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ABSTRACT: Deuterated polybutadiene and protonated polybutadiene (PBD/PBH) blends with various
microstructures have been studied by the small-angle neutron scattering experiments. Correlation length,
£, zero wavenumber structure factor, S(g = 0), and interaction parameter, Xy,;.nq, have been obtained. All
PBD/PBH blends exhibit UCST behavior. With the use of random copolymer theory, the interaction
parameter, Xpng, has been successfully separated into x;, x5, and x; which are interaction parameters
between the same isotopically labeled 1,2-unit and 1,4-unit, the opposite isotopically labeled 1,2-unit and
1,4-unit, and the opposite isotopically labeled 1,2-unit and 1,2-unit or 1,4-unit and 1,4-unit, respectively.

I. Introduction

Polybutadiene blends of various microstructures are
widely used in the rubber industry to tailor the proper-
ties to the applications.! Such blends offer an ideal sys-
tem to study the fundamentals of binary interaction param-
eters of butadiene monomers with different microstruc-
tures.

Small-angle neutron scattering (SANS) should be the
tool to use to study this microstructure effect.? Unfor-
tunately, the deuterium labeling of one of the compo-
nents that is needed for SANS introduces a repulsive
interaction® between the two components. This has pre-
vented a straightforward measurement of the binary inter-
action parameter, x, between a 1,2-unit and a 1,4-unit.

In this paper, an attempt has been made to separate
the isotope effect from the microstructure effect through
a systematic SANS study of blends of deuterated poly-
butadiene (PBD) and protonated polybutadiene (PBH)
with various vinyl content. Random copolymer theory*
was used to carry out this separation. Although three
versions of almost identical theories*® on random copol-
ymers have been published at about the same time, we
have chosen to use the ten Brinke, Karasz, and Mac-
Knight version for convenience in our application. Rea-
sonable results have been obtained by using this analy-
sis scheme indicating that the ten Brinke, Karasz, and
MacKnight* calculation works well for the PBD/PBH
blends.

We will present the sample characterization, speci-
men preparation, and SANS geometry in section II. Exper-
imental results, data analysis procedures, spinodal tem-
peratures, T, and interaction parameter, x, will be pre-
sented together with phase diagram in section III. The
procedure used to separate the microstructure contribu-
tion from isotope contribution to the total interaction

1 Present address: Department of Polymer Science and Engineer-
ing, Faculty of Textile Science, Kyoto Institute of Technology, Mat-
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parameter will be discussed in C and D of section III.
Finally, we will give our conclusion in section IV.

II. Experimental Section

Two medium vinyl polybutadiene samples, VBRD6 and
VBRHS6, with about 656% 1,2-content, were synthesized by one
of the authors (I.G. Hargis from Gen Corp) for this study. The
VBRDES is a perdeuterated polybutadiene that is similar to the
normal protonated VBRHS in characteristics. The detailed char-
acterization is listed in Table L.

The other two PB samples, CisBR7k and CisBR150k, were
also prepared by I. G. Hargis from Gen Corp by anionic poly-
merization. The detailed characterization is also listed in Table
L

Blends specimens were prepared by dissolving polymers in
toluene and then cast (from approximately 5% concentration
solution) into films. These polymer films were thoroughly dried
under vacuum at room temperature for at least 1 day. Three
pairs of polybutediene blends, VBRD6/VBRH6, VBRD6/
CisBR7k, and VBRD6/CisBR150k, at various compositions were
prepared. The compositions are listed in Table II. Miscibility
of each specimen was checked by preliminary light scattering
experiment. Specimens from the VBRD6/VBRHS series and
from the VBRDS6/CisBR7k series were all miscible, but the spec-
imens from the VBRD6/CisBR150k series were all phase sep-
arated with spinodal rings observed. Therefore, only VBRD6/
VBRHS6 and VBRD6/CisBR7k series were used for further SANS
study. Light scattering results are also listed in Table II for
each specimen.

Specimen disks of about 1 mm in thickness and about 13
mm in diameter were used for all SANS studies. The speci-
mens were sandwiched between two oxygen free pure copper
disk of about 0.22 mm in thickness and mounted in the heat-
ing block to ensure good temperature control. Small-angle neu-
tron scattering experiments were carried out at the SANS facil-
ity of the NIST reactor. The instrument has been described
elsewhere.” In this study, the focusing geometry with 6-A neu-
tron wavelength was used. Absolute scattering intensity for each
specimen was obtained through use of a secondary standard of
dry silica gel.® A copper heating block was used to control the
specimen temperature to within 0.3 °C of desired temperature
during measurement. Specimens were preheated at a given tem-
perature for at least 30 min before the SANS measurements
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Table I
Sample Characteristics
microstructure®

sample cis- trans- M, /M? T,°C

code 12 14 14 10°M, (GPC)  (BSC)
VBRDS 63 * * 134 2.0 -42 (PBD)
VBRH6 68 11 21 135% 1.8 -39 (PBH)
CisBR7k 7 40 53 6.9¢ 1.5 .. (PBH)
CisBR150k 8 43 49 145¢ 1.8 ... (PBH)

a Microstructure determined by *C NMR (%). The asterisk means
cis and trans contents cannot be accurately determined owing to
spectral broadening. ® M, and M,,/M,, determined by GPC (poly-
styrene equivalent). © Determined by vapor pressure osmometry.
4 Determined by osmometry.

Table 11
Blends Preparation®

compn, light
designatn  ¢®  turbidity scattering

30/70 0.278  clear
40/60 0.375  clear
50/50 0474  clear
70/30 0.677 clear
VBRD6/CisBR7k 10/90 0.092  clear  no scattering
50/50 0.477 clear no scattering
VBRD6/CisBR150k  50/50 0.477 turbid spinodal ring
observed

blend system
VBRDé6/VBRH6

no scattering
no scattering
no scattering
no scattering

¢ All blend samples contain Irganox 565 as an antioxidant. ® Vol-
ume fraction of VBRDS in the blends.

were started. Most specimens were measured between room
temperature and 180 °C at either 20 or 30 °C intervals. The
detailed measurement temperatures will be given later together
with experimental x parameters.

ITI. Results and Discussion

A. Data Analys1s All SANS data are analyzed with
nonlinear regression fitting routine? according to the ran-
dom phase approximation calculation of deGennes® which
can be written as follows (see Appendix A):

1
S(g) =k
@) =kl [¢A<ZA>nvA<gD(q)A>w
1 2x
-1
¢8{Zp)nlp(&p(@)p)w Yo ] (1a)
with
S(q)exp = S(q) + base line (1b)

where (Z;), is the number-averaged polymerization index
for the ith component. (gp(g);), is the weight-averaged
Debye function for the ith component. Assuming a poly-
dispersity with the Schultz-Zimm distribution,'® then

o KO ()]

with (x,), = ¢¥(Z;) b2/6 = q*(Rg®), and ¢ = 47 /) sin
(6/2), where b, is the statistical segment length of the ith
component, # is the scattering angle, A is the wavelength
of the neutron used, and (R,;), is the number-averaged
radius of gyratlon of theith component Also,h,=({Z})/
(Z)y, -1 ¢> is the volume fraction of the Lth compo-
nent, and k, ~ is the contrast factor equal to N, (a,/v; -

a,/U,)? with a; as the scattering length of one monomer
unit of the ith component, N, as Avogadro’s number, v,
is the molar volume of the ith component, and v is the
molar volume of a reference cell for the blend. If we

(gp{@)i)y =

Table III
Scattering Length, Molar Volume, and Density
10'%a, cm/monomer unit v, em®*/mol  p, g/em?®
VBRD6 6.666 61.1 0.982¢
VBRH6 0.4194 61.1 0.884%
CisBR7k 0.4194 60.4 0.895%

@ This is estimated by assuming that the molar volume of the
VBRDES is the same as the VBRHS6. ° Fetters, L. J., private com-
munication.

assume the blends are incompressible, then vy = (¢o/va

g/ vg)l. With use of scattering lengths of -0.374 X
1071, 0.667 X 102, and 0.665 X 10712 cm/atom for H,
D, and C, respectively,!! the calculated scattering length
per monomer for each polybutadiene sample used together
with their molar volume and density are listed in Table
II1.

The above description of S{(g) is only an extension of
the RPA calculation of deGennes® which can be obtained
as shown in Appendix A by following Hong and
Noolandi,'? Rameau, Gallet, Marie, and Farnoux,2 Ionescu,
Picot, Duval, Duplessix, Benoit, and Cotton,!* and Mori,
Tanaka, Hasegawa, and Hashimoto.'®

In all nonlinear regression fitting for SANS data to eq
1, three adjustable parameters, a single statistical seg-
ment length, b (setting the ratio bg/b, = 1 will be dis-
cussed later), interaction parameter, x/v,, and a base-
line value, were used. The interaction parameter, x /vy,
has thus been obtained for various compositions and tem-
peratures for the series of specimens. It should be noted
that the x values which appear in the text and figures
below were obtained as the products of x /v, multiplied
by vy, The zero wavenumber scattering intensity, S(g =
0), and the correlation length, £, have also been obtained
for all corresponding conditions according to%91817

S(g = 0) = ky/ [i(xs -0 ] (2a)

with
=@( LS — ) 2b
X" VaPal{Zy)y  Up®B{ZB)w (2b)

and

2
2_Yo_1 [bA2 (ZA>z+ bg <ZB>z] 3
E = 36 - x Loaon Zarw | 0utn (Zerel O

Taking (Z;), to be the z-averaged polymerization index
for the Shultz—Zimm distribution, eq 3a reduces to

2o vy 1 [ byl ha+2 byl hB+2] (3b)
T 36 %~ xLvadahat 1 vpdghpt1
Thus, £ can be determined without direct determination
of (Z;},.

In Figure 1, typical SANS data from a miscible blend,
in this case VBRD6/VBRH6 with a volume fraction of
$verps = 0-278 and at room temperature, is displayed
together with the best fitted line according to eq 1. A
normalized deviation plot is also displayed in the lower
half of Figure 1. This is to be contrasted with the SANS
results of a phase-separated blend, in this case VBRD6/
CisBR150k with 50/50 composition at room tempera-
ture which is displayed in Figure 2. The static structure
factors for VBRD6/VBRH6 with ¢yprpg = 0.375 at var-
ious temperatures are shown in Figure 3 and for VBRD6/
CisBR7k with ¢ygrps = 0.092 are shown in Figure 4. It
is clear from Figures 3 and 4 that S(g) decreases with
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VBRD68/VBRHE (pvarps=0.278) Blends at Room Temp.
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Figure 1. Normalized SANS intensity S(g) of VBRD6/
VBRHS6 with volume fraction ¢ygrpg = 0.278 at room temper-
ature is displayed in logarithmic scale as a function of scatter-
ing vector g together with the best fitted line according to eq 1.
Normalized deviation is plotted in the lower half of the graph.

increasing temperature for both series. This implies the
existence of UCST’s in both cases at temperatures below
the room temperature. We will discuss the extrapola-
tion to spinodal temperatures and the phase separation
behavior later.

We will now discuss the fitted values of the statistical
segment length and the base line and compare these val-
ues with the ones in the literature or predicted from inde-
pendent measurements. The statistical segment length
of 6.5 A has been reported for medium vinyl polybutadi-
ene (~43% 1,2-unit) at © condition and 6.56 A for a high
cis content (7% 1,2-unit) PB® also at © condition. These
two values are essentially identical within experimental
error. On the other hand, the statistical segment length
for a 80% 1,2-unit PBD in bulk has been measured by
SANS technique in low labeling concentration limit to
be 6.88 A.1® Therefore, within the experimental error,
we believe the use of a single adjustable parameter for
both PB components (letting b, = by) in this study is
justified. Indeed, the final values for all b’s were clus-
tered around 6.5~6.9 A with the extreme values of 6.23
and 7.11 A. As for the base-line values, the difference
between the fitted ones (range from +0.03 to 0.79) and
the ones (0.85~1.01) calculated from pure polyisoprene
and deuterated polybutadiene measurements according
to the procedure used by Hayashi et al.?° is negligible
compared with the S(g = 0) values which range from 35
to 728.

B. Interaction Parameter x and Spinodal Tem-
perature T,. We have displayed the nonlinear regres-
sion fit for one set of the VBRD6/VBRH6 SANS data
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VBRDS/CisBR150k (pvarpe=0.477) Blends at Reem Temp.
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Figure 2. SANS data of an immiscible blend of VBRD6/
CisBR150k with volume fraction ¢yggpe = 0.477 at room tem-
perature is displayed in the same fashion as Figure 1 to show
the difference from a miscible blend.

VBRD6,/VBRH6 Blends (¢yprpg=0.375)

1(a) 23.0°C
2(0) 60.0°C
3(a) 90.0°C
150 A 4 (o) 120.°C
4 5(m) 150.°C
120l 6(c) 180.°C
& oof
=
o'
Y 60f
30}
0 L L . " N . L
0.00 0.03 0.06 0.09 0.12

g™

Figure 3. SANS data from the VBRD6/VBRHS6 series with
dverps = 0.375 at various temperatures (show in the graph) is
plottecf as S(g) vs g. Data are shifted along the 45° line for
clarity.

in Figure 1 as discussed earlier. Actually, all SANS results
from all four compositions of the VBRD6/VBRHSG series
and the two compositions of the VBRD6/CisBR7k series
at various temperatures can be fitted very nicely by eq
1. The interaction parameter, x, zero wavenumber struc-
ture factor, S(¢ = 0) and the correlation length, &, have
been extracted according to eq 1-3 for all experimental
conditions. Since polymer/polymer blends can be
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VBRD6 /CisBR7k Blends (¢yBrpg=0.0920)
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Figure 4. SANS data from the VBRD6/CisBR7k series with
¢va pe = 0.0920 at various temperatures is plotted as S(g) vs
1{‘ ain data are shifted for clarity.
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Figure 5. SANS results of x [0], S (g = 0)! [A], and £72 [O]
from nonlinear regression analysis for VBRD6/VBRH6
(¢VB De = 0.474) are plotted against 1/T. A dotted-and-bro-

-) horizontal line displays the x, value for this system.
Lmear extrapolation are performed smultaneously for all three
plots to obtain the spinodal temperature, T,, in a consistent
manner. In this case T, = -37.2 °C. The scales labeled on the
ordinate is for x values The scales for S(q = 0)7! is from 0.0
to 0.006 with a interval of 0.001 and for £2 is from 0.0 to 0.00024
with an interval of 4 X 1075 A~2,

described by the mean-field theory,!”?*~%* spinodal or the
critical temperature can be obtained through the extrap-
olation of x, S(g=0)tor2vs1/Ttox = xs Sl0)™* —

0 or £2 — 0, respectively. Where ¥, is the x at the spin-
odal temperature T, as given by eq 2. In Figure 5, x,

S(g = 0)7%, and £2 are plotted vs 1/T for the VBRDG/
VBRH6 (¢VBRD6 = 0.474) blend. T, of -37.2 °C is obtained
consistently from the extrapolations of all three sets of
results. A similar procedure has been carried out for all
data sets of both the VBRD6/VBRHG6 and the VBRD6/
CisBR7k series of blends. Results from VBRD6/
CisBR7k at ¢ygrps = 0.477 are displayed in Figure 6.
Since a long extrapolation is required for this sample,
the T, obtained may not be very accurate. Neverthe-
less, with the help of simultaneous extrapolations of three
sets of data, reasonable results can be obtained. The rea-
son we cannot carry out the experiment close to T, is
because of the small yet positive coefficient of the 1/T
dependence in x that has lowered the spinodal temper-
atures beyond that readily accessible experimentally. In
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VBRD6/CisBR7k (¢vBRrpe=0.477)
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Figure 6. SANS results of x [0], S(g = 0)™! [4], and £72 [O]
for VBRD6/CisBR7k ( ¢VBRD = 0.477) are plotted against 1/
T. A dotted-and-broken (- - ]ﬁomzontal line A displays x, value
for this system. Sunultaneous linear extrapolation from all three
sets of data yields a spinodal temperature, T,, of 131 °C. The
scales of x is labeled on the graph. The scales for S(g=0)"1
from 0.0 to 0.06 with interval of 0.01 and for £2 from 0.0 to
0.0024 with interval of 4 X 107 A2, A dotted-and-broken hor-
izontal line B is also plotted which is the x, value of the VBRD6/
CisBR150k (¢yprpe = 0.477) system.
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Figure 7. x values of the VBRD6/VBRHS series is plotted as

a function of 1/T% 1 [0}, composition ¢ygrpe = 0.278; 2 [A],

$verps = 0.375; 3 [O], dyprpe = 0.474; 4 [0], dyprpe = 0.677.

Figure 7, x values obtained for the VBRD6/VBRHS6 series
blends are displayed as a function of 1/7. The linear
dependence of x can be represented by

x=A+B/T (4)

The coefficients A and B were obtained by the least-
square fits and are listed in Table IV. Similar plots for
the VBRD6/CisBR7k series are displayed in Figure 8.
Again reasonably good 1/7T dependence can be observed
with a very small slope (or small coefficient B). The coef-
ficients A and B obtained are also listed in Table IV.
CisBR7k and CisBR150K are quite different in molec-
ular weight but very similar in microstructure. The x,
value of the VBRD6/CisBR150K blend at ¢ypgpgs = 0.477
was also calculated with eq 2 and is indicated in Figure
6 by the broken line B. If we neglect the molecular weight
dependence of x and the small microstructure differ-
ence, we can assume the VBRD6/CisBR150K blend has
the same x value as the VBRD6/CisBR7k blend. In this
case, all the x values are above x, at all temperatures
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Table IV
Interaction Parameter, x, and Its Coefficients
¢VBRBG 104A B 104X‘ T‘, OC
VBRD6/VBRH6 0.278 -7.46 £ 1.69 0.248 £+ 0.023 5.56 -82.7
0.375 -5.39 £ 0.20 0.224 £ 0.003 4.76 -52.5
0.474 -13.2+£0.2 0.417 £ 0.003 4.48 -37.2
0.677 -4.61 £ 1.42 0.169 £ 0.017 5.10 -99.0
SVBRDG crit” 0.501 -13.2 0.417 4.46 (-37.0)
VBDR6/CisBR7k 0.092 0.507 £ 0.9 0.690 £ 0.01 40.8 -102
0477 -5.64£0.5 0.825 £ 0.01 52.2 -131
SVBRDG crit” 0.172 ~0.765 0.718 38.0 (-87.9)
VBRDé6/CisBR150k 0.477 4.32 (555)
¢ A and B values for x(¢4 = ¢4 ) are estimated values from experimentally obtained values listed in this table.
VBRD6/CisBR7k Blends VBRD6/VBRH6 Blends
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e10 (K™ imental error, no obvious composition depende nce of x has been

Figure 8. x values of the VBRD6/ C1sBR7k series is plotted
as a function of 1/T: 1 [O], composition ¢ygrpe = 0.0920; 2
[A], ¢yprpe = 0.477.

below ca. 600 °C. Then, phase separation is certainly
expected for the VBRD6/CisBR150k series at room tem-
perature, which is consistent with our observation.

It should be noted that all the x values obtained for
VBRD&/CisBR7k are positive as indicated in Figure 8.
On the other hand, some x values obtained for VBRD6/
VBRHS6 and indicated in Figure 7 are negative which would
suggest the existence of some kind of specific interaction
between two polymers in case of homopolymer blends.
However, these negative x values are not due to the spe-
cific interaction between the deuterated and protonated
polymers, but to the copolymer effect as will be dis-
cussed in section IIIC.

If we examine closely the x vs 1/7T results for either
Figure 6 or Figure 8, we can see downward curvature in
the VBRD6/CisBR7k series. This downward curvature
is most likely due to inaccuracies in our experiment and
our data analysis because we are trying to measure very
subtle temperature effects at temperatures that are far
away from the spinodal temperature. However, we can-
not rule out the other possibility that this system may
become more compatible again at very low temperature.

In Figure 9, the composition dependence of x for
VBRD6/VBRHS at 23 and 120 °C is displayed. Within
the experimental error and the limited data set, we do
not see any obvious composition dependence of x.

The phase diagram with the experimentally obtained
spinodal temperatures is displayed in Figure 10 for both
VBRD6/VBRH6 and VBRD6/CisBR7k systems. The
critical composition, ¢, is determined according to

dca = (08(Z))"*/ [(WA(Zp))Y? + (B(Z5),) 2] (B)
This equation is derived in Appendix B. The critical tem-

observed.

VBRD6/VBRH6 Blends VBRD6/CisBR7k Blends
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Figure 10. Phase diagrams of the VBRD6/VBRH6 system and
the VBRDG6/CisBR7k system are presented. Experimental spin-
odal points [O] and the calculated critical point from Table IV
[+] are shown together with a curve drawn through all spin-
odal points.

perature, T, is located by interpolating the x value at

¢c.a and by setting x(dca, T) = x, ($4 = ¢c,a). The rest

of the curve is drawn roughly through the measured spin-

odal temperatures. The gross asymmetry of the phase

diagram of the VBRD6/CisBR7k blend is due to the molec-

ular weight difference between VBRD6 (M, = 134 X
10%)and CisBR7k (M, = 6.9 X 10%).

C. Separation of Microstructure and Isotope Label-
ing Effects. Besides the isotope effect that could cause
incompatibility,® the microstructure effect has to be prop-
erly accounted for in order to understand the phase behav-
ior of rubber/rubber blends. We will make an attempt
in this paper to separate isotope effect from microstruc-
ture effect by using theoretical calculations of ten Brinke,
Karasz, and MacKnight for random copolymers.? If we
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Figure 11. x,, xo, and x; obtained as in section IIIC are pre-
sented as a function of 1/7T.

define deuterated 1,2-butadiene, deuterated 1,4-butadi-
ene, protonated 1,2-butadiene, and protonated 1,4-buta-
diene monomers as A, B, C, and D, respectively, then,
for a blend of A-B copolymer with C-D copolymer, the
free energy of mixing can be written as

AFT = (¢1/Ny) In ¢; + (¢9/Ny) In ¢y + ¢103Xpiena  (6)

with

Xplend = X¥Xac T (1 = 2)yxpc + (1 = ¥)xap + (L - x)(1 -
y)XBD -x(1- x)XAB -y(l- y)XCD )

where x is the number fraction of A in A-B copolymer
and y is the number fraction of C in C-D copolymer. x
and y refer to the number fraction of repeat units in the
lattice theory of blends. We equated number fractions
to volume fractions for this work.

By neglecting the difference between trans- and cis-
1,4 polybutadiene and assuming polybutadiene is a sim-
ple random copolymer, we should be able to obtain all
six x parameters if we have six sets of data for blends
with different microstructure variations. We do not have
six sets of data. Nontheless using the data from Bates
et al.? and making a few assumptions about the interac-
tion parameters, we shall demonstrate a scheme of sep-
arating various interaction parameters.

First, let us assume x5c = Xgp = X3 1his assumption
implies identical isotope effect between 1,2-pairs and
between 1,4-pairs of different isotopes. Without knowl-
edge of the exact intermolecular potential energy func-
tion between two isotopically labeled microstructure pairs
the severity of this assumption cannot be assessed. Once
we have made the above assumption, we can then assume
XaB = Xcp = X1 8nd Xap = Xgc = Xz These two assump-
tions imply that pure microstructure effect (interaction
between either protonated or deuterated 1,2- and 1,4-
butadiene pairs) is independent of isotope used and con-
sequently that the cross (isotope labeled) microstruc-
ture effect is independent of which one of the two mono-
mers is labeled. Actually, these two assumptions are
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Table V
Individual Interaction Parameters x;, x,, and x; as the
Solutions of Eq 8 and 9 for Blend Composition of ¢pgp =~ 0.3

10%4 B
x, (HL,2 < H1,4) 26.9 1.87
(D1,2 < D1,4)
xo (H1,2 < D1,4) 8.24 1.93
(D1,2 < H1,4)
xs (H1,2 < D1,2) 1.68 0.39
(H1,4 <+ D1,4)

implied from the previous assumption that identical iso-
tope effects prevail between 1,2-pairs and 1,4-pairs.

We are now in a position to calculate the three inter-
action parameters x;, Xs and x; for three sets of PBD/
PBH blends. As noted before, we have two sets of x data
from this study as listed in Table IV and we will also
employ the literature value of Bates et al.,®> which was
reported for a PBD/PBH system with 11% of 1,2-unit
for both components and with ¢ppp = 0.31. The x data
used in this calculation should be obtained for the same
volume fraction of deuterated polybutadiene for the three
sets of blends. Unfortunately, x data in our experiment
were not measured at the same composition as the one
reported by Bate’s et al.® Therefore, we have used the
measured x values at ¢ygrpe = 0.278 for the VBRD6/
VBRHS blend and interpolted x values at ¢ygrpe = 0.24
(interpolated value from ¢ygrpg = 0.0920 and 0.477 data)
for the VBRD6/CisBR7k blend. Thus, the three sets of
x data used in the following calculation were based on
three blends with some differences in their volume frac-
tions, i.e., 0.278 for VBRD6/VGbRHS, 0.24 for VBRD6/
CisBR7k, and 0.31 for PBD/PBH by Bates et al.®> How-
ever, the change of x values by small differences of the
volume fraction is considered to be very small as sug-
gested by Figures 8 and 9 and may be comparable to the
errors in the evaluation of x;, x,, and xs.

Thus, three simultaneous equations can be obtained
from eq 7 as

x(VBRDS/VBRHS6) = —0.451, + 0.454x, + 0.546x,
(8a)

x(VBRDS6,CisBR7k) = —0.307x, + 0.610x, + 0.390x,
(8b)

x(Bates et al.) = -0.196x,; + 0.196x, + 0.804x; (8c)
With the temperature dependences of x given by

x(VBRD6/VBRHS6) = -7.46 X 107 + 0.248/T
(¢ =0.278) (9a)

x(VBRD6/CisBR7k) = -2.57 X 10™ + 0.758/T
(¢ = 0.24) (9b)

x(Bates et al.) = 2.3 X 10+ 0.326/T (¢ =0.31)  (9¢)

Values of x;, xg, and x; obtained for eq 8 and 9 are
displayed in Figure 11 as a function of 1/T. The corre-
sponding coefficients are listed in Table V.

D. Predictions and Implications. In this section
we will test the above method that separates x into three
interactions, x;, Xg, and xs, by comparing the predicted
x values with measured ones of an independent set of
SANS data. This set of data was obtained from a blend
of an anionically polymerized deuterated polybutadiene,
H-19 (with M, = 71 X 103, M,/M, ~ 1.0, and 28% of
1,2-unit), and a protonated polybutadiene, H-16 (with
M, =281 X103, M, /M, ~ 1.01, and 40% of 1,2-unit) at
¢ppp = 0.757. SANS measurement and data analysis have
been carried out with identical procedures as described
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before. In Figure 12, x values obtained from SANS mea-
surements of this H-19/H-16 blend are displayed as a
function of 1/T together with the predicted values (solid
line) that were calculated according to eq 7 and Table
V. Although the predicted numbers are slightly lower
than the experimental values, considering the assump-
tions and errors involved in the calculation, in this anal-
ysis, in sample preparation, and in SANS experiments,
this agreement may be considered to be excellent.

We should point out that the main contribution for
miscibility in a blend of a A-B copolymer with a C-D
copolymer is due to the interaciton between the intramo-
lecular pairs of A/B and C/D which has a negative coef-
ficient as indicated in eq 7. Actually, in order to maxi-
mize this negative contribution to the total interaction,
Xblend» COPOlymers of equal constituents (x, = xg = 0.5,

¢ = yp = 0.5) should be used. This is certainly consis-
tent with the original idea of ten Brinke, Karasz, and
MacKnight. More specifically, for deuterated poly-
butadiene/polybutadiene blends, irrespective of the iso-
tope effect, maximum miscibility can be achieved by using
50% 1,2 content for both components. This is obvious
by examining the coefficients in eq 9a, 9b, and 9c¢ for the
three series of blends used and clearly is reflected from
the corresponding 7, for the three series.

If we examine Figure 7 again with these intramolecu-
lar interactions in mind, then it becomes clear why neg-
ative x's have been obtained for deuterated polybutadiene/
protonated polybutadiene blends that lack any specific
attractive interaction.

IV. Conclusion

In this work, we have presented results for deuterated
polybutadiene /protonated polybutadiene blends with var-
ious microstructures and compositions. We found that
the static structure factor S{(g) from the SANS experi-
ments for miscible (at room temperature) blends can be
well represented by the RPA calculation. From that anal-
ysis the interaction parameter, x /v, correlation legnth,
¢, and zero wavenumber structure factor, S(g = 0), can
be extracted. The spinodal temperature can be obtained
through extrapolation. Phase diagrams for these poly-
mer blends can be constructed, and they all show UCST
behavior.

Interaction parameter, xy,;.nq, Of @ blend of any given
composition can be represented by a simple A + B/T
functional form. If we neglect the molecular weight depen-
dence of x, then the xy.,q can be separated into three
interaction terms. These three interaction parameters
X1 X and xg represent binary interaction between the
same isotopically labeled (with deuterated or proto-
nated) 1,2-unit and 1,4-unit, the opposite isotopically
labeled 1,2-unit and 1,4-unit, and the opposite isotopi-
cally labeled 1,2-unit and 1,2-unit or 1,4-unit and 1,4-
unit, respectively. Reasonable success has been demon-
strated by comparing the measured xuj.,q With pre-
dicted xpienq (from previously obtained x;, x,, and x3)
for an independent set of PBD/PBH blend.

Although we have assumed that (1) isotope effect is
identical between 1,2-pairs and 1,4-pairs, (2) the pure
microstructure effect is independent of isotope used, and
(3) the cross microstructure effect is independent of which
one of the two monomers is labeled, nevertheless, we think
the random copolymer theory of ten Brinke, Karasz, and
MacKnight* works well for our case. The intramolecu-
lar interaction parameter, x;, which gives a negative con-
tribution to the total xyenq i8 actually responsible for the
negative sign of the xy.nq (see Figure 7). It is generally
accepted that anionically polymerized polybutadiene has
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H-19/H-16 (¢ppp=0.757)
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Figure 12. Measured x values [O] for the H-19/H-16 (PBD/
PBH) series at a volume fraction of 0.757 of H-19 (PBD) is
plotted against 1/ T together with the predicted x values in solid
line which was calculated by using eq 7 and the x,, x,, and x4
values from Table V.

a microstructure (1,2 versus 1,4) distribution close to
random,?® but we think more experiments are needed to
eliminate the above assumptions in the future and also
to incorporate the sequence distribution suggested by Bal-
azs et al.,?®2" especially for polyisoprene blends.

Appendix A. The Effect of Polydispersity

By following Hong and Noolandi'? the RPA results for
a two-component blend system can be written as

1 1 2x
S(g) =k + - =X
(@) = ky /[¢AUA<ZAgD(xA)>w ¢UB{ Zpgp(*p) )y ”0]
(A1)

where ( ), represents weight average and gp(x,) is the
Debye function
2
gplxy) = =[exp(-x;) -1+ x] (A2)
X
with x; = Z,b%¢*/6 = ¢°R_?, where b, is the statistical
segment length and R, is the radius of gyration of the
ith component, respectlvely
If we use the Shultz-Zimm?® molecular weight distri-
bution, then

Y= gkl
n(Z) = I‘(h)Z exp(-A\Z)) (A3)

The number-average, weight average, and z-average degree
of polymerization can be written as in (A4a), (A4b), and
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(A4c), respectively.
znzydz,

(Zi>n = © -5 (A4a)
fnzydz, *
S 22020zt DRV R+
(Z)g=" === (Adb)
[ znz)az i/
2= { "zt nz) az, _ (it 9+ Dhe/N by +2
f Z2n(Z),dz, (h; + Dh;/\2 A
(A4c)
One can also obtain
(Z)y i+l
(ZL>n - h’l
(Z,-}z _ h, + 2
(ZL>n - hl

hi=——t
! <Zi>w/<Z1>n—1

The weight fraction distribution W can be written as
Zn(Z)

fznz)az

_Zn(Z) Wt
hi/N  T(h;+1)

(A5)

W,(Z) =

ZM exp(-\Z) (AB)

and

(Zgp(x)w = [ Zign(x) Wy(2) dZ,

_ 1 . 9 b2 2 ) b
_—————--—(b.2q2/6)2£ ZZZ{exp(——Z -1+ 5 Z X

>\h+1 7 dZ
-\Z. .
T +1) M exp(-A\Z)¢ dZ;
_ 2 }\hi+1 S _( bi2q2) - B
© (b2g*/6) T(hi + 1>f° {Z" exp[ 5 )%
b2 2
Zl-" exp(-AZ)) +TZ" exp(-AZ)¢ dZ;
hi+1 T(h (k.
__2 A (Z).2 (h) (,)+
(x), 2 TR+ 1) ( <xi>n)"' N
A+ —
<Zi>n

(xi>n F(hl + 1)
<Zl>n }\hﬁ'l

_ 2 A ML
= (2 (x.> 2{(>\ + >\<xi>n/hi) b <xl>n;

()
= (Zid (x),2 [ hi+ (x)n _1+<xi>“]

= (Z)n(8p(x))y (A7)
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with

h; hi
- <x2) 2[(h-+ <Lx> ) -1+ <xi)n] (A8)

This form was first derived by Mori, Tanaka, Hasegawa,

and Hashimoto.!® Equation 1ain the text can be obtained

by substitute eq A8 into eq Al. Notice that in the lim-

iting case, conventional results can be recovered from (A8).

For example, (1) Monodisperse limit: The function F(h,)
= [h,/(h; + (x;)), 1% can be rewritten as

(gp(x))y

_ 1
In F(hy) = h;In (1 + <x,->n/hi)

as
Mw (xi>n
—M; 1, h w,and——;—l?— 0
<x)
In F(h)) = h; + ..
;_<xi>n
or

. ( h; )h» .
e bt (e,) 7° (49
This recovers the original Debye function.

(2) Small g limit: let f((x;),) = [h;/(h; + (x;) )] if we
make a Taylor expansion with respect to (x;), and keep
three orders of (x;), in the expansion, then

- 1 2-1(@)
) = 1= (x)a+ 3 (h+h)< w0t - 12 ) x

i

(h + 2)

3 (x;),°

. 1¢Zi) 2 1(Z)y (Z;), 3

=1 <xi>“+2<zi>n<x,.)n _<Z) —~—-—<Z> (20,
(A10)

Substitute eq A10 into eq A8, then we obtain

_ (Zi>w[ 1(Z), ]
(gD(xi)>w = <Zi>n 1 3 <Zi>n(xi>n
and
1(Z), 1 242
[ Z) o (gp(x)) )™ 1+3<Z>6<Z>b (A11)
S ZinlEplx) )] = 50200
Combining this equation and eq 1a from the text, we obtain
1 1 2x 1
S(q) =k ( + ——) +——x
(@ N/{ 6aUa{Za)w  ®UB{Zg)w Uo 184,05
(Zy), ba® | (Zp)s 2]
+ A12)
[ BA\(Zy)w ®als  (Zp)., ¢BUB ¢

This is the same as given in ref 14 by Joanny.

Appendix B. Critical Composition for a
Polydispersed System

Spinodal point can be obtained from eq A12 at S(g =
0) > =

- Lo
Xspinodal(‘wa) =X = —2—[

1 + 1 ]
ValZa)wda  UB{Zp)y (1— ¢4)
(B1)
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at critical point 6°F(¢,)/0¢,° =

Xs(®a) _ 0= ( -1 + 1 )
b 2 \0p(Za)wts®  UB(Zp)y (1 - ¢4)?

0 or 6x5(¢A)/6¢A = O-

and

(vp(Zp)w)"*
(UA(ZA)W)1/2 + (UB<ZB>W)1/2
This is eq 5 in the text.

d’A.critical = (B2)
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ABSTRACT: Time-resolved light scattering has been employed to investigate the kinetics of phase sepa-
ration in mixtures of carboxyl-terminated butadiene—acrylonitrile copolymer (CTBN) and diglycidyl ether
bisphenol A (DGEBA) epoxy oligomers. The CTBN/DGEBA mixture reveals an upper critical solution
temperature (UCST); i.e., the mixture phase separates upon cooling but reverts to a single phase upon
heating. Several temperature- (7-) quench experiments with various quenched depths were undertaken
on a 20 wt % CTBN mixture. The time evolution of scattering halo was subsequently followed as a func-
tion of quenched depth. At deep quenches, the phase separation process has been dominated by spinodal
decomposition (SD). The general trend of SD is nonlinear in character. The evolution of the maximum
wavenumber (g,,,) and the corresponding maximum intensity (I} obey the power law (g, ~ t™and [, ~
t¥). The exponent ¢ exhibits quench depth dependence with 1 the value varying from 1/6 to 1/3. The
results were further tested with the dynamic scaling laws.

Introduction

Rubber-modified plastics have been the subject of con-
tinued interest in the field of polymer alloys. Thermo-
set epoxy resins are generally known to be brittle. Hence,
the utilization of epoxy as a neat resin is not practical in
many industrial applications. However, a slight addi-
tion of rubbery components into epoxy resins has been
shown to improve mechanical properties of the materi-
als, particularly toughness.! Since then, there have been
numerous studies in the literature on the rubber-modi-
fied epoxies.?™®

It has been realized that the extent of improvement
critically depends upon the size of rubbery particles, their

* To whom correspondence should be addressed.
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dispersion, and interfacial adhesion between the dis-
persed rubbery phase and the matrix. The final mor-
phology of the cured system depends on the competition
between the cross-linking reaction and phase decompo-
sition during curing. The understanding of reaction kinet-
ics and phase separation dynamics is of crucial impor-
tance in order to achieve an optimum phase structure.
In this study, the kinetic behavior of CTBN/DGEBA oli-
gomer mixtures has been explored exclusively without
adding any cross-linking agents.

Experimental Section

The epoxy resin used in this study was a diglycidyl ether
Bisphenol A (DGEBA) supplied by the Shell Co. (Epon 828,
M, =~ 380). The elastomeric modifier, provided by the B.F. Goo-
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