Table 1 Styrene composition of polymers
formed by reacting equimolar mixtures of
styrene and methyl methacrylate with a
lithium dispersion in various reaction media

Solvent Styrene (%)
Bulk 28
Heptane 15
THF 7
{CaHs5)3N 3
(CzHs ), NH 1
NH; 0

Tobolsky and coworkers!2~'# origi-

nally proposed that lithium initiated by
a one electron transfer to monomer to
produce a radical anion species of type
I, and that this propagated anionically
at one end and by a free radical mecha-
nism at the other until termination oc-
curred. The anionic mechanism propa-
gates methyl methacrylate exclusively
whereas free radical propagation in equi-
molar styrene—methacrylate mixtures
yields a 50/50 raadom copolymer. Seg-
ments of the latter composition should
therefore appear in the product from
lithium dispersion initiation if such a
mechanism were to hold. This process
was, however, later disproved by
Overberger and Yamamoto!5 who
showed by 1H n.m.r. examination that
the styrene component of these poly-
mers was present as homopolymer se-
quences and that there was no evidence
of random sequences of both mono-
mers. They proposed that styrene was
adsorbed on to the surface in preference
to methyl methacrylate and homopro-
pagated anionically until the oligomer
detached itself and reacted with methyl
methacrylate in the monomer mixture.
Work carried out in these laborato-
ries confirms the hypothesis that the
adsorptive power of styrene is greatly
superior to that of methyl methacrylate

on lithium metal. Under conditions
which, with styrene alkyl halide and
lithium metal in THF, yield significant
quantities of the dimer adduct, methyl
methacrylate and the same reagents
form a carbinol almost exclusively
(90%)'%'7. The reaction has been
shown to proceed by initial reaction of
alky! halide with lithium metal to gene-
rate alkyl lithium [first equation (6)]
which then attacks methy! methacrylate
in the manner of a Grignard reagent to
yields first the ketone and then the
carbinol. Thus the adsorption of
methyl methacrylate on to lithium
metal must be very small compared
with that of styrene, and this adds sup-
port to Overberger’s theory.

It is interesting to note from Table !
that the amount of styrene incorporated
decreases as the solvating power of the
solvent and its ability to interact direct-
ly with the metal increases. The con-
cept that the dimer dianion is desorbed
on its formation need apply only in the
presence of a good solvating solvent
like THF; in bulk or in inert solvents
like heptane the free energy gain due
to solvation on desorption is largely
lost, and so the probability of further
propagation on the surface with adsorb-
ed styrene monomer is increased.
Eventually the polystyrene oligomer
grows to a chain length sufficient to
create a favourable free energy change
on desorption, and passes into solution
where it subsequently reacts exclusively
with methyl methacrylate. With the
amine Lewis bases, their strong cation
solvating powers support early desorp-
tion of oligomers and introduce direct
competition by these solvents for the
available adsorption sites. Furthermore,
direct reaction with alkali metal yields
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INTRODUCTION

Investigations on the terpolymeriza-
tion field ar¢ mainly dealing with the
examination of the validity of the well

known Alfrey—Goldfinger equation!®:

ml:m2:m3
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lithium amides which initiate homo-
geneously and so polymerize methyl
methacrylate exclusively.
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if

are the binary reactivity ratios and
M; and my; are the mole fractions of
monomer { in the monomer mixture
and the terpolymer.

Rates of terpolymerization have up
to now — because of the complexity of
the reaction -- very rarely been investi-
gated?. A possibility to approach to
the problem is the inspection of the
dilatometric behaviour of ternary
systems.

The correlation between shrinkage
and conversion in a polymerization

polymerizations, though in the latter
case K is dependent on the composi-
tions of the monomer mixture. For
binary copolymerizations Wittmer®
developed the equation:

K=Ky 1B11 + KBy +

Ky2812 (%)
and proved its validity for the system
ethyl acrylate/styrene. Braun et al.®,
too, could describe the dilatometric
behaviour of the three binary copoly-
merizations of the monomers benzyl
methacrylate, styrene and methyl
methacrylate by this relation.

In a ternary system of monomers
Mj ,M> and M3 there may result
bonds of the type —M 1M1 —, —-MayM,—
and —M3M3 — as well as -M My —,
—M 1 M3— and —MrM3— or vice versa.

According to Wittmer’s theory*
the ii steps (i = 1, 2, 3) are associated
with the conversion factors of the
homopolymerizations K;; and the ij steps
(i, =1,2,3;i+#7j) with the alternating
conversion factors K which can be
evaluated from the three binary co-

terpolymer. These bonding frequen-
cies can be evaluated from the follow-
ing considerations. In a terpolymeriza-
tion of the monomers My, M and M3
there exist 9 possible binary reactions
of the typeS :

kiy
~M1. +M1 ﬁ"’Ml'

vy =ky [~Mp- 1M (72)
kia
My My —>~M)y-
via =k [~My ] [My) (7b)
ki3
Myt My —~My -
vi3=ky3[~My ] [My] (70)

where vy are the rates of the elemen-
tary reactions. The same is valid for
the active chain ends ~M>- and

~M3-. With respect to equation (2)
the corresponding probabilities W; for
the formation of a certain bond are
(representative for all Wy's).

reaction is given by3: polymerizations by equation (5). W, = S [M,]
The overall conversion factor in a 3
| AV terpolymerization will thus be com- z ] + [M,] . [M;]
U=_x—_ bined from six increments: Vi J+—=+—
x — x 100 3) =1 iz i3
K v =
(8a)
K= KllB +K zB +K + [M ]
. . 11 Y KBy + K338 2
where U signifies the conversion, V the 35733 , o
el : _ 712 _ 12
initial volume, AV the decrease in ‘ Ky3B1;+Kq3By5+ Ky3Bys  (6) Wiq= -
volume and K the so-called conversion 3 0] (M)
factor. K lcarl; bc:revaluated_ from det The B;; and By values are the frequen- Z vy M)+ 2 3
equation (1) by direct gravimetric deter- oo ¢ e single bonding types in the 1 rna s
mination of the conversion for a poly- (8b)
merization of known shrinkage. o
. Table 2 Conversion factors K for the terpolymerization of BMA, styrene and MMA
A second method is based on the ¢ nversion factors & tor poly v
densities of monomer (ops) and polymer 7R M, M
(op): 3 3 3 Kdens  Kdil Kcalc
S M > M S M Pp Py {equa- (equa- (equa-
© Pp— Py =1 ! =1 =1 [g/cm3] tion4) tion3) tion 6)
T (4)
Pp T, 0.764 0.114 0.122 1.195 0.983 0.177 0.205 0.184
T, 0479 0.303 0.218 1.165 0.954 0.181 0.180 0.183
73 0.182 0.625 0.193 1.104 0.909 0.177 0.189 0.185
. . T4 0.113 0.166 0.720 1.175 0.911 0.225 0.234 0.230
The two equations are valid for
homo- as well as multicomponent M; = moles of monomer / in the monomer mixture
Table 1 Terpolymerization of BMA, styrene and MMA in bulk at 60°C with 0.5 mol % azoisobutyronitrile as initiator
my ma m3
3 3 3
M,y M, M3 Polymer- N.m.r. peak areas S mj 3 mj 2 mj
ization Conver- (arbitrary units) i=1 =1 i=1
}3: M; % M;: % M;: time sion
= =1 = (min) (%) —CgHs —OCH,——OCH;3 Exp. Cale. Exp. Calc. Exp. Calc.
BSM1 0.148 0.568 0.284 40 5.2 355.66 35.33 77.33 0.18 0.197 0.55 0.535 0.27 0.268
BSM2 0424 0.125 0.451 25 7.7 29166 8433 101.00 046 0432 0.17 0.187 0.37 0.381
BSM3 0.622 0.229 0.149 25 6.5 358.33 99.66 2666 0.62 0.598 0.27 0.285 0.11 0.117

M; = moles of monomer / in the monomer mixture, m; = moles of monomer / in the terpolymer
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Figure 1 Binary bonding frequencies in terpolymerizq;(ion versus monomer composition for the system BMA/styrene/MMA

LA
_ "3 _ r3
Wi3= 3 =
(My] M)
Zvli [MI] “|‘—i + ————3——
i=1 ri2 rs3
(8¢)
where

3
z Wyi=1
i=1

The binary bonding frequencies in
a terpolymerization can be calculated
by the relations:

By = mWy (9a)
By = maWp (9b)
B33 = m3W33 (90)
B2 = miWi2 +maWy (9d)
B3 = mWi3 +m3Ws (%e)
B3 = maWy3 tm3Ws3 99

The m; values are known from equation
(1) — provided it is valid — and the

3
relation £ m; = 1.
i=1

Thus, by knowing the conversion
factors Kz of the homopolymerizations,
Kj; of the binary copolymerizations
and the B values from equations (9a)—
(9f) and equation (1) the overall con-
version factor of the terpolymerization
can be calculated by equation (6).

In this paper experimental and
theoretical conversion factors for the
ternary system benzyl methacrylate
(BMA), styrene and methyl methacry-
late (MMA) are compared.

EXPERIMENTAL

The experimental part is described in
detail in an earlier paper®. Terpolymers
were prepared in the same way as the
copolymers described, their composi-
tions were found by n.m.r. spectros-
copy. Polymer densities were deter-
mined from measurements on solutions
of the terpolymers in the correspond-
ing monomer mixtures.

RESULTS AND DISCUSSION*

Proof of the validity of Alfrey—
Goldfinger’s equation®

For this reason three different mono-
mer mixtures have been polymerized.
Table 1 shows the experimental data
as well as the theoretical composition
of the terpolymers calculated from
equation (1) with the reactivity
ratios®:

rip = 053 rn = 034
ri3 = 1.06 r33 = 083
rp;3 = 0.52 r3 = 046

The experimental and calculated values
show a very good agreement and, thus,
verify the applicability of equation (1).

Bonding frequencies in terpolymeri-
zation

With the aid of equations (1) and
(8) the binary bonding frequencies can
be calculated according to equations
(92)—(9f) for different monomer
mixtures.

* For simplification the monomers BMA
have been indexed with 1, styrene with 2
and MMA with 3 in the following.
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Figure 2 Relative volume change versus
conversion for the terpolymerization of the
system BMA /styrene/MMA at 60°C. A, Ty,
K=0.205;B,7,,K=0.180;C, 73, K =
0.189; D, T4, K = 0.234. Various monomer
mixtures, compositions, see Table 1
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The three dimensional graphical
representation of the bonding fre-
quencies as a function of the composi-
tion of the monomer mixture (see
Figure 1) was carried out by a com-
puter and gives a clear idea of the be-
haviour of the bonding frequencies.

Dilatometry

The results of the dilatometric
studies of four different compositions
of the terpolymer system BMA/styrene/
MMA are represented in Figure 2.
There is a linear dependence of the
volume change on the conversion. The
composition of the monomer mixtures
and the evaluated conversion factors
are summarized in Table 2 together
with the conversion factors calculated
from density measurements of the
polymers (equation 4) and the theore-
tical values calculated from equation
(6). The Kj; values of the homopoly-
merizations and the K;; values of the
alternating steps in the copolymeriza-
tions, necessary for the calculation, are
as follows®:

K1
K12

= 0.192 K23
0.157 K13

= 0.170 K33
0.195 K23

A comparison of the K values for the
terpolymerization shows — except in
the case of T — a close agreement be-
tween the dilatometric and theoretical
values. As pointed out in an earlier
paper’, K values from density measure-
ments may show some deviation from
the dilatometric values, nevertheless

= 0.267
02271

in this case there is a good correspond-
ence.

Therefore, as a conclusion it can be
established that the dilatometric
behaviour of the terpolymerization of
the system BMA/styrene/MMA can
theoretically be predicted by equation
(6) developed in this work. Further-
more, as in the case of homo- and
copolymerizations, the conversion
factors can be confirmed by density
measurements of the polymers.
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