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ABSTRACT: The effect of peroxide cross-linking on the phase diagram and the scattering function for a
critical mixture of perdeuterated polybutadiene (DPB) and protonated polybutadiene (HPB) has been examined
by small-angle neutron scattering as a function of temperature. The scattering curves for the cross-linked
blends were essentially temperature independent. It was found that even at temperatures (T) below the
critical temperature (T.) of the un-cross-linked (linear) blend (e.g., T = 0 °C; T, = 99.2 °C), the cross-linked
blends remained single phase and did not undergo microphase separation. The calculation of the reduced
temperature, ¢, for the cross-linked biends also implied that the cross-linking greatly increased the single-
phase region of the phase diagram. A comparison of the scattering for the cross-linked blend with that of
the linear blend at the cross-linking temperature (150 °C) showed a suppression in the scattering due to the
presence of the cross-links. However, it was experimentally found that the concentration fluctuations present
at the temperature of cross-linking dominate the scattering, which made it rather difficult to verify the
prediction on the scattering function made by de Gennes.

I. Introduction

It is extremely important to control the state of mixing
and the phase-separated structure of polymer blends if
they are to be designed to have superior properties relative
to those of the individual constituent polymers. Phase-
separated polymer blends with a well-controlled domain
size and structure are favored for improving the physical
properties in some cases,! while miscible blends are favored
in other situations.? Small-angle neutron scattering
(SANS) is a powerful technique to examine the concen-
tration fluctuations present in polymer blends in the single-
phase state as the spinodal is approached.>” Studies of
these kind provide information on the magnitude of the
Flory interaction parameter, x, the spinodal temperature,
T,, and the correlation length of the system. These
parameters are important when one attempts to judge the
extent of miscibility of polymer blends. It has beenshown
in block copolymers both experimentally? and theoreti-
cally® that coupling two dissimilar chains at a single
junction increases the single-phase region of the phase
diagram relative to that of a blend of the corresponding
linear polymers. Briber and Bauer? have demonstrated
that introducing cross-links in a miscible polymer blend
of deuterated polystyrene (DPS) and poly(vinyl methyl
ether) (PVME) also increases the single-phase region of
the phase diagram.

In this paper we studied the effect of cross-links on the
concentration fluctuations in a deuterated polybutadiene
(DPB) and protonated polybutadiene (HPB) blend. The
effect of cross-links on the scattering was examined as a
function of temperature and cross-link density. We
experimentally found that the cross-linked blends remain
single phase even at temperatures 100 °C below T, for the
un-cross-linked blend. This observation suggests that
introducing cross-links in the miscible blend greatly
enhances the single-phase region of the phase diagram,
which is consistent with the results reported by Briber
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and Bauer and with prediction by de Gennes.22 However,
unlike the observations by Briber and Bauer, the scattering
from cross-linked blend in this paper did not agree with
predictions by de Gennes.?? This can be understood if
one considers a possibility that the concentration fluc-
tuations which are present before cross-linking are “locked-
in” by the cross-linking. In the DPB/HPB blends, these
locked-in concentration fluctuations may dominate com-
pared to those predicted by de Gennes at the experimen-
tally accessible temperatures. The origin that caused the
seemingly different observations between DPB/HPB blend
and DPS/PVME blend is also discussed in detail.

II. Experimental Section

1. Samples. Both the perdeuterated polybutadiene (DPB)
and the protonated polybutadiene (HPB) used in this study were
synthesized by living anionic polymerization. Molecular weights
and polydispersities of DPB and HPB are listed in Table I. The
peroxide employed in this study for cross-linking of DPB and
HPB was 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane.
The half-life of the peroxide, t;5, for radical generation of this
peroxide at 150 °C is 66 s.1

Five DPB/HPB blend samples were made with a composition
of 46.5 vol % DPB and 53.5 vol % HPB, containing 0, 2.57, 4.00,
552, and 8.51 wt % peroxide of the total polymer weight,
respectively, to produce a series of samples with differing cross-
link densities; 0.5 wt % N-phenyl-2-naphthylamine of the total
polymer weight was added as an antioxidant. The composition
was chosen so that the mixture had a critical volume fraction
calculated according to Flory-Huggins lattice theory.!! The
SANS samples were prepared by dissolving the polymer mixture
in cyclohexane and then freeze-drying. It should be noted that
the DPB/HPB blend has an upper critical solution temperature
(UCST) type phase diagram with a critical temperature of 99.2
°C (see section III-2 for details).!? Therefore, if one stores the
mixture at room temperature for any length of time, the blend
undergoes phase separation. Consequently, the mixture obtained
after freeze-drying was homogenized by mechanical mixing'3 at
about 90 °C and then molded into the spacer ring (1 mm in
thickness and 14 mm in diameter) that would be used for the
scattering experiment. The samples were sandwiched by two
quartz plates and put in the brass SANS cell. The samples were
kept at 105 °C for 10 min, where the mixture was in the single-

© 1993 American Chemical Society



Macromolecules, Vol. 26, No. 1, 1993

Table I
Polymer Characteristics
code microstructure,® %
(specimen) M, X 104¢ M./M.® N,®* 1,2 cis-14 trans-14
DPB 479 128 6223 215 363 42.2

HPB 28.9 1.06 5039 29.3 70.7

¢ Determined by size exclusion chromatography equipped with
light scattering. ® Number-average degree of polymerization. ¢ De-
termined by 13C NMR.

Table II
DPB/HPB Cross-Linked Blend Characteristics
peroxide swelling
concn,? ratio q* x 102t q* X 10%¢
wi % Q) N, A Al
0 0 0
2.57 7.03 446 3.69 1.56
4.00 4.7 167 6.02 2.54
5.52 3.92 98 7.87 3.32
8.51 2.83 38 12.6 5.31

@ Peroxide concentration for total polymer weight. ® Calculated
from theoretical prediction by de Gennes (eq 8). ¢ Calculated from
experimentally determined value for DPS/PVME by Briber and
Bauer (eq 9).

phase region of the phase diagram (see section III-2.) and no
effective cross-linking reaction takes place, in order that all of
the samples had the same concentration fluctuations before cross-
linking. A temperature jump from 105 to 150 °C was made to
decompose the peroxide and cross-link the samples. The blends
were kept at 150 °C for 10 min, which was about 10 times the
t1/2. After the temperature jump, the disk-shaped cross-linked
samples (except the one having 0 wt % peroxide) were removed
from the SANS cell and placed in an excess of toluene and allowed
to reach swelling equilibrium. The toluene was exchanged three
or four times and allowed to reequilibrate to extract unreacted
linear polymer or residual peroxide. Atthe end of this extraction
process the diameter and the thickness of the disk-shaped samples
were measured to calculate the swelling ratio of the cross-linked
blend (see section II-2 for details). The samples were dried and
then put back into the cells for the SANS measurements.

2. Characterization of Cross-Linked Blends. The cross-
linked samples prepared by the steps described above were
allowed to swell in toluene to estimate the degree of polymer-
ization between cross-links, N.. According to the Flory-Rehner
theory!4 of swelling, the degree of polymerization between cross-
links can be calculated from the equation

_ 2. Y oys_ey o
In(1-¢) + o+ x;¢ +va¢(“’ 2)—o (6N}

where ¢ is the volume fraction of the network, v; is the molar
volume of solvent, v is the specific volume of the polymer, m is
the molecular weight of the polymer repeat unit, and x; is the
Flory interaction parameter between polymer and solvent. The
cross-linked samples were disk-shaped, 14 mm in diameter and
1 mm in thickness, before the swelling. Swelling ratios, @, were
calculated from the measured value of the disk diameter and the
thickness after the samples had reached swelling equilibrium.
Swelling ratios are presented in Table II. The inverse of the
swelling ratio can then be used in eq 1 (¢ = 1/Q). The molar
volume of toluene is 106.3 cm?/mol. The specific volume used
for the blend, 1.056 cm®/g, was taken as the average value of DPB
and HPB. A weighted average value of the molecular weight of
deuterated butadiene monomer and that of protonated butadiene
monomer was calculated and used in eq 1 as the monomeric
molecular weight. The value of the interaction parameter
between HPB and toluene used was 0.465 as reported by Sasaki
et al.’® The obtained values of N, are given in Table II.

3. SANS Measurements. The SANS experiments were
carried out by using the 30-m SANS instrument at the NIST
Cold Neutron Research Facility. In this study, pinhole colli-
mation was used with a 7-A neutron wavelength. The wavelength
resolution, AN A, was 0.21, where A is the wavelength of the neutron
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beam and A) is the full width at half-maximum (fwhm). A two-
dimensional detector with a sample-to-detector distance of 15.30
mwas used. The observed scattering intensity was corrected for
electronic background, sample transmittance and thickness,
empty sample cell scattering, and detector inhomogeneity. The
intensity was then converted to absolute units with a deuterated
polystyrene (DPS) and polystyrene (HPS) blend (50/50 wt %),
which was calibrated using a silica gel secondary standard on the
NIST 8-m SANS.'¢ The corrected scattered intensity was then
circularly averaged to obtain the dependence of scattering
intensity on wave vector [g = (47/)) sin (6/2), 6 being the scattering
angle].

A copper heating block was used to control the specimen
temperature to within 0.2 °C of the desired temperature during
measurements. Specimens were held at temperature at least for
30 min before the SANS measurements were started.

II1. Results and Discussion

1. Simple Discussion of Linear Blend Scattering.
De Gennes has calculated the scattering function, I1.(q),
of a binary polymeric mixture in the single-phase state
based on the random-phase approximation (RPA) in the
context of the mean-field model.’” It has been shown in
many publications® 71821 that the RPA calculation de-
scribes the scattering intensity of polymer mixtures quite
well in the single-phase region of the phase diagram. For
the asymmetric polymer pair it is given by

L@l _ 1 + 1 _2 ()
kx NypavaGp(Xy) NpoprgGp(Xp) %o

where Nk, ¢x, vk, Gp(Xk), and x are, respectively, the
degree of polymerization, the volume fraction, the mon-
omeric molecular volume, the Debye scattering function
of a single Gaussian coil for polymer K [K = A or B, Gp-
X = X)Xk - 1 + exp(-Xk)]], and the Flory
interaction parameter per monomeric unit. ky is the
contrast factor for neutrons, which can be written as

kN = NO(bA/yA - bB/VB)Z (3)

with bx as the scattering length of one monomeric unit of
polymer K and N, as Avogadro’s number. »; is the
reference cell volume, which is given by

vy = (¢afva + ¢B/VB)_1 4)
and X is defined as
Xk = ¢*Ry’ = ¢*(Nxa'/6) )

where Rgx is the unperturbed radius of gyration and ag
is the statistical segment length of polymer K. The
scattering function calculated from eq 2 is a monotonically
decreasing function of q.

In the following section (III-2) eq 2 was applied to the
un-cross-linked (linear) DPB/HPB blend to obtain x as
a function of temperature T, x(7), and the spinodal
temperature, T,

2. Characterization of Un-Cross-Linked (Linear)
Blendin the Single-Phase State. SANS measurements
for the DPB/HPB blend in the single-phase region of the
phase diagram have been done as a function of temperature
(T). Figure 1 shows a plot of SANS profiles of the un-
cross-linked blend (hereafter referred to as the linear
blend) as a function of g at different temperatures. Note
that the SANS profiles have been put onto an absolute
intensity scale. The vertical lines for each symbol in the
figure are error bars. It is important to point out that the
accuracy of all SANS data was within £1.5%. The
scattered intensity increased with decreasing temperature,
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Figure 1. SANS profiles of DPB/HPB un-cross-linked (linear)
blend (¢pps = 0.465; critical composition) at various temperatures
in the single-phase state.

indicating that the DPB/HPB blend is an UCST-type
system.

Nonlinear regression fitting* of the SANS profiles to eq
2 was done to determine x as a function of T. The detailed
fitting procedure can be found elsewhere.!? Since the
objective of this paper is not a full characterization of the
DPB/HPB blend, the detailed analysis of the DPB/HPB
blend (e.g., composition dependence of x) will be presented
in a separate publication.? The temperature dependence
of x is given by

x =-5.34 X 107 + 0.314/T (6)

with the spinodal temperature being 99.2 °C. It should
be noted that the x value at the spinodal point (y;) was
calculated to be 3.10 X 1074

3. Small-Angle Neutron Scattering from Cross-
Linked Blends. A. Theory for Cross-Linked Polymer
Blends. De Gennes hasgiveninashort paper a theoretical
investigation on the effect of A-B cross-links on concen-
tration fluctuations and the phase diagram for a miscible
A/B polymer blend.22 There are some assumptions in his
theory: (i) the blend is cross-linked randomly with A-B
cross-links (exclusively) to produce a network but the
presence or absence of A-A or B-B cross-links should not
change the results, at least qualitatively; (ii) the starting
blend is symmetric (Na = Ng = N, ¢a = ¢p = 0.5); (iii) N
<« N to assure the system is not close to the gel point. We
believe that the peroxide cross-linking reaction results in
random cross-linking of the DPB/HPB system. In ad-
dition, the DPB/HPB blend used in this study was close
to a symmetric blend (see Table I), giving rise to a closely
symmetric cloud point curve.!? N, was on the order of 10
times smaller than the degree of polymerization of the
HPB, which is the shorter of the two components (see
Tables I and II). Writing the free energy in terms of its
Fourier components allows the evaluation of the structure
factor, Sc(g), for the system in the single-phase state. S-
(q) is given by

2.2
Sq =S+ Lo -0 + ST )
q

where x; is the x value at the critical point for the un-
cross-linked linear blend, a is the statistical segment length
of the polymer chains (as = ap = a), and C is related to
the “internal rigidity” of the chains. According to de
Gennes C ~ 36/(N2a?).

S.(q) as described in eq 7 has a scattering maximum at
anonzero g vector (termed ¢*), in contrast to the scattering
function for an un-cross-linked polymer blend, I1,(g), which
has an maximum at ¢ = 0. The scattering maximum in
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Figure 2. Plots of the structure factor S.(q) vs ¢ given by eq 7
for four different cross-link densities (N, = «, 500, 200, 50).

Parametersof a =7 A, x, = 0 (corresponding to infinite molecular
weight of the starting blend), and x = 0.0001 are used in eq 7.

S.(g) can be understood by noting that S.(g = 0) =0 in
eq 7, which is because the chains are cross-linked to each
otherso that there is no Fourier mode of the concentration
fluctuations with infinite wavelength (i.e., zero osmotic
compressibility) and because the system is assumed to
have zero isothermal compressibility. As the value of x
approaches the critical value x. for the cross-linked blend,
the peak in the structure factor increases in intensity until
it diverges at x = x.. This is the mean-field spinodal point
for the cross-linked blend. It is interesting to note that
this prediction is very similar to that for block copoly-
mers.2

The position of the scattering maximum in S.(g) can be
calculated from taking 8(S.(q)"'/dq = 0 and solving for ¢
= q*

q* = 5.42/(N /*a) (8a)
q* = 2'21Rgc‘1 (8b)

where R, is the radius of gyration of the chain between
cross-links. g* scales inversely with R, and in general eq
8 can be rewritten as g* ~ (const)Rg. . Briber and Bauer
have, on the other hand, reported 2.30 instead of 5.42 for
the constant in eq 8a in their publication, in which they
cross-linked a miscible polymer blend of deuterated
polystyrene (DPS) and poly(vinyl methyl ether) (PVME)
with y-ray irradiation.? Intheir case eq 8 can be rewritten
as

g* = 2.30/(N %a) 9)

Figure 2 represents the calculated structure factor from
eq 7 for the cross-linked blends with N, = = (linear blend),
500, 200, and 50. In Figure 2, ¢* increases as N decreases.
It should be emphasized in the figure that a large
suppression in the scattered intensity due to the cross-
links is expected to occur in the small ¢ regime covered
in our experiment, as a consequence of the elastic effect
of the network on the thermal concentration fluctuations.
Note that the smaller the value N, (the tighter the
network), the larger the suppression.

Following either the prediction of de Gennes (eq 8) or
the reported value by Briber and Bauer (eq 9), one can
calculate the ¢* for the DPB/HPB blend system (Table
ID).

The estimated ¢*’s from either eq 8 or 9 for the cross-
linked blends are outside the experimental range (1.5 X
103 < ¢ (A1) < 2.5 X 1072) except for the sample with N,
= 446 as calculated from eq 9. However, as is obvious
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Table III
Xc and ¢ at 0 (¢) and 150 °C (e;5) for DPB/HPB
Cross-Linked Blends
N. xe X 1020 b e150®
446 1.13 0.945 0.981
167 2.96 0.979 0.993
98 5.04 0.988 0.996
38 12.8 0.995 0.998

¢ Calculated from eq 10. ® Calculated from eq 11.
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Figure 3. Plots of typical scattering curves, I.(q), for one of the
cross-linked blends (N, = 38) vs q.

from Figure 2, the effect of cross-linking on the scattering
should be observed most effectively at ¢ smaller than ¢*,
i.e., in the g range covered in our experiment, where a
large suppression of the scattered intensity is expected
after cross-linking the blend. Thus, the fact that the ¢
range examined in this paper is smaller than the position
of the calculated g* does not invalidate the evaluation of
the theory of de Gennes.

The value of x = x. at the critical point can be calculated
from eq 7 by setting S:(¢g*) = 0.

X~ X, = 2(6)"/%/N, (10)

Briber and Bauer reported an experimental value of 3.4
instead of 2(6)1/2 (=4.9). These numbers were in agreement,
within the reported error bars due to the large extrapo-
lations involved in determining T, for the DPS/PVME
system. x.values for DPB/HPB cross-linked blends were
calculated from the theory of de Gennes and are presented
in Table III, in which ¢ is defined later in eq 11.

B. SANS Scattering Profiles from Cross-Linked
Polymer Blends. Figure 3 shows a plot of experimental
SANS profiles of the cross-linked blend having N, = 38
as a function of ¢ vector. This cross-linked blend was
chosen because this is the one having the smallest N, so
that the largest suppression in the scattered intensity is
expected.

The SANS measurements have been done in the
temperature range from O to 150 °C, after the cross-linking
at 150 °C as discussed (in section II-1). There are several
particular features in Figure 3: (i) the scattering decreases
monotonically with g vector; (ii) the data were essentially
temperature independent; (iii) the concentration fluctu-
ations present at the temperature of cross-linking appear
to be trapped by the cross-linking reaction; (iv) the cross-
linked blends did not microphase separate even well below
the critical temperature for the linear blend (down to 0
°C; T = 99.2 °C for the linear blend), suggesting that the
cross-linking increased the single-phase region of the phase
diagram and shifted down the critical temperature below
0 °C. These trends were observed for all of the cross-
linked blends.
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Figure 4. Predicted change of phase diagram for the DPB/
HPB blend before and after the cross-linking (N, = 448).

Feature iii was found to be obvious when we plotted the
scattering profiles before and after cross-linking at 150
°C, although they are not shown in Figure 3. The two
profiles turned out to be almost identical, as will be shown
later implicitly in Figure 5, for example. Features i and
ili may be inconsistent with the prediction made by de
Gennes and are associated with the concentration fluc-
tuations of the linear blends which are frozen-in by the
cross-linking, i.e., the effect that was not included in the
original theory of de Gennes, as will be discussed later in
the text in detail (section III-4). Feature iv is consistent
with the prediction by de Gennes.

Combined with the conclusions obtained from feature
iv, feature ii may be interpreted as a consequence that the
critical temperature was shifted down far below 0 °C, so
that the thermodynamic state of the cross-linked blend
stays unchanged over the temperature range covered in
our experiment. Then the first question we would like to
address is why our system after the cross-linking is in the
single-phase state far from the critical point. Thissituation
may be realized in the following analysis.

Using Eq 10, the x values at the critical point for the
cross-linked blends (x.) were calculated for different values
of N.. We can also calculate a reduced interaction
parameter, ¢, for the cross-linked blends which is defined
by

€= (x,~ X)X, (11

¢ reflects how far the system is from the critical point.
Table III shows various calculated ¢ values for the cross-
linked blends. In Table III, ¢ and €5y denote the value
of e at 0 and 150 °C, respectively. It should be noted that
¢ at 150 °C for the linear blend was 0.329, indicating that
the great increase in the calculated value of ¢is theoretically
expected after the cross-linking. The fact that e is close
to unity implies that the cross-linked blend is expected to
be in the single-phase state very far from the critical point.
Itis obvious from Table III that ¢ is expected not to change
much (at most 5% change), although the SANS mea-
surements were made over a wide range of temperature.

Figure 4 illustrates the effect of the cross-linking on the
phase diagram predicted by the theory of de Gennes. The
phase diagram correctly indicates the prediction only at
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Figure 5. Subtracted scattering intensity I.(g, 150 °C) - I .(q,
150 °C) vs q for the cross-linked blend (N, = 446). Two crossover
wave vectors (g, and gz) are shown.

the critical composition ¢ppp = 0.466, while the rest of the
spinodal line for the cross-linked blend is only schematic.
The diagram after the cross-linking is obtained for the

oss-linked blend with N, = 446, The lower solid line
represents the experimentally determined spinodal line
for the linear blend.!?: Although we could not experi-
mentally determine 7', for the cross-linked blends, we still
can estimate T.’s according to the theory of de Gennes.
The higher solid line shows the calculated spinodal line
using eg 10 for the cross-linked blend. Once the cross-
links are introduced to the DPB/HPB blend, the size of
the single-phase region increases, which is consistent with
the experimental results. Since yis inversely proportional
to T, the UCST-type phase diagram shifts down along the
temperature axis with cross-linking.

The height of the symbol on the phase diagram (small
vertical solid line across the spinodal line before cross-
linking) represents the change in x with the change of
temperature between 0 and 150 °C, 'which is estimated
from x(T) measured for the linear blend (eq 6). Thesmall
change in ¢ is obvious in Figure 4. In addition, it is also
cléar that the actual temperature range is far from the
phase boundary of the cross-linked blend.

4. Comparison of Cross-Linked Blends and Linear
Blends at the Cross-Linking Temperature. It is
important to compare the scattering curves for the cross-
linked blends, I.(g), with that for the linear blend, I.(q),
at-the temperature of cross-linking because the effect of
cross-links on the scattering can be directly observed by
comparing the scattering profiles before and after cross-
linking at the cross-linking temperature of 150 °C. To
clearly see the effect, we subtracted I (g, 150 °C) from
I(q, 160 °C), where I1.(q, 150 °C) and I.(g, 150 °C) denote,
respectively, the scattering for the linear blend and the
crosslinked blend at 150 °C.

Figure 5 shows the plot of I.(q, 150 °C) - I1.(q, 150 °C)
vs q for the specimen with N, = 446 at 150 °C, Error bars
are attached tothe data points, which clearly demonstrate
that the difference between I (g, 150 °C) and I1.(g, 150 °C)
is significant at low g. As already mentioned in section
I1I-3, notable deviations from Ir(q, 150 °C) cannot be
observed at g larger than 0.02 A-1, which substantiate the
choice of g range covered in our experiment. As indicated
in the figure by arrows, two different crossover wave-
numbers ¢; and q; were found. At g vectors smaller than
gr (g < qy; regime 1), Ic(q, 150 °C) - I1.(q, 150 °C) has
positive values. On the other hand, at g vectors larger
than g; but smaller than ¢; (g1 < ¢ < gz; regime II), I(q,
150 °C) — Ir{(g; 150 °C) has negative values; i.e., the
scattering was suppressed after cross-linking.?* . In addi-
tion, at g vectors larger than g; (¢ > qg; regime III), I.(q,
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150 °C) - I.(q, 150 °C) is approximately zero, implying
that at length scales smaller than that corresponding to
g2"! there was no effect of cross-linking on the scattering
curve. It might be expected that at g vectors larger than
the inverse of the network mesh size the scattering would
be similar to that of the un-cross-linked blend, but it is
difficult, within the precision of this experiment, to
correlate the value of g directly or quantitatively with
the mesh size of the cross-linked network, i.e., N.'/2a.

In this study the cross-linking was induced by a
temperature jump from 105 to 150 °C, and the following
two competing processes should exist during the cross-
linking at 150 °C: (i) the cross-linking reaction rate, R,,
and (ii) the q-dependent relaxation rate of the concen-
tration fluctuations in the single-phase state, I'; (for the
linear blend before cross-linking). In other words, when
the cross-linking reaction tries to lock-in the concentration
fluctuations present in the blend, these fluctuations try
to relax. Note I'; increases with increasing g.

The wavelength A; (=2x/q;) is defined as a crossover
wavelength or the wavenumber ¢; as a crossover wave-
number at which R; = T';. In regime I where ¢ < g, R,
is considered to be faster than I'; (R > I'y). Hence, the
concentration fluctuations having a wavelength longer than
A; or a wavenumber smaller than ¢; can be effectively
frozen-in by the cross-linking reaction. In this sense, the
position of the wave vector g, reflects the reaction rate of
the cross-linking, i.e., R, =~ I'y,. To lock-in the concen-
tration fluctuations at a larger q; requires a faster cross-
linking (larger R.) because of the faster relaxation rate,
I'q. If the concentration fluctuations in the linear blend
are fixed and maintained in the cross-linked blend in
regime I, we expect that I.(q) - IL(¢) = 0. However,
actually, we found that I.(q) > I1(q), as seen in Figure 5.
This can be interpreted as follows. Evena relatlvely short
transient time required for the temperature jump may
produce appreciable cross-linking below 150 °C. This
indicates locking-in of the concentration fluctuations at
T 5150 °C. The concentration fluctuations frozen-in at
T 5150 °C give rise to the scattered intensity I.(g) higher
than 1 (g) at 150 °C, which may explain the experimental
observation of I.(q) > I1.(q).

On the other hand, in regimes II and III, R, is slower
than Fy(R. <T). The concentration fluctuations in this
¢ range have shorter wavelength than A; and hence faster
relaxation rate than B.. Thus, the eoncentration fluctu-
ations are able to relax before being fixed by the cross-
linking reaction. In regime II the wavelength A (A = 2x/
q) is larger than or comparable to the mesh size of the
network. We propose the following interpretation for the
suppression of thescattered intensity occurred after cross-
linking in this regime. The scattered intensity after the
cross-linking, I.(q), is approximated by

I(@=S/@+5(g) (12)

where St(q) is the scattering from the frozen-in thermal
concentration fluctuations of the linear blend at the time
when the cross-linking took place and S.(q) is the scattering
from the cross-linked blend given by de Gennes (eq 7).
Figure 6 shows theschematic illustration of our explanation
for the suppression of the scattering due to:the cross-
linking. The scattering from the thermal concentration
fluctuations in the linear blend before the croes-linking,
I1.(g), should be suppressed to the level of S:(g) in Figure
6a, if there is no contribution from S¢(q), as is the case
treated by de Gennes. In this case I.(q) — IL(g) would be
S¢(g) - I(g) in Figure 6b because this is the ideal case in
which I.(q) = S.(q). However, there is always the
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Figure 6. Schematic illustration of the effect of the frozen-in
concentration fluctuations at cross-linking, Si(g), on the observed
scattering intensity profile, I.(q) (a), and on the intensity
difference of I.(q) — IL(q) (b).

contribution from S¢(g) which is shown by the dashed line
in Figure 6b. In reality, I.(g) — IL(g) is the solid line in
Figure 6b because of the presence of the frozen-in
concentration fluctuations. Hence, the observed scattering
intensity, I.(q), is suppressed as shown in Figure 6a. That
is, the suppression predicted by de Gennes is masked by
the scattering from the frozen-in concentration fluctua-
tions. This also explains the experimental fact that no
significant suppression of the scattered intensity occurred
after cross-linking, which is feature iii in section III-3.
Therefore, it is crucial to note that the frozen-in concen-
tration fluctuations at 150 °C are important and are the
effect that was not included in the original theory of de
Gennes.

As already discussed in section III-3 and Figure 4, the
reduced interaction parameter, ¢, is expected to change at
most 5% (TableIII). S.(g) dependson x and T'; the closer
the system to the critical point x. or T, the higher the
intensity. On the other hand, S{(g) may be essentially
fixed and independent of x or 7. The small change in ¢
gives a small change in S.(q) which should be masked by
St(g) from the frozen-in concentration fluctuations. This
explains feature ii in section III-3 found experimentally,
i.e., thescattering curves I (q) were essentially independent
of temperature.

In regime III where ¢ > g9, R < T, the cross-linked
blend behaves similarly to the un-cross-linked blend
because the size scales probed may be smaller than the
mesh size of the network.

Figure 7 is a plot of g1 vs N.. It can be seen that q;
decreases with increasing N.. Since N, isinversely related
to the amount of peroxide in the system, the larger the N,
the smaller the amount of peroxide and the smaller the
R.. Withasmaller R, the concentration fluctuations with
longer wavelengths (hence having the slower relaxation
rate) canrelax. Therefore, A; should increase (or ¢; should
decrease) as N increases. This is consistent with the data
in Figure 7.

The crossover vectors g are also plotted as a function
of N in Figure 7. There is a lot of scatter in the data,
making it difficult to draw any conclusions as to the
dependence of g2 on N..

5. Comparison of DPB/HPB System and DPS/
PVME System. It is worth considering the reason why
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Figure 7. Plots of crossover wave vectors ¢; and g2 va N.. The
dotted line is a visual guide.

Table IV
xc and ¢ (120 and 180 °C) for DPS/PVME Cross-Linked
Blends*
N, Xe X 1088 €120° €130°
870 3.92 1.87 0.0979
440 7.74 1.44 0.543
180 1.89 1.18 0.813

@ x120°¢ = —3.40 X 1078, x180°c = 3.54 X 1073 for DPS/PVME blend.
b Calculated from eq 10. ¢ Calculated from eq 11.

I.(qg) for the DPB/HPB system decreases monotonically
with g vector (i.e., no scattering maximum in I.(g) or no
tendency of increasing I.(q) with increasing q is observed
over the g range in our experiments), while Briber and
Bauer observed a scattering maximum in I.(q) for their
PSD/PVME system.? In Table IV the x values at the
spinodal temperature for the DPS/PVME system are
presented together with the calculated ¢ at 120 and 150
°C for different cross-link densities. In calculating ¢ the
following experimentally determined relationship for the
DPS/PVME un-cross-linked blend was used.?*

x =49X1072%-206/T (13)

Although ¢ values change, at most, a couple of percent for
DPB/HPB cross-linked blends over the temperature range
0-150°C, the ¢ values for DPS/PVME cross-linked blends
change as much as 20 times over the temperature range
120-180°C. Thisis because the temperature dependence
of the x parameter for the DPS/PVME blend is much
stronger than that for the DPB/HPB blend, e.g., the
absolute value of the coefficient in the second term of eq
13 for the DPS/PVME blend was 20.8, while that for the
DPB/HPB blend was only 0.314 (see eq 6). Therefore,
even for measurements over the same temperature range,
the change in the x value will be much larger in the case
of DPS/PVME than in the case of DPB/HPB,

The striking difference between the two sets of data in
terms of the presence (DPS/PVME) or the absence (DPB/
HPB) of the scattering maximum can be understood by
taking into consideration the effect of frozen-in concen-
tration fluctuations during the cross-linking (see Figure
6). Inboth the y-ray cross-linked DPS/PVME blend and
the peroxide cross-linked DPB/HPB blend, the concen-
tration fluctuations present in the blends at the curing
temperature were frozen. Then when the phase boundary
is approached, the predicted scattering S.(q) is superim-
posed on top of the scattering Si(q) from the frozen-in
concentration fluctuations. In case of DPS/PVME cross-
linked blends, the change in x with temperature results
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in a significant change in the concentration fluctuations
in comparison with the frozen fluctuations, and at tem-
peratures close to the critical temperature, the contribution
of the scattering from the concentration fluctuations S.-
(¢) dominates S¢(q) from the frozen-in fluctuations. That
is, in Figure 6, S:(¢) — IL(¢) becomes bigger as the phase
boundary is approached so that there is no longer the
negative part in I.(q) — I1.(g). Hence, the peak in I.(g)
could be observed. The essential difference between the
two systems is how close the system is to the phase
boundary and the relative change in x over the temperature
range covered in the experiments. This factor changes
Sc(q) — IL(q) relative to Sg(q), which can explain the
presence and the absence of the scattering peak in I.(g).

It should be noted that the small x range covered in this
experiment is typical of what is available in many polymer
systems with small B coefficient (x = A + B/T) and that
DPS/PVME is more the exception than the rule, as the
B value for DPS/PVME is abnormally large.

IV. Conclusion

Small-angle neutron scattering experiments have been
done to study the effect of peroxide cross-linking on the
phase diagram and the scattering for a critical mixture of
DPB and HPB. Itwas observed thatthe scattering profiles
for the cross-linked blends were monotonically decreasing
with increasing ¢ and essentially temperature independent.
It was also found that the cross-linked blends remained
single phase even at temperatures 100 °C below the critical
temperature for the linear blend, suggesting a large increase
of the single-phase region of the phase diagram caused by
cross-linking. Anattempt has been made to compare these
findings with the theory for such a system that has been
published by de Gennes.?? The effect of cross-links on
the phase diagram for a polymer blend is estimated on the
basis of the theory, and the result is shown in Figure 4.

A comparison between the results of the DPB/HPB
system and those of the DPS/PVME system reported by
Briber and Bauer has also been made. It was shown that
the temperature dependence of the x parameter for the
DPB/HPB system is much smaller than that for the DPS/
PVME system, which plays an important role in explaining
the absence of the predicted peak in the scattering curve.

The effect of the frozen-in concentration fluctuations
present in the blend during cross-linking is found to be an
extremely important factor in determining the structure
factor for the cross-linked blends, especially at temper-
atures far from the critical point in the single-phase state,
although the theory of de Gennes does not take this factor
into account.

By comparison of the scattering before and after the
cross-linking at the cross-linking temperature, the presence
of a suppression in the scattering after cross-linking was
observed. Thissuppressioninthescattering was predicted
by the theory of de Gennes. Two crossover wave vectors,
¢ and go were defined. ¢; and g2 are thought to be related
to the reaction rate of the cross-linking and possibly the
mesh size of the cross-linked network, respectively.
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