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ABSTRACT: Copolymerizations of methacrylate terminated styrene macromonomer (MSt,
M,=12400) and dimethylsiloxane macromonomers (MDMS, M,=1020, 8670) with methyl
methacrylate (MMA) were investigated in benzene (Bz), cyclohexane (Ch), and phenetol (Pht) to
clarify the incompatibility effect between the macromonomer and the propagating comonomer
chain on copolymerization behavior of the macromonomers. In the MSt/MMA/Bz copolymeri-
zation system i.e., copolymerization in mutual good solvent, it was observed that the relative
copolymerization reactivity of macromonomer is almost the same as that of the small monomer
corresponding to the polymerizable end group under homogeneous solution reaction conditions.
On the other hand, in the MDMS/MMA /Bz copolymerization system, decrease in the reactivity of
macromonomer was observed even under homogeneous solution conditions. These results were
considered in terms of differences in the degree of interpenetration of unlike polymers in the
reaction medium due to the different effects of incompatibility between the macromonomer and the
propagating comonomer chain. Furthermore, in the case of copolymerizations in a preferential
solvent, MSt/MMA/Ch and MDMS/MMA /Pht systems, the copolymerization system became
heterogeneous as copolymerization proceeded and polymer particles of considerably uniform size
were produced due to stabilization by the graft copolymers produced. In these cases, appreciable
decrease in the relative copolymerization reactivity of macromonomer was observed due to much
decrease in the interpenetration of unlike polymer species.
KEY WORDS Macromonomer / Copolymerization / Monomer Reactivity
Ratio / Thermodynamic Repulsive Interaction / Interpenetration of Unlike
Polymers /

Contrary to the traditional point of view on
a monomer unit as the basic unit, in polymer
material designs, many workers have recently
begun to regard the oligomer or polymer as the
basic unit, functional unit or reaction unit.
Recent increased study on the synthesis and
copolymerization of macromonomers as well
in the material design is understandably in line
also with this thought.! ~!! It has been also
well recognized that the macromonomer meth-
od is a very useful and important synthetic
route of various kinds of well-defined graft

* To whom correspondence should be addressed.

copolymers by which the number and length of
branch segments can be well controlled.
However, the copolymerization behavior of a
macromonomer as well as the homopolymeri-
zation behavior is not well understood at
present.!2 19

Ito et al'?!3 recently studied the radical
copolymerization reactivity of poly(ethylene
oxide) macromonomers, the terminal groups
of which were methacrylate and vinylbenzyl
groups, with styrene comonomer and found
that the reactivity of macromonomers was
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molecular weight dependent. The higher the
molecular weight of a macromonomer, the
lower became the copolymerization reactivity,
and the reactivity was appreciably lower than
small monomer homologues in a high molec-
ular weight region. Cameron and Chisholm'*
also reported similar results, i.e., the higher
the molecular weight, the lower the copolym-
erization reactivity of the macromonomer,
with the copolymerization system of poly-
(dimethylsiloxane) macromonomer having a
methacrylate end group with styrene and
acrylonitrile. On the other hand, Schulz and
Milkovich!® reported the same or slightly lo-
wer reactivity of macromonomers compared
with the small monomer corresponding to
the polymerizable end group in the copolym-
erization system of methacrylate-terminated
polystyrene macromonomers. There are also
other reports showing that the copolymeri-
zation reactivity of a macromonomer is not so
different from that of a small monomer cor-
responding to the polymerizable end group
even with a molecular weight of macromono-
mer as high as ten thousands.’® '8

On the copolymerization reactivity of a
macromonomer, the following can be consid-
ered as major influencing factors: i) copolym-
erization reactivity of the polymerizable end
group associated with the chemical structure
of the end group, ii) enhanced diffusion con-
trol effect associated with the large size of a
macromonomer. This might reduce the rel-
ative propagation rate of the macromonomer
to the small comonomer, since the large mo-
lecular weight of the macromonomer might
reduce its translational diffusivity and increase
the topological resistance against the segmen-
tal diffusion of the reactive end group.'® 9 iii)
non-homogeneous distribution of the polym-
erizable end group in the reaction media
associated with the thermodynamic repulsive
interaction between a macromonomer and a
propagating comonomer chain and/or incom-
patibility between unlike polymers.?® 3%

In this paper, we studied the radical copo-
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lymerization behavior of styrene and dimethyl-
siloxane macromonomers with MMA co-
monomer to elucidate the effects of the thermo-
dynamic repulsive interactions between the
polymer reaction species on copolymerization
behavior. The results obtained are discussed in
terms of the interpenetration of macromono-
mer coils and unlike propagating comono-
mers chains in the reaction media.

EXPERIMENTAL

Materials

Methyl methacrylate and styrene (St) mono-
mers, azobisisobutyronitrile (AIBN), ben-
zene, cyclohexane, phenetol, and other sol-
vents were obtained commercially. Monomers
and solvents were dried and distilled under
nitrogen atmosphere. St monomer and ben-
zene used in the living anionic polymerization
were further purified with the sodium salt of
benzophenone several times under high vac-
uum.

Macromonomers

St macromonomer (MSt) with narrow mo-
lecular weight distribution having a methac-
rylate end group was prepared by the living
anionic polymerization of St in Bz followed by
the reaction of ethylene oxide and methac-
rylate chloride according to Shultz and
Milkovich. Dimethylsiloxane macromonomers,
(MDMS) also prepared by living anion po-
lymerization, were kindly supplied by Chisso
Co., Ltd., Japan. The preparation procedures
of these macromonomers are shown in Scheme
1. The content of the methacrylate end group
in the macromonomers was estimated by UV,
IR, NMR and the maximum conversion of
macromonomers in the copolymerizations
with MMA in Bz. Molecular weights of mac-
romonomers were determined by Gel Per-
meation Chromatography (GPC) with HLC-
802 of Tosoh (Toyo Soda) Co., Ltd. and
Vapor Pressure Osmometry (VPO) with 115 of
Corona Electric Co. The molecular weights
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Table I. Macromonomers Pht are preferential solvents. The former is
Cod " M. MM, D N a poor solvent for PMMA and the latter is a
ode °
" " v / poor solvent for PDMS (theta-temperature of
MST 12400 13100 106 122 0.86 Pht for PDMS is reported 83°C by Flory*® and
MDMS-1 1020 1140 112 11 ~1.00 89°C by Kuwahara®®). The segregation factor
MDMS-3 8670 10750 1.24 143 ~1.00 petween MSt and PMMA is rather weak,

* Based on M,
® End functionality determined from UV and IR spectra.

were calculated by using calibration curve of
Tosoh PSt standard samples, and are shown in
Table I together with the end group func-
tionality.

Copolymerization

Radical copolymerization of macromono-
mers with MMA comonomer was carried
out with AIBN as an initiator and in a copo-
lymerization solvent in glass ampules and
sealed under vacuum at 60°C. MSt was copo-
lymerized in Bz and Ch, whereas MDMSs
were copolymerized in Bz and Pht. Bz is a
good solvent for all poly(methyl methacry-
late) (PMMA), polystyrene (PSt), and poly-
(dimethyl siloxane) (PDMS), whereas Ch and

Polymer J., Vol. 21, No. 5, 1989

while strong between MDMS and PMMA .#°
The prepared homogeneous (transparent) mix-
ture of the macromonomer, comonomer, ini-
tiator and solvent was equally divided into
eight parts and copolymerized in glass ampules
under vacuum for various copolymerization
times to get time—conversion data. Feed mac-
romonomer compositions were fixed at 50 wt?;
in all cases. Total monomer concentrations in
the copolymerizations in Bz were chosen as
high as possible under the restriction of a
homogeneous solution condition, above which
the reaction mixture became opaque as the
copolymerization proceeded due to the phase
separation. Copolymerization in selective sol-
vent was done under the same conditions as in
Bz for comparison. Copolymerization con-
ditions of MDMS-1 were almost the same as
those of MDMS-3. Details of the copolymeri-
zation conditions are shown in Table II.
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Table II. Copolymerization conditions of macromonomers
Macro- Comonomer Composition of AIBN  Solvent Total mono‘mer
monomer macromonomer concentration
Code Solvent
mmol mmol mol%,  wt% mmol ml moll™" gml™!
MSt Benzene 0.00897 1.12 0.795 49.8 0.007 0.72 1.57 0.310
Cyclohexane 0.0806 10.0 0.800 50.0 0.061 6.0 1.68 0.333
MDMS-1 Benzene 0.464 4.89 8.67 49.2 0.036 4.0 1.34 0.241
Phenetol 0.410 4.22 8.86 49.8 0.029 4.0 1.58 0.210
MDMS-3 Benzene 0.0573 5.08 1.12 49.4 0.035 4.0 1.28 0.251
Phenetol 0.0472 4.08 1.14 50.1 0.031 4.0 1.03 0.204
Copolymerizations were carried out in degassed glass ampules at 60°C.
n-octadecane @ n-octadecane *
1 hour
MDMS -3
MDMS -1 Copolymer
(a) \ Copolymer
8 hours
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Figure 1. Typical GPC charts of the copolymerization products of (a) MDMS-1 and (b) MDMS-3 with
MMA. Copolymerization time is 1 h (upper charts) and 8 h (lower charts).

Conversions of macromonomers were de-
termined from GPC, which were taken with
Tosoh G6000H-G4000H-G2000H columns
operated at 40°C on THF and chloroform
with a solvent flow rate of 1.2 mlmin~'. The
concentration of the sample injection was 0.2
mgml~' and the by-pass injection loop is 0.5
ml. Conversions of macromonomer at given
copolymerization times were determined from
the relative peak area of unreacted macro-
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monomer to that of n-octadecane peak as an
internal standard using calibration curves. The
typical GPC curves of the copolymerization
products in the case of DMS macromonomer
systems are shown in Figure 1. The decrease of
the relative peak area of the unreacted macro-
monomers to the n-octadecane peak with re-
action time can be determined from the figure.
Conversions of comonomer were determined
by both Gas Chromatography (GC) using

Polymer J., Vol. 21, No. 5, 1989
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Yanaco G2800. The weight change of the
copolymerization product after complete re-
moval of the unreacted MMA comonomer by
freeze drying with Bz was also measured. In
the case of the PSt macromonomer, correction
for the end group functionality was done using
f=0.86 for the calculation of the monomer
reactivity ratios.

RESULTS AND DISCUSSION

Evaluation of Copolymerization Reactivity of

Macromonomers

Copolymerization behavior of monomer-1
(M,) and monomer (M) are usually discussed
on the basis of the well-known copolymeri-
zation equation with data at very low degrees of
conversion such that the feed composition is
negligibly unchanged from its initial value,*'

d[M,] _ [M1](r1[M1} +[M,])
d[M,] [M,](r,[M,]+[M,])

where [M,] and [M,] are the molar concen-
trations of M, and M,, and r, and r, are the
respective monomer reactivity ratios. How-
ever, understanding of copolymerization be-
havior of macromonomers including high
degrees of the conversion region is also impor-
tant in the preparation of graft copolymers for
practical use. In this study, we evaluated the
radical copolymerization behavior of macro-
monomers using the Skeist method, where the
experimental times versus conversion data
were fitted to the calculated instantaneous feed
composition-degree of conversion curves of
different r, and r,.*>”** In this method, the
relation between conversion and instantaneous
feed compositions of M, and M,, and f; and
/>, is given by the following equation,

(M]
(M]o

AT L "[(fl)o—é}y
= [(fl)o} [(fz)o:l f1_5 (2)

(for r; #1.0, r, #1.0)

(1)

X=1-
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where f; and f, are the instantaneous feed
composition (mole fraction) of M, and M,,
(f1)o and (f;), are their initial values. [M] is the
total monomer concentration ([M]=[M,]+
[M,]) and [M], is its initial value. a, 8, y, 0
are given by

_ I __Nn
_(l—rz), d (1—ry)
(1—r,ry) 1-r,)
—_ T S=_ ")
Ta=r)i-ry) @=ri—r)

When r, #1, r, =1, the relation corresponding
to eq 2 is given by

I [M] :ln[< f1 )1/(r11)<(f1)0_1>1/(r1‘1):|
[M]o (f1)0 fl_l

SR ESEY 3
n—1\(fe 1 3)

In the above equations, f; and f, at conversion
X were determined by GPC and GC, as de-
scribed in the experimental section.

When M, is the comonomer and M, is the
macromonomer, the relative copolymerization
reactivity of macromonomer is normally eval-
uated by 1/r,, ie., the rate constant for a
propagating comonomer radical adding mac-
romonomer to the rate constant for its own
comonomer, because the feed composition of
the macromonomer in moles is extremely low
even at high feed composition by weight in an
ordinary system, which makes it difficult to
determine the exact value of r, directly.

Since the macromonomers in this study had
an MMA group at each chain end and were
copolymerized with MMA comonomer, the
macromonomer can be expected to be copo-
lymerized in an ideally random manner, if the
copolymerization reactivity of the end group is
the predominant factor in determining the co-
polymerization behavior of the macromono-
mers. Hence, the copolymerization should
be azeotropic, i.e., the monomer reactivity
ratios are r,=r,=1.0. In other words, when
there exists some incompatibility effect or a
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diffusion control effect, the copolymerization
will deviate from the azeotropic behavior. This
deviation can be easily seen by examination of
the instantaneous feed composition variation
with the degree of conversion using eqs 2 and 3
in the following discussion.

Copolymerization  Behavior
monomer with MM A
Results of copolymerization of MSt with

MMA in Bz (C', the initial total monomer

concentration in gml~!, is 0.310) are shown in

Table III, together with the copolymerization

data in Ch (C'=0.333 gml!). Obtained time-

conversion curves of the macromonomer and
comonomer are shown in Figure 2. The copo-
lymerization system in Bz at this C' was trans-
parent through the copolymerization reaction
(48 h), while in Ch, the reaction mixture be-

of St—Macro-

came gradually turbid from the initial stage
and finally opaque.

It is seen from Table III that the instan-
taneous feed compositions of MSt in Bz are
almost the same as the feed value during the
copolymerization. Furthermore, the compo-
sitions of the produced graft copolymers are
almost the same as the feed value and do not
change much as the copolymerization pro-
ceeds. On the other hand, the instantaneous
feed composition of MSt in Ch increases with
reaction time because of the increase in the
amount of unreacted macromonomers. Ac-
cordingly, the compositions of macromono-
mer in the copolymerization products are
lower than the feed composition.

Molecular weights of the copolymerization
products in Bz are about 4—5x 10%, while
those in Ch are more than 10 x 10* and much

Table III. Comparison of copolymerization behavior of macromonomer with MMA
in benzene and cyclohexane®
szact. Total MSt in feed Copolymz. product®
time conv.
o o MSt M"
h mol?, mol%, w7 wt?, N, 103
Benzene
1 8.6 0.785 (0.677) 49.5 (45.8) 53.3 1.8 41.2
3 229 0.772 (0.664) 49.1 (45.3) 52.4 1.9 45.2
5 37.1 0.813 (0.700) 50.4 (46.6) 49.0 2.0 50.4
8 42.5 0.768 (0.660) 49.0 (45.2) 51.2 2.3 54.7
13 70.2 1.042 (0.896) 56.6 (52.9) 46.5 1.6 42.0
20 76.2 0.740 (0.646) 48.0 (44.3) 50.6 1.9 47.3
30 84.4 1.305 (1.122) 62.1 (58.6) 46.8 1.8 46.9
48 96.4 0.443 (0.381) 35.6 (32.3) 50.4 1.9 46.4
Cyclohexane
0.3 7.0 0.801 (0.689) 50.0 (46.1) 49.7 — —
0.7 30.7 0.878 (0.755) 52.3 (48.6) 44.0 — —
1 45.2 1.116 (0.960) 58.3 (54.5) 33.8 5.5 200.0
2 66.2 1.298 (1.116) 62.0 (58.3) 40.2 5.8 180.0
4 74.6 1.535 (1.320) 65.9 (62.2) 40.7 7.9 240.0
6 90.1 4.087 (3.515) 84.1 (81.9) 41.1 5.3 160.0
9 93.3 2.440 (2.098) 75.6 (72.3) 43.6 39 110.0
12 99.1 10.760 (9.254) 96.4 (96.2) 39.8 - —

* Initial feed ratio of macromonomer and comonomer is 1.0 by weight and 0.0081 (0.0070) by mol. The values in the
parentheses are corrected by the end functionality. Initial total monomer concentration is 0.333 gml ™! (solvent

fraction=0.75).

® MSt, macromonomer; N,, number of graft segments per molecule.
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Figure 2. Time—conversion curves of the styrene macromonomer (MSt) and MMA comonomer in the
copolymerization with benzene and cyclohexane. Copolymerizations were carried out with AIBN at 60°C.
The details of copolymerization conditions are shown in Table II.
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Figure 3. Plots of the experimental instantaneous mol fraction of MSt on calculated instantaneous mol

fraction versus total monomer conversion curves. Curves in the figure were calculated with r, =

eq 3.

larger than the values in Bz. It is seen in Figure
2 that the time—conversion curve of MSt in Bz
is almost the same as that of MMA comono-
mer, while in Ch, the rate of consumption
of MSt is considerably slower than that of
comonomer. However, the copolymerization
rate itself in Ch is larger than that in Bz.
These results were analyzed by Skeist’s
method to evaluate the copolymerization re-
activity of the macromonomer with 1/r, value.
Figure 3 shows plots of the copolymerization

Polymer J., Vol. 21, No. 5, 1989

1.0 by using

data on the calculated instantaneous macro-
monomer mole fraction versus total monomer
conversion curves using eq 3 with r,=1.0.
Here, r, =r,=1.0 can be considered as the ref-
erence where the diffusion-controlled effect or
the size effect is absent and only the copolym-
erization reactivity of the polymerizable end
group is dominant. Since the mole fraction
of MSt in the feed is much less than that of
MMA (ca. 1/124), the calculated curves are
not much dependent on the r, value. For in-
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stance, they are almost identical to those calc-
ulated from eq 2 with r,=0.5, or 1.5. It is
seen from the figure that the experimental
data in Bz system is scattered around the r; =
1.0 line, while the data in Ch deviate from
the r,=1.0 line and seem to increase with
conversion. In other words, the copolymeri-
zation reactivity of MSt in Bz evaluated from
1/r, is almost the same as that of the small
monomer corresponding to the polymerizable
end group. This means that the MSt chain
should extensively interpenetrate the coil
of the propagating comonomer radical to
make the distribution of the polymerizable
end group homogeneous through the reac-
tion media. Furthermore, the diffusion control
effect expected from the large size of macro-
monomer is minor-and negligible in this copo-
lymerization system. On the other hand, it is
seen from the figure that the apparent reac-
tivity of MSt in Ch is clearly reduced com-
pared with the corresponding small mono-
mer.

The reaction mixture in Ch became turbid
and heterogeneous during the copolymeriza-
tion because of the precipitation of the PM-
MA component in Ch as mentioned before.
Electron microscopy (EM) photographs of the
copolymerization product are shown in Figure
4. The EM samples were prepared by dilution
of the copolymerization product with Ch and
cast on the mesh for EM. It is seen in Figure
4 that the fine particles of diameter ca. 0.1
um are formed from the initial stage of the co-
polymerization. The size of these particles
are considerably regular presumably due to
the stabilization effect of the polystyrene seg-
ments of produced graft copolymers, which
bear resemblance to the dispersion polymeri-
zation system described by Barrett er al.*’
In such a case, the copolymerization reaction
occurs at the interface of the particle as
well as the diluent phase. The local concen-
tration of the polymerizable end group of
MSt around the propagating radical sites at
interphase might be less than the overall

0.2
pm

Figure 4. Electron micrograph of the copolymerization product of MSt/MMA/Bz copolymerization
system. Copolymerization time was 1 h. Other conditions are shown in Table II.
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concentration of the system, since the MSt
chain cannot penetrate the PMMA particles.
This might be partial reason for the observ-
ed reduction of reactivity of MSt in Ch.

Copolymerization Behavior of DMS-Macro-

monomers with MM A

Copolymerization data of MDMS-1 and
MDMS-3 with MMA in Bz and Pht at 24 h are
shown in Table IV, and the details of copo-
lymerization data in the case of MDMS-3 in
Bz are shown in Table V. In regard to the con-
version of macromonomers, it is more than
809, in case of MDMS-1 and more than 709
in case of MDMS-3 at 24h. These values
increased further at 48 h, which is good indica-
tion of the high end functionality of each
macromonomer.

In the case of MDMS-1, the M, of which is
1020, the copolymerization mixtures are trans-
parent and homogeneous in both Bz and Pht
because of the low molecular weight of
MDMS-1. It was found that the instantaneous
feed compositions of MDMS-1 did not much
depend upon the conversion and were almost
the same as the initial feed composition in both
Bz and Pht. Accordingly, the composition of
the copolymerization product was almost the
same as that of initial feed composition. M, of
the copolymerization products in Bz was al-
most the same as those in Pht. The molecular
weight distribution became broader as con-
version proceeded. Figure 5 shows plots of the
copolymerization data of MDMS-1 system in
both Bz and Pht on the calculated instan-
taneous mole fraction versus total monomer

Table IV. Copolymerization of MDMS with MMA in benzene and phenetol®

1 o b . .
Macromo- Conversion/%, MDMS Copolymerization product
monomer Solvent
MDMS MMA molY,  wt% MDMS (wt%) M, (10 M, M, N
MDMS-1 Bz 83.0 81.0 7.80 46.3 49.8 14.9 3.6 65.3
Pht 89.3 92.4 12.0 58.1 48.9 20.4 4.9 87.4
MDMS-3 Bz 61.1 74.6 1.68 59.8 44.3 10.6 2.1 4.4
Pht 72.6 87.7 2.60 69.8 45.3 5.7. 2.1 2.4
2 Copolymerization data at 24 h.
® Instantaneous feed compositions.
¢ Number of grafts per molecule.
Table V. Copolymerization of MDMS-3 with MMA in benzene®
React. Conversion/%; MDMS-3° Copolymerization product
time/h ° ° o 5 <
MDMS-1  MMA mol%  wt% MDMS-3 (wt%) M, (10 MM, N,
1 1.9 7.2 1.18 50.8 40.3 1.14 1.35 43
2 14.7 16.8 1.22 51.8 46.8 0.86 1.56 3.7
3 13.4 20.7 1.22 51.8 37.0 1.05 1.52 3.6
5 20.4 29.7 1.26 52.6 47.4 1.04 1.84 4.6
8 28.7 40.6 1.27 52.7 37.7 1.05 1.80 3.7
12 35.5 52.6 1.55 57.8 38.6 1.18 2.01 42
24 61.1 74.6 1.68 59.8 443 1.06 2.07 44
48 78.4 89.7 2.28 66.9 46.0 1.13 2.48 4.8
2 Copolymerizations were carried out with AIBN at 60°C.
b Instantaneous feed composition of MDMS-3. M, =10750.
° Number of graft segments per molecule.
Polymer J., Vol. 21, No. 5, 1989 385
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conversion curves with r,=1.0. It is seen from
the figure that the copolymerization data of
MDMS-1 in both Bz and Pht scatter around
the r, =1.0 line. This means that the reactivity
of the polymerizable end group of the macro-
monomer is a predominant factor in deter-
mining the copolymerization behavior of the
macromonomer and other effects such as the
incompatibility effect between the macro-
monomer and propagating comonomer chain
which is minor as in the case of the MSt-

MMA-Bz system. The instantaneous mole
fraction versus total monomer conversion
curves calculated with r,=0.5 using eq 2 is
also shown in Figure 5 (broken line). The
mole fraction of the macromonomer in the co-
polymerization system is about ten times
larger than the MSt system. However, the dif-
ference between the curves with r,=1.0 and
with r,=0.5 is not large.

In contrast to MDMS-1, the instantaneous
feed compositions of the macromonomer

18.0
T ?—2 O Benzene
Qxz ek @ Phenetole
a
=
° 10.8
c
R
g 72
w
9
[o]
S 36

0.4

06 0.8 1.0

Total Monomer Conversion

Figure 5. Plots of the experimental instantaneous mol fraction of MDMS-1 on calculated instantaneous
mol fraction versus total monomer conversion curves. The solid curves were calculated with r,=1.0 using
eq 3, while the broken curves were calculated with r,=0.5 using eq 2.
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Figure 6. Plots of the experimental instantaneous mol fraction of MDMS-3 on calculated instantaneous
mol fraction versus total monomer conversion curves. Curves in the figure were calculated with r,=1.0 by

using eq 3.
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MDMS-3, the M,, of which is 8670, in both Bz
and Pht increased with conversion and were
higher than those of the feed composition.
Accordingly, the compositions of macro-
monomer in the products are lower than the
feed compositions in both solvent.

Figure 6 shows plots of the copolymeri-
zation data of MDMS-3 in both Bz and Pht on
the calculated instantaneous mole fraction ver-
sus total monomer conversion curves with
r,=1.0. It is seen in the figure that the exper-
imental data in Bz as well as those in Pht
deviate from the r; =1.0 line and go to higher
values, although the deviation in Bz is smaller
than in Pht. This indicates that the copolymer-
ization reactivity of MDMS-3 estimated from
1/r, is lower than that of the corresponding
small monomer in both Bz and Pht. This
tendency is greater in Pht (heterogeneous sys-
tem) than in Bz (homogeneous system). Figure
6 shows that the reactivity of MDMS-3 is
slightly but lower than the corresponding
small monomer in transparent homogeneous
system. In other words, in the case of MDMS-
3, the reactivity of the polymerizable end
group alone is not a predominant factor even
in a homogeneous system.

Copolymerization under Transparent Condition
In this section, we discuss how the copolym-

erization reactivity of macromonomers is in-
fluenced by the incompatibility effect between
unlike polymer species under transparent and
homogeneous conditions. The influence of the
incompatibility or repulsive interaction be-
tween the macromonomer and propagating
comonomer chain on the reactivity of macro-
monomer can be interpreted by the degree of
interpenetration of these polymer species in
the reaction media. That is, if a macromono-
mer cannot interpenetrate sufficiently the
propagating comonomer chain to bring its end
group near the radical site due to the incom-
patibility effect, a decrease in the reactivity of
the macromonomer may be observed com-
pared to that of the small monomer cor-
responding to the polymerizable end group. In
other words, if the copolymerization reactivity
of a macromonomer is equal to that of the
corresponding small monomer, then the mac-
romonomer chain should extensively interpen-
etrate the propagating comonomer chain.
Because, in that case, the distribution of the
polymerizable end group must be homo-
geneous microscopic scale as in the case of
small monomers.

In order to clarify the effect, we consider at
first a copolymerization system consist of only
of macromonomers, the propagating comono-
mer chains having the same molecular weight

Table VI. Copolymerizations of macromonomers in benzene
Macromonomer
System C'/gml ™! C*? Cc'/c* Appearance®
M, D,
MSt 13100 122 0.310 0.162 1.914 transparent
MDMS-1 1140 11 0.241 1.768 0.136 transparent
MDMS-3 10750 143 0.251 0.279 0.899 transparent
* Qverlap thresholds C* were calculated from the geometric mean of C};
Cro_ M.
' 47[<Rg>?/2NA
(RZ>=1.38x 10718 M, '*° (cm?) for PSt in benzene (25°C),
(RZF>=297x 107" M, !3? (cm?) for PDMS in toluene (22°C),
(RA>=1.13x107"8 M, '*** (cm?) for PMMA in benzene (30°C).
® Appearance after copolymerization.
Polymer J., Vol. 21, No. 5, 1989 387
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as the macromonomer and a good solvent.
Under this simplification, we introduce the
overlap concentration C* using the following
relations.

C¥=3M,/4n{R})’*N,y (gml™") (4)
where C¥ and (R;*); are the overlap con-
centration and mean square radius of gyration

of i-polymer species, respectively, and N, is

avogadoro’s number. {R,?); values in cm® are
46 —48.

given by
(RZ>=1.38x10"18M ' 1°
(for PSt in benzene at 25°C)
(R2>=2.97x10"1"M '
(for PDMS in toluene at 22°)
(REYy=1.13x 10718 1194
(for PMMA in benzene at 30°C)

)

Then, the overlap concentration C* of the
copolymerization system can be defined by the
geometric mean of each value neglecting the
temperature effect, and is shown in Table VI.
In the polymer(1)-polymer(2)-solvent(3) ter-
nary system of the symmetrical case ();3=X,3,
N,=N,=N), the critical concentration C°"
for the phase separation is related to the
segregation factor x,, and the overlap con-
centration C* as follows*’:

i) in the case of good solvent and strong
segregation factor

Ccril ~ C* ~ N—4/5 (6)

i1) in the case of a good solvent and weak

cert ~(Nyx12) 4B (7

When a system has a good solvent and strong
segregation factor, demixing or phase sepa-
ration will soon take place as C' exceeds C*
due to the strong segregation factor. On the
other hand, when the system has a good
solvent and weak segregation factor, C* of the
ternary system can still increases, keeping the
system homogeneous (single phase) as C' ex-
ceed C* because yx,, is not strong enough to
induce segregation. Thus, the C" of this
system is greater than C*. It is seen from the
Table VI that MDMS-PMMA-Bz system in
this study corresponds to the case (i), while
MSt-PMMA-Bz system corresponds to the
case (ii).

According to Flory—Huggins-Scott theory,
the free energy of mixing and critical con-
ditions in the polymer—polymer—solvent ter-
nary system are given by32:5°

4G, =RTV|V3[¢p3In 3+ (¢, /N,) In ¢,
+(P2/Ny) Ingy + 212010,
+ 1130193+ £2302P3] ®

(azA Gmix/a¢12)T,P = (634 Gmix/a¢13)T,P =0 (9)

For the symmetrical case, the binodal con-
dition does not depend on interaction between
the polymer and solvent but only on the
segregation factor between polymer-1 and
polymer-2, y,,, so that the phase behavior can
be described with an effective Flory—Huggins
x-prameter defined by

segregation factor 212 = X12(1 = ¢3) (10)
Table VII. Estimation of the effective x,5 and segment length N, for partial interpenetration
Macromonomer D, ct ¢ 1B N,
MSt 122 C'>C* 0.237 0.0063—0.0142 70—159
MDMS-1 11 C'<C* 0.734° 0.380—0.510 2—3
MDMS-3 143 C'<C* 0.253° 0.131—0.176 6—8

* Overall volume fraction of polymer segments in the copolymerization system.
® Volume fraction of polymer segments in the macromonomer coils assuming polymer concentration in the coil

equals to C*.
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Figure 7. Schematic representation of the interpenetration of the macromonomer and propagating
comonomer chain in reaction media: (a), MSt/MMA/Bz; (b) MDMS-3/MMA/Bz.

Furthermore, a partial segment of each poly-
mer having a degree of polymerization less
than N, <1/y;5 can be compatible even when
all the polymer chains are incompatible with
each other.”” These x5 and N, values in our
copolymerization system are shown in Table
VII using 0ps,=8.9—9.1, Oppus=7.3—7.6,
Spmma=9.5,%C where D, in the table is the
- degree of polymerization of the macromono-
mer and ¢ is the volume fraction of the
polymer segment. To calculate ¢ in the table,
the overall volume fraction of the polymer
segment throughout the reaction media was
used when the total monomer concentration
was greater than C*, while the volume fraction
of the polymer segment in the macromonomer
coil was used when C* was less than C*.

By comparison with the calculated N, values
and D, of macromonomer in Table VII, it can
be seen that almost the whole macromonomer
chain is compatible with the propagating co-
monomer chain in the MSt-MMA system. In
other words, the macromonomer chain can
extensively interpenetrate the coil of the prop-
agating comonomer chain from an incom-
patibility point of view. On the other hand, in
the MDMS copolymerization system, only a
small part of the macromonomer chain can
interpenetrate the propagating comonomer
chain. In this case, the concentration of the
polymerizable end group of macromonomers
around the propagating radical sites becomes

Polymer J., Vol. 21, No. 5, 1989

lower than that in the absence of the incom-
patibility effect; consequently, the propagating
rate for a propagating comonomer radical
adding macromonomer becomes lower. This
situation is schematically shown in Figure 7. It
is seen from Figure 5 that the reactivity of
MDMS-1 is almost the same as that of the
small monomer. This is probably due to the
small size of MDMS-1. When the macromono-
mer is not large enough to make a random
coil, the end group can always approach and
contact the propagating radicals without suf-
ficient interpenetration. In that case the incom-
patibility effect might not be important. When
the molecular weight of macromonomer in-
creases enough to make a random coil, the
restriction of interpenetration of an unlike
polymer species by incompatibility effect and
also excluded volume effect influences the re-
activity of the macromonomer. The degree of
interpenetration in Table VII can reasonably
explain the copolymerization data in this
study. This also might explain the molecular
weight dependent copolymerization reactivity
of macromonomers reported in the litera-
ture.'?”'* Tt should be mentioned that the
degree of interpenetration also depends upon
C', since the interpenetration is also related to
the excluded volume effect or osmotic effect
when C' is below C* even in the absence of
incompatibility effect.?2~2* However, it is dif-
ficult at present to draw a clear picture of the
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copolymerization behavior of macromono-
mers on the basis of all of these effects. For
further understanding of these effects, a study
of the copolymerization behavior between un-
like macromonomers might be better and a
much simpler system. Furthermore, evaluation
of the chemical composition distribution is
also important and desirable to understand
the copolymerization behavior in more de-
tails.>! 72

CONCLUSIONS

It has been shown in this study that the
relative copolymerization reactivity of macro-
monomer in the system of St-macromonomer
with MMA in Bz is almost the same as that of
the small monomer corresponding to the poly-
merizable end group. In this case, the effect of
thermodynamic repulsive interaction between
macromonomers and the propagating com-
onomer chains on the reactivity is not impor-
tant and negligible. On the other hand, decrease
in the copolymerization reactivity of macro-
monomer to some extent was observed in the
copolymerization system of the high molecular
weight DMS-macromonomer with MMA in
Bz even under a transparent solution con-
dition. These observations are well described
in terms of the difference in the degree of
interpenetration of unlike polymer reaction
species due to the difference in the effect of
thermodynamic repulsive interaction between
the macromonomer and propagating co-
monomer chain. In the case of copolymeri-
zations in the preferential solvents, the copoly-
merization system becomes translucent and
opaque as copolymerization proceeds, result-
ing in production of polymer particles of con-
siderably uniform size. Appreciable decrease in
the relative copolymerization reactivity of
macromonomer was observed due. to much
decrease in the interpenetration of unlike
polymer reaction species.
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