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(s being the value of r on the surface S) the surface integral
in eq Al vanishes.
B. Leibnitz Rule. The quantity

f v(au /9t) exp(-iB-r) dr
can be transformed into

% f "u exp(-ifr) dr - j; uV, exp(-if-r) dS

by the application of the Leibnitz rule.¥” In the second
integral, V, denotes the normal velocity of the surface.
With the above-mentioned periodic boundary conditions
(eq A4), the surface integral vanishes.
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Preliminary Study of the Kinetics of Phase Separation in High
Molecular Weight Poly(methyl
methacrylate) /Solution-Chlorinated Polyethylene Blends

R. G. Hill, P. E, Tomlins,* and J. S. Higgins

Department of Chemical Engineering and Chemical Technology, Imperial College of Science
and Technology, London SW7 2BY, England. Received February 13, 1985

ABSTRACT: Preliminary results of a study of the kinetics of spinodal decomposition in a high molecular
weight blend of poly(methyl methacrylate) with solution-chlorinated polyethylene using small-angle light,
X-ray, and neutron scattering are reported. The data are compared with the theoretical predictions of Cahn,
Hilliard, and van Aartsen. The phase separation occurs initally on a scale much smaller than previously observed

for polymeric systems.

Introduction

Despite an ever increasing interest in the thermody-
namics of polymer miscibility, there have been compara-
tively few studies of the kinetics of phase separation in
polymer mixtures.

Several theories exist (Pincus,! de Gennes,? Binder?®) that
describe the process of phase separation in high molecular
weight polymer blends where the molecular weights of the
components are above their entanglement values. These
theories, although differing in their approaches, predict
the wavelength of the dominant concentration fluctuation
(Am) to be of the same order of magnitude as the radius

0024-9297/85/2218-2555$01.50/0

of gyration (R,) of the polymer for deep quenches. In
contrast van Aartsen,? using Cahn~Hilliard®7 and Flory-
Huggins®® theory, predicts that this wavelength will be
much larger than R, and lie in the micron range. A, is
defined by van Aartsen as

-1/2
>\m=27rl[3(-f—,—1)] (1)

where [ is the Debye!® range of molecular interaction and
T, and T are the temperature of the spinodal and sample,
respectively. This equation differs from the one given by

© 1985 American Chemical Society
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van Aartsen in the term (T/ T, = 1), which has been re-
defined for a system possessing a lower critical solution
temperature by Kwei et al.! Debye suggests that [ should
be equal to the R, of the polymer, so for a polymer with
an R, of 100 Aata temperature near the spinodal A, would
be ca 1 um.

To compare these predictions with experimental data
the initial correlation lengths should be measured as a
function of molecular weight for blends containing mon-
odisperse polymers. In this preliminary study such sam-
ples were not available, and the data analysis is initially
carried out according to the Cahn—Hilliard theory only.

Cahn!? described the free energy difference between a
homogeneous solution and one containing concentration
fluctuations as

%G
AG = f [ ( )(¢ ¢o)2+K(V¢)2]dV ©)
dp?

where ¢ is a local concentration and ¢, the average con-
centration. K(V¢)? is a contribution to the free energy
from material located in concentration gradients. It is
convenient to analyze the concentration fluctuations in
terms of their Fourier components. The contribution to
the free energy of the system from a particular component
8 is then given by

= Y, VA%[(3°G /9¢4%) + 2Kf?] (3

where V is a volume of solution and A and K are the
respective Fourier and gradient energy coefficients. 8 =
27 /X where X is a wavelength. From this expression it can
be seen that only those wavelengths with a sufficiently
large value (or small wavenumber 3 less than some critical
value 8,) will continue to grow. This critical wavenumber
8. is given by the value where G changes sign.

B, = [(-8*G /d¢?) /2K]'/ 4)

Consideration of the variational derivative of AG ineq 1
gives the change in concentration as a function of time
during a spinodal process as

d¢ 8%*G

i M7V2¢ 2MKV4p + nonlinear terms (5)

where M is the diffusional mobility. Solving eq 5, ignoring
the nonlinear terms which are unimportant at early times,
gives
¢ — ¢ =

%:3 exp[R(B)t][A(8) cos (B-r) + B(B) sin (8-r)] (6)

A and B are the Fourier coefficients of a component with
wavenumber 8. R(@) is the rate at which the amplitude
of B increases and is defined as

R(B) = -M(3°G /8¢®)8* -
The growth rate R(8) shows a rather sharp maximum at
m = /h[—(6°G /947 /K]'/? )

i.e., one particular concentration fluctuation wavelength
becomes dominant within the system. In a scattering
experiment this situation is seen as a well-defined peak
at wavevector @, where

Qn = 4w sin /A 9)
A being the wavelength of the incident radiation and 6 half

the scattering angle. (Substituting Bragg’s law (A = 2d sin
6) into eq 9, we obtain @ = 2« /d where d corresponds to

IMKRB* (7)
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a correlation length A, hence 8, = Q,,.)

The analogy between eq 5 and a conventional diffusion
expression, where d¢/dt = DV?p, allows us to obtain a
Cahn-Hilliard diffusion coefficient D where

D = M(3°G /3¢? (10)

D can be calculated from the growth rate of the maximum
B, Combining eq 7 and 8 gives

R(By) = -Y%MB2,(6°G /89?) (11)
and hence
= _2R(6m) /sz (12)

Rundman?® has shown that the scattered intensity of the
most rapidly growing wavevector (@) of a metallic alloy
system undergoing spinodal decomposition is given by

1(Q,,) « exp{2R(Q,)t] (13)

Thus at early times where the nonlinear terms are un-
important, spinodal decomposition is characterized by the
exponential growth of a single scattering peak at fixed Q.
Such behavior has recently been observed by small-angle
light scattering (SALS) in high molecular weight blends
of polystyrene/poly(vinyl methyl ether) (PS/ PVME)% V"
and i ilsl an oligomeric system of PS/polybutadiene (PS/
PB).

This paper reports an investigation into spinodal de-
composition in a blend of solution-chlorinated poly-
ethylene/poly(methyl methacrylate) (SCPE/PMMA). In
contrast to suspension-chlorinated polyethylene the SCPE
is a totally amorphous randomly chlorinated analogue of
poly(vinyl chloride). Chai et al.!® have studied the ther-
modynamics of this blend and modeled the phase bound-
ary using the Flory equation of state?®?! approach. Heat
of mixing measurements made by Chai et al. on a model
system of chlorinated octadecane and oligomeric PMMA
show the enthalpy of mixing to be negative. This is be-
lieved to result from a weak hydrogen bond formed be-
tween hydrogen atoms in the octadecane and the carbonyl
group of the PMMA. These hydrogen bonds are also
thought to occur in the polymeric blend.

Contrary to Chai’s?? claim that blends of this system
containing SCPE with more than 62% (w/w) chlorine
would be totally compatible, we have found evidence for
a miscibility window in the phase diagram. SCPE with
a chlorine content of 656% is fully miscible with PMMA
but SCPE’s with chlorine contents of 67% and 72% (w/w)
show only partial compatibility.

Experimental Section

The PMMA sample (M, = 8.38 X 10% M,/M, = 2.42) was
obtained from Polysciences Ltd. The SCPE sample (M,, = 8.08
X 10°%, M, /M, = 6.45) was prepared in the laboratory by passing
chlorine through a solution of polyethylene in chlorobenzene at
140 °C for several hours.?® The chlorine content of the SCPE
was found by elemental analysis to be 67.5% w/w. Chai et al.?*
have studied the distribution of chlorine atoms in SCPE by NMR
spectroscopy and shown for samples containing more than 50%
w/w chlorine that they are randomly located along the poly-
ethylene chains. Fully deuterated PMMA was synthesized in our
laboratory with 2,2’-azobis(isobutyronitrile) as the initiator, and
molecular weight fractionated by using acetone/methanol/water
mixtures. The fourth fraction (M,, = 9.61 X 10%, M,,/M, = 1.30)
was used in this study.

Thin films of the blends were made by evaporating solutions
containing known weights of PMMA and SCPE dissolved in
chlorobenzene to dryness. The films were then placed under
vacuum at 80 °C for a period of at least 7 days to ensure that all
traces of the solvent were removed. Typical film thicknesses were
0.1-0.2 mm.
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Figure 1. Phase boundary for the system SCPE/PMMA as

determined by SALS (0) and SAXS (<). Point X contained
deuterated PMMA, and its position was found by SAXS.

100

Light-scattering experiments to determine the position of the
phase boundary were carried out by using a purpose-built ap-
paratus.?®

SAXS experiments on hydrogenous samples were performed
by using the small-angle camera (Station 7) on the high-flux
synchroton radiation source (Daresbury, England). The scattered
intensity was recorded by a single wire proportional counter at
a distance of 2.17 m from the sample. The X-ray wavelength was
1.608 A. Corrections were made for the detector response but
not for slit smearing, since the beam is a fairly good approximation
to a point source in the meridianal direction. Parasitic scattering
near the beam stop was removed by subtracting the spectrum of
a non phase-separated sample of equivalent thickness.

Small-angle neutron-scattering (SANS) experiments on samples
containing deuterated PMMA were performed on the D11
spectrometer? at the Institut Laue-Langevin (Grenoble, France).
A sample—detector distance of 10.6 m was used with neutrons of
wavelength 8.08 A (AN/\ = 8%). Corrections were made for the
detector response by using the incoherent scattering from water.

The use of high-flux sources opened the possibility of real time
experiments. These were performed by monitoring the scattered
intensity as a function of time after a thin polymer film contained
within a brass sample holder was plunged into a preheated tem-
perature controlled block. Spectra were recorded for periods of
10-20 s with no lag time between successive measurements.
Calibration showed the temperature jump to be effectively com-
plete within 5 s.

Results and Discussion

The phase boundary determined by light-scattering
measurements on hydrogenous samples is shown in Figure
1. Cloud points were difficult to locate by this technique,
as plots of the scattered intensity as a function of tem-
perature did not show a sharp transition even with low
heating rates of 0.1 °C min™.,

A series of samples were investigated by using SAXS and
shown to be homogeneous prior to any heat treatment.
However, at temperatures close to the phase boundary the
samples, although optically clear, were found to strongly
scatter X-rays. This suggested that phase separation was
initially taking place on a much shorter distance scale than
could be observed by light scattering. The phase boundary
was therefore redetermined by this technique and is also
shown in Figure 1.

Also shown in Figure 1 is one point on the phase
boundary for deuterated PMMA by SAXS. The slightly
lower temperature of phase separation could be a result
of the much narrower molecular weight distribution of the
deuterated material or, more likely, a slight difference in
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Figure 2. Plots of intensity against @ for a hydrogenous sample
that was quenched after being at 150 °C for 30 s, as observed by

SAXS (0) and SANS (X).
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Figure 3. SAXS data showing I(@) as a function of time for a
hydrogenous sample containing 55% SCPE at 117 °C: (») 505,
(O) 100 s, (o) 170 s.

the stereochemistry of the polymer backbone.

Since the initial correlation length A, was found to be
outside the range of light scattering, studies of the kinetics
of phase separation were limited to SANS and SAXS ex-
periments. The results obtained by these techniques are
compared in Figure 2, which shows I(g) for a quenched
hydrogenous sample. At high @ the agreement between
the two data sets is not particularly good. This discrepancy
almost certainly arises because of the practical difficulty
of uniformly heating the sample for a given time such that
all regions will have phase-separated to the same extent.
Such local differences become important when one con-
siders the small size of the X-ray beam in contrast to the
1-cm diameter neutron beam.

The SAXS data shown in Figure 3 illustrates the de-
velopment with time of the scattered intensity as a func-
tion of @ for a sample containing 55% SCPE. Plots of A,
derived from the peak positions against log time are shown
in Figure 4. A, during the early stages should remain
fixed; clearly the plots in Figure 4 do not obey this crite-
rion, suggesting that the early stages are complete within

a very short period of time. This behavior is to be expected
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Figure 4. Correlation length A, as a function of time for samples
containing 55% SCPE at 147 °C (0), 140 °C (<), and 130 °C (O)
(SAXS data).
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Figure 5. SANS data showing I(Q) as a function of time for.a
sample containing deuterated PMMA and 55% SCPE at 117 °C:
() 30s, (o) 80s, (O) 110, (©) 150 8, (x) 200 s, (O0) 290 s. (Most
of the data points have been omitted for clarity.)

R(Qm)

HERNALN

10 15 20 28
axn’/A

Figure 6. Cahn-Hilliard growth rate R(Q) as a function of
wavevector for a sample containing 55% SCPE and deuterated
PMMA at 113 °C (SANS data).

. rw

for any system where the initial A, is small, since the
chains need only diffuse a short distance (~300 A) in order
to achieve the equilibrium concentrations defined by the
coexistence curve. Not all high molecular weight blends
phase-separate with such small initial correlation lengths;
for example, Hashimoto et al.* have measured X\, as ca.
7000 A in a blend of PS/PVME and shown the early stages
to persist for several minutes.

Figure 5 shows I(€) measured by SANS as a function
of time for a blend containing 55% SCPE with deuterated

Macromolecules, Vol. 18, No. 12, 1985
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Figure 7. Development of the correlation length A, as a function

of time for samples containing deuterated PMMA and 55% SCPE
(SANS data): (o) 150 °C, (s) 181 °C, (<) 113 °C.
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Figure 8. SANS data showing In I as a function of time for a
sample containing deuterated PMMA and 55% SCPE at 113 °C
measured at @ vectors of 1,98 X 1072 A1 (o) and 2.7 X 102 A1
().

Table I :
Values of R(Q,,), D, and @, for a Sample Containing 55%
SCPE with Deuterated PMMA

D X 10718
temp, °C R(Q,) X 10 @, %X 10241 cm? st
113 16.8 1.76 -1.1
117 32.3 2.20 -13.3

PMMA at 117 °C. The diffuse nature of the peak at early
times makes it difficult to determine the position of
maximum intensity and hence to decide whether or not
the data can be analyzed in terms of the Cahn-Hilliard
theory. This difficulty can be overcome by plotting the
growth rate R(Q) as a function of wavevector, as shown in
Figure 6. The @ vector at which the maximum growth
rate R(Q,) occurs corresponds to the position of A,

Figure 7 shows the correlation length A, as a function
of time. Clearly, at 150 °C phase separation has progressed
beyond the early stages. Comparison of the data at 113
°C with that obtained at 131 °C suggests that the initial
correlation length increases with decreasing temperature.
This is in agreement with eq 1, which predicts that the
initial wavelength of the composition fluctuations will tend
to infinity as the spinodal is approached. Such an ob-
servation provides some evidence against phase separation
proceeding from any structure that may exist within the
blend.

At 113 °C, A, remains constant as a function of time for
approximately 600 s (Figure 7). During this period the
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&

Figure 9. (top) Computer simulation of the interconnected
structure characteristic of spinodal decomposition, redrawn from
Cahn® (bottom) Transmission electron micrograph from a sample
containing 55% SCPE with deuterated PMMA showing an in-
terconnected structure; note the similarity with (a).

scattered intensity at A, increases exponentially, as shown
in Figure 8.

Snyder et al.'>'7 have also demonstrated that A, remains
approximately constant while the scattered intensity in-
creases exponentially in their SALS studies on PS/PVME
mixtures. At later times the intensity stops growing ex-
ponentially and the correlation length starts to increase.
Theoretically this would correspond to the nonlinear terms
neglected by Cahn-Hilliard becoming important.

The values of R(Q,,), D, and Q,, are listed in Table 1.
The magnitude of D is much less than values reported for
other polymer blends such as PS/PVME where D is typ-
ically between 107 and 107'® cm? s™'. This result is quite
acceptable, considering the high molecular weights of the
components and the close proximity of the measurement
temperature to the blend T, which calculated from the
Flory-Fox equation would be 111 °C.

A series of hydrogeneous samples containing 55% SCPE
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Figure 10. R(Q)/Q? against @*. Cahn-Hilliard model predicts
that this plot should be linear.

(w/w) were heated to 150 °C and then quenched after
remaining at that temperature for a known period of time.
Some of these samples when examined by transmission
electron microscopy (TEM) were found to possess an in-
terconnected morphology which is consistent with the
theory of spinodal decomposition (Figure 9). However,
it is known from the SAXS and SANS data that these
samples are no longer in the early stages as defined by the
Cahn-Hilliard theory. Samples in the early stages were
found to be featureless when investigated by TEM. This
is no doubt due to the poor contrast between the phases
during this period.

Experimental studies on metallic alloys have shown that
parts of the Cahn-Hilliard model required further modi-
fications. The relationship @./Q,, = 22 (eq 4 and 8) is
not generally found experimentally; most studies report
higher values.?”?® Park et al.,”® using Cook’s modified
theory? which takes into account the effects of micro-
concentration fluctuations, have shown that @./Q,, will
only fall to 2'/? at absolute zero. Although quantitatively
correct, the experimental values are in poor agreement with
values calculated by Park et al. Our value of 1.51, although
inconsistent with Cahn-Hilliard theory, 1s comparable with
those found in the small molecule systems. A second de-
ficiency of the Cahn-Hilliard theory is shown in Figure 10.
Equation 7 can be rearranged to give

R(B) = -MB*((6°G /8¢*) - 2Ki"] (14)

Clearly this expression predicts a linear relationship be-
tween R(Q)/Q* and @* which is not shown in the figure.
Given that the initial correlation length is comparable to
the radius of gyration, the curvature of this plot could be
explained by a wavevector-dependent diffusion coefficient,
as proposed by Pincus.! However, plots of R(Q)/@* as a
function of @* show curvature in metallic alloys,” oligo-
meric mixtures of polystyrene with polybutadiene,'® and
a mixture of PS/PVME' (but not in another'). In these
systems the curvature cannot be explained by a wave-
vector-dependent diffusion coefficient because for all of
them (except metallic alloys) the initial correlation length
is much larger than that predicted by Pincus. It has been
suggested that inclusion of the nonlinear terms in the
Cahn-Hilliard theory might improve this situation.
However, if this were the case, a nonlinear relationship
between In I and time contrary to eq 8 might occur at high
@ vectors where the nonlinear terms become more im-
portant. Such a hypothesis is difficult to test because of
poor statistics. A second explanation first proposed by
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Erb?*! and Hilliard® for these deficiencies is that regular
solution theory on which the Cahn—Hilliard model is based
may not fully describe the behavior of either small mole-
cule or polymer systems.

The question of why this high molecular weight system
should phase-separate on a much smaller scale than the
high molecular weight mixtures of PS/PVME remains
unanswered. Until we have investigated other systems
showing similar behavior (as yet, no other is known), it is
not possible to eliminate an explanation in terms of some
unique properties of this blend. However, we can at this
stage rule out a hypothesis based on “blockiness” in the
SCPE.> We are continuing this study using monodisperse
fractions of both polymers in order to determine the effects
of molecular weight on the initial phase size and hence to
test the entanglement theory of Pincus.
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Molecular Characterization of Poly(2-methyl-1,3-pentadiene) and
Its Hydrogenated Derivative, Atactic Polypropylene
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ABSTRACT: The anionic polymerization of (E)-2-methyl-1,3-pentadiene leads to near-monodisperse
poly(1,3-dimethyl-1-butenylene) (PDMB). The hydrogenation of PDMB yields atactic polypropylene (PP).
We report the complete characterization of the microstructure and thermal properties of these two polymers.
The carbon-13 NMR spectral analysis reveals that PP is a head-to-tail, ideal-Bernoullian (P, = 0.502) material.
The characteristic ratios for the two polymers were determined under € conditions, and, for the case of PP,
good agreement is found with the value calculated by Suter and Flory using the five-state rotational isomeric
state (RIS) model. The glass transition temperature for the ideal-Bernoullian PP was found to be 2.5 °C,
which is about 10 °C higher than values previously reported for non-Bernoullian atactic PP. The conversion
of PDMB to atactic PP results in an increase in flexible bonds from three to four along the backbone and
in a 28% increase (0.100-0.128 cal g”! °C"") in the change of heat capacity at T, between the glassy and liquid
states of the respective polymers. Comparisons with previous studies on the thermal properties of PP are

discussed.

Introduction

The anionic polymerization of (E)-2-methyl-1,3-penta-
diene initiated by n-butyllithium in benzene solution was
first quantitatively examined by Cuzin, Chauvin, and
Lefebvre.? Their microstructure analysis of poly(2-
methyl-1,3-pentadiene), [IUPAC name poly(1,3-dimethyl-
1-butenylene) (PDMB), demonstrated that the reaction
exclusively yields the 1,4-configuration where the cis:trans

ratio was approximately 60:40. Later studies by Morton
and Falvo® showed that monomer incorporation takes place
exclusively via 4,1-addition, i.e., where the methyl groups
are on the 8 and 8 carbons of the terminal unit. The active
center was defined as essentially covalent, an assessment
in agreement with current understanding* regarding alkyl
and primary allylic carbon-lithium bonds in nonpolar
solvents. The microstructure analysis of Morton and
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