattering
background.!! In addition, incoherent backgrounds were
also removed by calculating the average intensity a ran-
domly deuterated blank should produce and using the
result for correction of scattering intensities.
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A dZ/dQ vs. K plot for a blank shows some increase in
scattering intensities at very low angles, below K = 0.008
A, probably due to void scattering. Whether or not these
voids are also present in the samples is unknown, although
void scattering has been reported to be only 1% of total
incoherent scattering.® Consequently, average incoherent
scattering was calculated for each blank by averaging d2-
(K)/dQ at higher K values, and the appropriate quantity
was subtracted.

The results of the different correction methods are given
in Tables V and VI for two samples. There is no differ-
ence, within experimental error, between the random co-
polymer blank and the average level subtractions. While
dZ(0)/dQ values and hence molecular weights are con-
sistently lower (but still within error) for the protonated
blank, R.? values are slightly lower. The quantity R,"/
(MWSANS)%/ 2, which has been determined to be 0.275 for a
PS random coil by SANS and other methods,>?1%2 agrees
with the experimental value for the deuterated blanks but
is slightly lower for the protonated blanks. Incoherent
scattering was corrected by subtracting the appropriate
randomly deuterated blank or the corresponding average
incoherent scattering level for all the samples, both
methods yielding identical results. The difference between
the deuterated and protonated blanks is within experi-
mental error, although subtraction of incoherent intensities
with the deuterated blank is more correct.

Registry No. neutron, 12586-31-1; (divinylbenzene)-(styrene)
(copolymer), 9003-70-7; (deuteriostyrene)-(styrene) (copolymer),
97655-09-9; (divinylbenzene)-(deuteriostyrene)-(styrene) (co-
polymer), 97655-10-2.
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ABSTRACT: The conformation of the polyether soft segment, the polyester hard segment, and the entire
chain was measured as a function of temperature in two series of polyether—polyester multiblock copolymers
using small-angle neutron scattering. At room temperature, the average soft segment was found to be in a
slightly expanded random coil conformation, although some of the segments are probably extended. The
measured soft-segment radius of gyration decreased somewhat as the sample was heated. This behavior was
attributed to the presence of fewer taut soft segments due to the relaxation of stresses in the material as the
chains become more mobile above the glass transition temperature of the hard segments. The crystallized
hard segments exhibited a chain-folded structure at room temperature. The measured fold length was 3-4
hard-segment units long. The hard-segment radius of gyration increased substantially as the temperature
was increased. This is attributed to the unfolding of some segments by a melting and recrystallization of
the highly folded segments and to new hard segments crystallizing out of the amorphous phase into an extended
crystalline conformation. The radius of gyration of the whole chain decreased as the temperature was increased
between 25 and 150 °C. The reason for this is unclear, although it may be due to the relaxation of the stresses
introduced into the system by molding the sample below the hard-segment crystalline melting temperature.
Above 160 °C, the crystallization of new hard-segment material becomes an important process, along with

lamellar thickening. These processes cause the radius of gyration of the whole chain to increase.

Introduction

Polyether—polyester block copolymers are segmented
thermoplastic elastomers that exhibit excellent physical
properties and chemical resistance. They are marketed
by E. L. du Pont de Nemours and Co. under the trade name
of Hytrel. Polyether—polyesters exhibit a two-phase mi-
crostructure, which is responsible for their superior me-
chanical characteristics. The two phases present in Hytrel
systems are an amorphous phase and a crystalline or
semicrystalline phase. The amorphous phase, also called
the soft phase, consists of a mixture of polyether and po-
lyester segments, which are also known as the soft and hard
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segments, respectively. The crystalline phase consists
almost exclusively of crystallized polyester segments. The
service temperature of the material lies between the glass
transition temperature of the soft phase and the crystalline
melting temperature of the hard phase. The microstruc-
ture of these materials at intermediate polyester compo-
sitions features a soft, rubbery matrix filled with a hard,
reinforcing phase that acts as a physical cross-linker. The
major driving force for phase separation in the poly-
ether—polyester systems is the crystallization of the hard
polyester segments. Any contribution to the driving force
due to the incompatibility of the ester and ether segments
is smaller in magnitude, unlike the situation in poly-
urethane block copolymers, where the driving force is
usually dominated by intersegmental repulsion. Chemical
structure and processing conditions are also known to
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