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ABSTRACT

The butadiene-acrylonitrile-ZnCl2 system was chosen
for study of donor-acceptor complex polymerization. It was
demonstrated that this system yields an alternating copolymer
in a broad region of reaction and concentration conditions,
irrespective of the means of initiation. The rate of reaction
was found to be maximum when the concentration of the complex
formed between th maximum. This obser-
vation is consistent with the theory of the production of co-
polymer via complexes formed "in situ" prior to the polymeri-
zation process.

Kinetic equations linking the copolymer yield with
time were derived and tested. The following reaction scheme
was used as a basis for the derivations.

Ko
Z + mA = ZAm .

1[ + mD kl k T
" “Z(AD)m-——ilmeZ-———-énm + 7
-1

recycled

It was necessary to assume steady state conditions and a low
concentration of one of the components to achieve this aim.
The kinetic equation describing the system with a low concen-
tration of the complexing salt was derived for all stoichio-
metric ratios between the salt and the monomer pair and for
zero and first order reactions of the complex. Zero order was
experimentally diéproved. Several examples of the initiation,
propagation and termination mechanisms leading tb first order
reactions are discussed. When a low concentration of either
monomer was -presupposed the kinetics could be derived only
for the stoichiometric factor equal to unity.
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As the kinetic equations derived carry the assumptions
of a steady state of the complex and of a constancy of concen-
tration of two of the components, the effect of these approxi-
mations on the exactness of the final equations was tested.

The approximate equations were compared with the exact solu-
tions found by the Runge-Kutta numerical method. A good agree-
ment was obtained.

The overall reaction scheme on which the derivations
are based was experimentally supported. The formation of the

complex K
7+ M e ZA
h‘ + mD kl
K4

> 7(AD)

m

prior to the polymerization step was indicated by a limit in
the rate of polymerization. When the rate of electrochemical
initiation was increased, the amount of polymer in a given
time increased, reached a max imum and remained unchanged with
further increase of current passage through the solution.
The regeneration step was evidenced by the distribution. of the
complexing salt. The amount of the salt associated with the
copolymer was found to increase and attain a constant value.
This plateau was reached at the same time as the attainment of
the constant rate of polymerization.

The kinetics was applied to polymerization experiments
and kinetic parameters were evaluated.
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I. THEORETTICATL PART

I.1. INTRODUCTION.

I.1.1. BASIC CONCEPTS OF COPOLYMERIZATION.

Although the polymerization of organic compounds has

i ltrnAawm PAar AvAvy AN 1A
x 4 L / L / L L

~A A <rA
CCll ALIOUWIL 03

years, the simul
" merization of two monomers - copolymerization - was not inve-
stigated until about 1911. It was found that copolymerization
sometimes enabled one to employ monomers which do not homopo-
lymerize, but which can be built into a copolymer with another
monomer. In many cases the mechanical and chemical properties
of a copolymer are more desirable than those of the homopoly-
mers. Thus the discovery of copolymerization extended the ra-
nge of preparation and application of the plastic materials

and copolymerization became a subject of concerted study.

In 1936 Dostal (1) made the first attempt to elucida-
te the mechanism of copolymerization. He assumed that the rate
of addition of monomer to a growing free radilical depends only
on the end group on the radical chain. If monomers M1 and M2
yield radicals Ml' and M2- , there are four possible propa-

gation reactions

My My ——— ~M
Kip
NMl. 4+ M2 ._.-_-._—9 ~M2a
o1 w
My o+ M —Sls e
K
~ . 22 ~ .
Myr + My ——— ~



Later, Mayo and Lewis (2) and Alfrey and Goldfinger (3)
elaborated upon the scheme and derived the copolymerization
equation which links the copolymer composition, d[Mlj/d[ME] s
the monomer feed composition, [Mlj/[M2] , and the rate cons-

tants of the four simple propagation steps.

afM, ] ~ (M1 v [M] + [M5] (2)
dr,1 M, ro[Ms] + [M,]
k , k
where ry = 11 r, = 22 (%)
Kip Koq

The monomer reactivity ratios, r. and r, , are impor-

tant copolymerization parameters represe;ting the preference
of a radical to react with its own monomer over its reaction
with the other monomer.

The quantity d[M;]/d[M,], which represents the ratio
of the two monomers in the increment of the polymer formed
when the ratio of unreacted monomers is [Ml]/[MEJ » generally
changes continually as the polymerization proceeds. Wall (4)
first called attention to the close analogy between the copo-
lymer-monomer mixture composition relationships and vapour-

liquid equilibria in binary systems. The values of r, and rs

determine the'composition of the copolymer instantaneéusly
formed at a given monomer mixture composition. SeVeral examp -
les of copolymerization curves are shown in Figure 1.

In 1946 Merz et al. (6) proposed that there might be
instances where the penultimate unit might influence the addi-
tion of monomers to a growing free radical. Eight propagating

steps were envisioned as follows.
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Figure 1. INCREMENTAL COPOLYMER COMPOSITION AS A FUNCTION
OF MONOMER FEED COMPOSITION FOR VARIOUS rl/r2
RATIOS (5).



diM1]
d[M1]+d[M>]

- 3Db

1.0

0.8

|

M;]
(M 1+IM>]

1.0



T

K111
MM o ~M M M-
_ 112 .
R ~M M, <M,
200
MMy M —;-—~—> ~M, M, M
201 ,
iy oy —E ~M,, M, M, "
211 | .
MMM+ M —=5 ~M, =M M
. 212 .
MM+ —E2s ~M M My
MM b M, 222 MMM
1 2 e K 1 2 2
121
R ~M MM, -
Kk Kk K k
If r, = 11 . . 222 ., _ 211 ., _ 122 (5)
1 g 2 x Ty 2y
112 021 212 121

the extended copolymer composition equation may be written in
the following form.

IV I 7 IS 5 e B e A ST TS TR N

- (6)
a[My] (M1 r0MyJ+0M,] (M + ri[My](20M, 1+ rolMyT)

The problem of the copolymer composition can alterna-
tively be treated in terms of probabilities (7). In this way,
the conventional copolymerization equation (2) and the penul-
timate equation (6) can be derived without the qualifying
assumptions of steady state and constancy of the monomer reac-
tivity ratios. The equations thus obtained appear to be far
more general. Also, 1t has been shown that if the penultimate
units affect the selectivity of the radical end, then the mo-
nomer reactivity ratios, r, and r, , given by equation (%),
may be observed to vary with the monomer feed composition, as
they become functions of the rate constants of reactions (4)
and the [M;1/[M,] ratio. ’

The multicomponent polymerizations are readily approa-
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ched through application of the concepts and techniques emplo-
yed in two component systems. The Alfrey-Goldfinger treatment
of terpolymerization (8,9) is based on the assumption that in

terpolymerization of three monomers, Ml’ M2, and MB’ three
different types of active growing chain-ends must be conside-
red, Ml" M2-, and MB- . Bach of these can react with any of

the three monomers of the system, and hence there are nine
different elementary chain propagation reactions. The subsequ-
enl, treatment 1s similar o thal of copolymerizatlion and the
derivations are complicated only by the large number of equa-
tions.

I.1.1.2. General Relationships among Monomers in Copolymeri-

—— oty ot ot o (g o oy bt e et (ot (o i ey e G oy oy v e S Mme S W M GMa S e s o e M e b S — e G o ———

Today it is widely recognized that a general order of
reactivity exists among monomers in copolymerization. Alfrey
and Price (10) offered a means of predicting monomer reactivity
in copolymerization on the basis of resonance and polar factors.
Their Q-e scheme is an attempt to combine, in at least a semi-
quantitative fashion, the recognized effects of resonance sta-
bilization and polarity on the relative reactivities of mono-
mers with free radicals. The central assumption of the Q-e
scheme is that the rate constant, kij , for the attack of ra-
dical i upon monomer j is given by

kij = Pinexp(—eiej) (7)
Here Pi characterizes the reactivity of radical i, Qj charac-
terizes reactivity of monomer Jj, and e; and ej are measuresg of
the polarity of the radical and monomer, respectively. The
derivation of the equation was based on the hypothesis that
the rate constant for the addition of the monomer of type J to
a free radical of type 1 can be given to a good approximation
by the following expression

.e.)) : (Ta)

k.., = A..exp(—(pi+ qj+ ey i

1 1
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In this expression for the propagation step, A represents

the probability factor, o is an activation faé%or related to
the general reactivity of the polymer end-~group, qj is a simi-
lar factor related to the general monomer reactivity, and e;
and ej are the two electrical factors. The general reactivities
here are the geometric means of the relative reactivities of

a given radical end-group with several monomers and of a given
monomer with several radical end types, respectively. When the
factor A.. was assumed to be essentially constant, eguation
(7Ta) yieiaed equation (7). The same polarity factor, e, is
uged for a monomer and its radical. Thus, if the Q and e values
of two comonomers are known the copolymerization parameter, r ,

may be estimated

- exp(-ey (e -e,)) - (8)

In particular. the two reactivity ratios, Ty and Tss in a bi-

nary system can be written as follows.

k Q .
r»[- = 11 = "":L eXp(*el(el—eg)) (9)
1 % Q ]
12 2
k Q
r, = 22 . «a'exp(—eg(egwel ) (10)
K Q '
21 1

The orders of monomer reactivities in cationic and
anionic copolymerizations are quite different from those in
free radical copolymerization and from each other. However,
the reactivities seem to correspond to the anticipated effect
of substituents upon the reactivity of double bonds toward
electrophilic or nucleophilic reagents (11).



-7 -

According to Price (12), when monomers carrying polar substi-
tuents copolymerize the selectivity of the radical end is de-
termined by the polarities oft both the double bond of the mo-
nomer and the radical end. The polarity of the radical end
might be expressed in the language of the Linear Free FEnergy
Relationship in terms of Taft substituent constants, g* ’
These may be used in a relation entirely analogous to the Ham-
mett expression originally developed for aromatic systems (13),
and relate the polar effect of a substituent on an aliphatic

chain to the rate constant of the reaction (14).
log(k/k_) = p¥o*

That a Linear Free Energy Relationship could be applied to the
radical polymerizations was demonstrated by Walling, Mayo et
al.(15)} They performed a series of copolymerization experi~
ments employing styrene as the first monomer and substituted
styrenes as the second monomer. The reciprocal of the monomer
reactivity ratio for the styrene radical expressed the relati-
ve reactivity of the substituted styrene with the styrene ra-
dical. When the logarithm of the relative reactivity was plot-
ted against Hammett's o values for each substituent, a striking
linearity was observed (Figure 2). Thus, if the o values are
interpreted as measures of the electron density at the reaction
site, this result suggests that polar interactions between
reactants, as suggested by Price, may be of primary importance
in determining the selectivity of the radical end.

Similar studies of systems of methyl methacrylate
with substituted styrenes did not show a simple linear rela-
tion. This author emphasises that the deviation from linearity
was observed for the monomér pairs with the strongest tendency
to produce alternating copolymers. The application of Hammett's
treatment pfesupposed a reaction of two components, the poly-
mer free radical and a monomer , which is true when copolyme-
rization proceeds by the conventional mechanism described by

scheme (1). Such systems yleld random copolymers. However,
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when an alternating copolymer is formed the reaction can pre-
sumably proceed via a molecular complex of the two monomers.
Figure 3 shows that a satisfactory linear relation could have
been found 1f the first two, alternating copolymerizations had
been omitted.

The polarity, which appears to be the factor determi-
ning selectivity in radical polymerizations, cannot affect the
monomer competition for the propagating ion in ionic copolyme-

rizations (16). The three methods of copolymer preparation are

~contrasted in Figure 4. The instantaneous composition of the

copolymer styrene-methyl methacrylate was followed as a func-
tion of the monomer feed composition when three different
initiators were used corresponding to radical, cationic and
anionic polymérizations.

For commercial use it 1s often desirable to produce
a copolymer which is homogeneous in composition. This can be
done by maintaining a constant composition of the monomer feed
during the polymerization process by replenishing the more re-
active monomer as the polymerization proceeds, or, in the case
of an azeotroplc copolymerization, by stopping the reaction
before complete conversion.

Another method 1s to employ a system in which the re-
activity ratios, ry and r, , are much less than one, preferab-
ly zero, in which case an alternating copolymer is formed re-

gardless of the composition of the monomer feed.

I.1.2. ALTERNATING EFFECT IN COPOLYMERIZATION.

The préference of each radical to react exclusively
with the other monomer is reflected in zero or very low values
of the monomer reactivity ratios, r, and r, . The tendency to
T Tp 5 the
lower the value of the product, the greater the tendency to

alternate is usually expressed by the product

alternate.
By examining the tendency for alternation it is pos-

sible to tabulate monomers in a serles arranged so that the
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Figure 2. PLOT OF LOGARITHM OF RELATIVE REACTIVITY TOWARD
THE STYRENE RADICAL VERSUS HAMMETT o VALUE OF
SUBSTITUENT FOR VARIOUS SUBSTITUTED STYRENES (15).
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Figure 3. PLOT OF LOGARITHM OF RELATIVE REACTIVITY TOWARD
THE METHYL METHACRYLATE RADICAL VERSUS HAMMETT
o VALUE OF SUBSTITUENT FOR VARIOUS SUBSTITUTED
STYRENES (15). The solid line was added by this
author.
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Figure 4.
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INCREMENTAL, COPOLYMER COMPOSITION AS A FUNCTION
OF MONOMER FEED COMPOSITION FOR THE SYSTEM
STYRENE (Ml) AND METHYI, METHACRYLATE (Mg)
POLYMERIZED BY CATIONIC (SnCl4), FREE RADICAL

(Bzgog) AND ANIONIC (Na) MECHANISMS (17).
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monomer pair with the greater separation in the series has the
greater tendency to alternate. A tabulation of monomers in
order of thelr increasing tendency to alternate with styrene
was presented by Mayo, Lewils and Walling (18) and is shown in
Table I. The order of the monomers in the table closely paral-
lels the order of the tendency of substituents around the
double bond to donate electrons to the bond (hydrocarbon, ace-
with
electron-releasing substituents occur at the top and those

toxy) or to withdraw them (carbonyl, cyano). Monomers

with electron-withdrawing substituents at the foot of the tab-
le.
due to

This suggests that the alternating tendency is primarily
the polarity of the double bond in the monomer.

Mayo, Walling and co-workers (15,19) discussed the
alternating effect in the context of monomer-radical interac-
tions. The alternation of the monomers in a copolymer was
ascribed to an interaction between a negative double bond and
in the transition state of

a positive radical, or vice versa,

the propagation step. For example,

H H r H, H ]

Cglg-C+  C~cZ° Cglg-C"  ~C-cZ¥
|1 o N ) Sl

~CH  C-CS, ~CH - C-CK,

H H © H H

H H H H

e CHp=CH-CgH,

C6H5 dgbg% > etc.

Recently, Hirooka (20) has suggested that the initial-
ly formed complex between the chain-end radical and a comonomer
might be stable enough to come in contact with another monomer
before the pfopagation proceeds. A double complex is formed
between the radical chain-end, the donor-monomer and the accep-
tor-monomer, through a donor-acceptor interaction.
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Arrangement of Monomers in Order of Their Increa-

Table I.

sing Tendency to Alternate with Styrene, as Measu-

red by the Decreasing Product of Their Monomer

Reactivity Ratios (18).

sqBIBUNT ] - - ——
TAY1e1q 96" 0 90" 0 20" 0 £00° 0
STTILTUOTAIOY 11 ®C- 0 | f2' 0 |20 0 20°0 G20
BTTIZTUOC TAIOBYLSN ' O <00
99BTAIO® . . )
TAY320I0TYD-¢ 8" 0 L ° 0| #G0° 0
ER LY
Thuta 01°0
TAYy3en
21BTAIO® .
TLYIOW hi™0
9pTJIOTYD . . ]
suspiThuTs | 9O 910 1ro>
©9BTAIORYLOW N ]
SPTIOTYD . .
TRUTA 7€°0 6<°0
298390%® P
TATTY €0
oUsaAqSRO" T
mcmﬂbmpzm
998390®
TAUTA




- 14 -

Ky
S TR - ~P 2ol

(radical complex)
(a) If the radical complex is unstable,

k

AP L .- p ~ °
P M1 —y PM1

(b) If the radical complex is stable,

K k!

2 . p
AP & P~ AP - —— ~ .
P M1 + M2 = P M1 M2 —_— PM1M2

(double complex)

He supported his view with the fact that only the methyl meth-
acrylate radical was detected (21) in the irradiated styrene,
methyl methacrylate and aluminum halide system. The key role
in this mechanism was attributed to complexing salt which
stabilizes the growing radical, e.g.,

. ~CH

2‘?H'

C=0-=-=~salt

OCH3

as well as the radical complex. When a double complex has been
formed, the complexing salt may be released and the radical
localized. Propagation could then proceed through the two
monomers via a concerted reaction.

A fundamentally different explanation of the alterna-~
tion in copolymerization is based on monomer-monomer interac-
tions. The different polarities of the double bonds of two mo-
nomers enhance the formation of a molecular complex which then
undergoes homopolymerization. This complex is described as a
donor~acceptor molecular complex or a charge transfer complex
resulting from the one-electron transfer from the electron-
donor monomer to the electron-acceptor monomer.
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I.2. DONOR~ACCEPTOR MOLECULAR COMPLEXES IN ALTERNATING
COPOLYMERIZATION .

One way to prepare an equimolar copolymer is to main-
tain a constant monomer feed which can be found in the copoly-
mer composition diagrams, as they are shown in Figures 1 and 4.
Copolymers prepared in this manner have a random sequence of
monomers. A basically different method of preparing an equi-
molar copolymer employs a monomer pair which yields an equi-
molar copolymer regardless of the monomer feed. In this caset
the monomer units are found to alternate in the polymer chains.
The structural difference of random and alternating copolymers
is reflected in their different properties. For example, when
random and alternating equimolar acrylonitrile-styrene copoly-
mers were examined and compared (22) the latter were characte-
rized by higher resistance to alkalies and temperature.

It has already been mentioned that an alternating
copolymer is formed when the two monomers are far apart in the
Mayo-Walling series. If the separation 1s small a non-alterna-
ting copolymer is formed. A difference in the polarities of
the double bonds of the two comonomers thus appears to be
essential for a system to yield an alternating copolymer.

Spectroscopic studies of such systems have revealed
new absorption bands which are attributed to a molecular comp-
lex of the two monomers (23-29).

I.2.1. SPONTANEOQUS FORMATION OF THE COMPLEX.
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The concept of a molecular complex as an intermediate
in polymerization reactions was first introduced in 1946 in
order to explain the alternating tendency in allyl acetate -
maleic anhydride copolymerization (30)} Barb later obtained
spectroscopic evidence for the exlstence of a charge transfer
complex in a system of two monomers, maleic anhydride and
styrene (23). By this time, however , Walling's elucidation of
the selectivity (15,19), based upon reaction of the copolymer
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radical with the monomer, was generally accepted.

Tn 1965, Iwatsuki and Yamashita (24) presented a de-
tailed study of the copolymerization of p-dioxene and maleic
anhydride and discussed their experimental observations in
terms of the formation of a charge transfer complex between
the two monomers. It was found that p-dioxene and maleic anhy-
dride could easily copolymerize with a radical initiator to
form an alternating copolymer regardless of the monomer feed
compogsition, although neither monomer could homopolymerize.

In this alternating copolymerization, both the rate of copo-
lymerization and the viscosity of the copolymer depended on
the monomer feed ratio, and had their maxima at a monomer ra-
tio of 1:1. In terpolymerization with acrylonitrile, the ratio
of p-dioxene and maleic anhydride in the terpolymer was always
found to be unity, regardless of the monomer feed ratio or
amount of acrylonitrile included in the terpolymer. The latter
result in particular was not compatible with the usual theory
of terpolymerization and led to the consideration of an inter-
action between p-dioxene and maleic anhydride. Supplementary
studies showed that a yellow color appeared when the two mono-
mers were miked with each other and spectroscopic analysis of
the solution by a continuous variation method detected the 1:1
complex formation between p-dioxene and maleic anhydride. It
was concluded that the interaction was an electron transfer
between the two monomers and that the charge transfer complex
might be the polymerizing species.

The results of a study of the terpolymerization of
dodecyl vinyl ether, fumaronitrile and g-chloroethyl acrylate
were found to be at variance with the usual theoretical treat-
ment of terpolymerization (31). The monomer reactivity ratios
depended upon the monomer feed.ratios and the calculated com-
position did not agree with experiments at extreme monomer
feed ratios. From the fact that the composition ratios of do-
nor-type monomer units and acceptor-type monomer units in ter-
polymers were always constant and equal to unity regardless of
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the monomer feed ratios, it was assumed that an interaction
between the donor-monomer and the acceptor-monomer might re-
sult in the formation of a donor-acceptor molecular compleg
which then undergoes copolymerization with the third monoﬁer.
The terpolymerization was treated as a copolymerization of
B-chloroethyl acrylate with the molecular complex formed
between fumaronitrile and dodecyl vinyl ether. Employing the
equillibrium between fumaronitrile, dodecyl vinyl ether and the
molecular complex,

N + DVE ;é:é complex s

the concentration of the complex may be written as a product
of the equilibrium constant, K, and the concentrations of the
two components. The expression for the complex concentration
was substituted into the Mayo and Lewis's equation for copoly-
mer composition (eq.2) and the subsequent treatment was analo-
gous to that of copolymerization. A good agreement was found
between the theoretically predicted composition curve and the
experimental values.

Similar contradictions between experimental results
and theory were found when the conventional analysis of a ter-
nary system was applied to the system of B-acrolein, a-methyl
styrene and methyl acrylate (25). Spectroscopic studies
indicated the formation of a 1:1 molecular complex between
B~cyanoacrolein and a-methyl styrene and copolymerization of
the two monomers was shown to yield an alternating copolymer.

Terpolymerization of anethole, maleic anhydride and
one of B—chldroethyl methacrylate, methacrylonitrile or acry-
lonitrile produced polymers in which the molar ratio of ane-
thole and maleic anhydride was always unity (32). An applica-
tion of the conventional treatment of terpolymerization failed
to give results consistent with a mechanism employing the
three components as single reactants. Agreement of the experi-
mental values with theory was much better when the polymeriza-
tion was treated as a}copolymerization of the molecular comp-

lex with the third component.
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Ywatsuki and Yamashita (33) investigated the dilution
and solvent effects in radical terpolymerizations. The compo-
sitions of the terpolymers obtained from feeds of the same mo-
nomer ratios were found to be changed beyond the limit of
error for the various dilutions and solvents. In other words,
the apparent monomer reactivity ratios changed remarkably with
dilution and with the nature of the solvent. While two of the
monomers invariably entered the polymer in equimolar amounts,
the proportion of the third monomer in the terpolymers increa-
sed, reached a maximum, then decreased, as the amount of sol-
vent increased. The change in’copolymer composition was not
compatible with conventional radical terpolymerization. It was
suggested that the effect was due to the formation of a mole-
cular complex between the donor-type and acceptor-type mono-
mers. From the relationship determining the concentration of
the complex,

[complex] = K[donor][acceptor] ,

it is clear that, with dilution, the complex concentration
changes non-linearly while the third monomer concentration
changes linearly. Since the complex and the third monomer may
be considered to copolymerize randomly with each other, a chan-
ge of the molar ratio of the complex to the third monomer 1is
expected to result in a change in the composition of the pro-
duct. ‘

Characterization of the charge transfer complex bet-
ween furan and maleic anhydride was presented by Butler and
co-workers (26) using NMR and UV spectroscopy. Although neither
of the two monomers underwent homopolymerization, the mixture
of them ylelded the alternating copolymer, suggesting that the
polymerization proceeded via a molecular complex of the two
components.

A donor-acceptor complex of 1:1 composition has also
been detected in systems of maleic anhydride and each of = the
following donor-monomers : n-butyl vinyl ether, iso-butyl vinyl
ether, tert-butyl vinyl ether (27), 2~chloroethyl vinyl ether,
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styrene, and 2,5-dihydrofuran (138). The composition of the

resulting copolymers is always 1:1 regardless of the monomer

feed ratio. The rate of polymerization increases with the

increasing complex formation constant and is a maximum at a

monomer feed ratio of 1:1 at which the concentration of the
molecular complex 1s highest. These findings are consistent

with the participation of the molecular complex as the activé

species in the polymerization process.

Further studies have been made of the styrene-maleic
he divinyl ether-chloromaleic anhydride(29)
systems. Charge transfer complexes of 1:1 molar compositions
were detected in these binary systems which yielded, when po-
lymerized, the alternating copolymers. When another donor-mo-
nomer was added to the styrene-maleic anhydride system, the
polymerization could be treated as a copolymerization of two
complexes, styrene/maleic anhydride and donor/maleic anhydride,
with participation of free maleic anhydride in the propagation
steps.

These and further experimental cbservations consistent
with and/or favoring the theory of donor-acceptor complex po-
lymerization are summarized in Table II.

Table II. Summary of Experimental Facts which Favor Donor-

Acceptor Complex Polymerization Theory.

Subject

1nVest1gated Observation Refr.
Copolymer The copolymer is always equimolar and 26-30 {,'
structure alternating regardless of the monomer  34-41
feed composition

Polymeriza- The rate is maximum at a 1:1 monomer o4, 27 J
tion rate feed compogition 4o-43

. 37,138
Chain ‘ Chlorine is not incorporated in the 28,33
transfer copolymer when CCl, or CHCls is used 4y )

as a solvent. Strong electron-acceptor
or donor molecules act as chain
transfer agents
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Subject ,
investigated Observation Refr.
Specles Spectroscopic experiments reveal the 23-29 fﬁxx
~present presence of donor-acceptor complexes
Initiation .CCls radicals(resulting from the
solvent-initiator interaction) do B
not participate in the initiation 28,33 -
step (no chlorine is found in the
copolymer
Molecular In the initial stages of polymeri-
weight of zation the molecular weight increa- 28,45
copolymer ses continuougly with conversion
Effect of p-Benzogquinone increases the rate 4o
inhibitors of polymerization
Solvent Solvents bearing a labile hydrogen
effect induce the polymerization, while 46
solvents which are stable to hyd-
rogen abstraction are ineffective
Solvent In terpolymerization experiments,
effect the dilution and the nature of the 3,05
solvent affect the product composi- 52,
tion
Composition Terpolymerization of an acceptor-
of terpoly~- monomer (A), donor-monomer (B) and 24
mers a monomer (C) which forms no comp- 31-33%
lexes with either A or B yields a
polymer of composition (AB)XCy
Kinetics of "The conventional kinetics treatment
terpolymeri- fails. A good agreement is obtained
zation when the reaction is treated as a 31,32
copolymerization of a complex between 130
the donor-monomer and the acceptor-
monomer with the third monomer
Sensitivity The polymerizations are accelerated
to light by light, exclusion of light lowe-
ring the yield correspondingly. 47 =49
This is explained by the photosen-
sitivity of the charge transfer
complexes
Hammett's Despite a good fit of Hammett's
relation relationship in a series of copoly-
merization pairs, a sharp deviation 15

is observed for systems ylelding
alternating copolymers

;oL SSA N



The above experimental work leaves no doubt about the
existence of charge transfer complexes in polymerization sys-
tems which yield alternating copolymers. Another question in-
volves the extent that these complexes participate in the po-
lymerization process. It has been argued (50) that the existe-
nce of molecular complexes in a reaction system does not prove
that they are the intermediates through which the reaction
products are formed. However, the relation of the polymeriza-
tion rate to the concentration of monomers is evidence that
the polymerization does proceed via molecular complexes. The
rate has been found to increase with increasing complex forma-
tion constants (27) and the maximum rate of polymerization
occurs at a monomer feed ratio of 1:1 at which the concentra-
tion of the molecular complex is also at a maximum (27,37,%40,
L2,4%). The conventional copolymerization kinetic equation
predicts a rate minimum in systems that tend to alternate and
in which both monomers are capable of homopolymerization. The
terpolymerization experiments (24,31~33%) and the deviation
from the Hammett's relationship of systems which yield alter-
nating copolymers (15) provide further indication of the direct
participation of the monomer complexes as the active species
in the polymerization process. Some other observations suppor-
ting this view are described in the chapter on kinetics.

I.2.2. ENHANCED FORMATION OF THE COMPLEX.

The number of possible monomer combinations yielding
the molecular donor-acceptor complex and the alternating copo-
lymer has been extended remarkably by the finding that a sys-
tem of two monomefs which do not satisfy the requirement of
separation in the Mayo-Walling series, can nevertheless be
modified by a third component and then polymerized to yield an
alternating copolymer. The third component is an inorganic
salt or an organometallic compound. The most effective modifi-
ers have been found to be zinc chloride (35,38,40,4%,48,51-57)
and aluminum sesquichlorides (38,3%9,42,45,47,54,57-70). Simi-
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lar compounds such as zinc bromide (71-73%), aluminum chloride - \\
(74), magnesium chloride(34), nickel chloride (34) and various
alkyl aluminum chlorides (39,58,61,64,75-77) and bromides
(69,58), and triethylaluminum (78) have also been found effec- /
tive in the preparation of alternating copolymers, although
their effectiveness 1s sometimes specific to certain systems.

The modifiers are in all cases complexing agent act-
ing as Lewis acids. The enhanced formation of a donor-acceptor
complex can be attributed to a greater separation of the donor
monomer and the acceptor monomer in the Mayo-Walling series.
The formation of the complex between the polar group of the
acceptor monomer and the complexing agent results in the delo-
calization of the electrons in the double bond of the monomer,
and thus in its enhanced electrophilic character (79-88).
Farona and Tompkin .described the complex by the following re-
sonance structures (83), postulated on the basis of the obser-
ved partial double bond character of the metal-nitrogen bond.

CH.=CH-C=NM~ <«—> ¢ 0. -CH=C=N=M"

2 2

CH,=CH-C=NIM~ e—> C7H,-CH=C=NiM
(The first two canonical forms arise from the interaction of
filled p orbitals on nitrogen with empty 4 or p orbitals on
the metal, the other two canonical forms express the back do-~
nation).

The composition of the complexing salt-acceptor mono-
mer complex is generally 1:1 or 1:2. Complexes of both types
have been isolated (79,84) or determined by cryoscopy (85,87).
Complexation of é higher degree is also possible. A 1:3 compo-
sition was found for the chromium,trichloride-acfylonitrile
complex (83). By analogy with the species present in an aque-
ous solution, Zn(HZO);r+ (89), and a methanolic solution,
ZhClee4 (90), the number of complexed monomer molecules per
ZnCl, molecule might be as high as six.

An acceptor monomer complexed with a salt via the po-
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lar group on the monomer double bond has a remarkably increased
tendency to form a donor-acceptor molecular complex with a do-
nor monomer. This is reflected primarily in the detection of a
charge transfer complex band in UV spectra of such systems and
in changes in chemical shifts in the NMR spectra. For example,
a significant interaction between butadiene and methyl metha-
crylate was not detected in the absence of a complexing agent.
However, in the presence of ethylaluminum dichloride a new
band appeared 1n the UV gpectrum. Continuous variation curves
for the change in the chemical shifts of a-methyl and methoxy
protons of methyl methacrylate afforded maximum values at a
1:1 molar ratio of butadiene and methyl methacrylate (85).

(An observed chemical shift value (Tc+ AT in ppm) of the acce-
ptor monomer is equal to the weighted average of the chemical
shift value due to the salt-complexed acceptor monomer and the
chemical shift value due to the molecular complex. Therefore,
the stoichiometry coefficients of the complex can be determi-
ned by a continuous variation method of plotting fATC against
f, keeping (ca+cd) constant, where f is the mole fraction of
the acceptor monomer, and C, and cyq are concentrations of the
acceptor monomer and the donor monomer, respectively (91).)

Similar evidence for molecular complexes of various
compositions has been reported, and the equilibrium constants
determined, for polymerization systems of styrene (donor mono-
mer), acrylonitrile, methacrylonitrile, or methyl methacrylo-
nitrile (acceptor monomers ), and 7nCls, or SnCl, (complexing
agents) (52,91,92).

The formation of the donor-acceptor molecular comple-
xes 1n two-monomer systems modified with a complexing agent
results in an extraordinary change in the composition of the
polymer product. For exampie, when isoprene or 1,3-butadiene
and acrylonitrile are polymerized in the conventional radical
manner the éomposition of the instantaneously formed product
increment ranges from O to 100°4 diene depending on the mono-

mer feed. When a complexing agent, such as zinc chloride or an
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aluminum sesquichloride, is added to the system the product
has an alternating structure independent of the monomer feed,
even when the concentration of the complexing agent is as low
as one hundredth of the concentration of the monomers (38).

The effect of the presence of a complexing agent on
the copolymer composition is best illustrated by Figures 5 and
6 for the systems methyl methacrylate-styrene~ethylaluminum
sesquichloride and methyl acrylate-styrene-ethylaluminum ses-
quichloride. _

Several studies have been made to determine the
amount of complexing agent necessary for the system to yield
an alternating copolymer. In addition to the diene-acrylonit-
rile~aluminum sesquichloride systems which yielded alterna-
ting copolymers at an AN/Al ratio of 100/1 (38) a very low
concentration of the complexing agent has been found suffici-
ent for the polymerization systems of isoprene, acrylonitrile
and zinc chloride (the ratio acceptor monomer/complexing agent
equalled 20/1) (38), 1,3-butadiene,acrylonitrile and zinc
chloride (20/1) (38), and styrene, acrylonitrile and ethylalu-
minum sesquichloride (50/1) (57,65). These ratios are not 1li-
miting values determining the complexing agent concentration;
presumably, a lower concentration of the agent could still be
sufficient. In some cases a low concentration of complexing
agent appears to be necessary for the polymerization system to
yield an alternating copolymer as the only product. In the co-
polymerization of styrene and acrylonitrile in the presence of
zinc chloride, the alternating copolymer was accompanied by an
acrylonitrile-rich copolymer when the acrylonitrile/ZnCl, molar
ratio was 1/1, whereas at 2/1 ratio the only product was
the alternating copolymer (51). The same observation was repo-
rted for the system of isoprené, acrylonitrile and zinc chlo-
ride in aqueous medium (34).

Copolymerization initliated by a Ziegler-Natta type
catalyst may also produce an alternating copolymer (61,93%-96).
(This catalytic system consists, by definition, of two compo-
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Figure 5. COPOLYMERIZATION OF METHYI, METHACRYLATE AND
STYRENE (3%9).

(o)with ethylaluminum sesquichloride;
(~-)radical; (...)cationic;
( A)anionic, Na catalyst;

(y )anionic, Buli catalyst.
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Figure 6. COPOLYMERIZATION OF METHYL, ACRVLATE AND
STYRENE (39).

(o)with ethylaluminum sesquichloride;
(=~)radical; (...)cationic.
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nents: (1) a metal alkyl, a metal halide alkyl, or a metal hy-
dride of groups I-III; (2) a salt of a transition metal of
groups IV-VIII ). This is not suprizing when one realizes that
one of the components of the Z-N catalytic'system is an orga-
nometal, most frequently an alkylaluminum chloride. For exam-
ple, alternating copolymers were formed when butadiene and
acrylonitrile (94,95) and butadiene and methyl methacrylate(96)
were copolymerized with AlEtCl,/V0Cls as a catalyst. Copoly-
merization of acrylonitrile with vinyl chloride catalyzed by
EtA1Cl,/VOCls yielded an alternating copolymer in the presence
of an equimolar or greater amount of the organometal (61). The
role of the vanadium compound in the reported systems has been
suggested to be in the recycling of the aluminum compound
which is complexed on the polymer chain. However, the presence
of the Z-N catalyst classifies these polymerizations asg the
Zz-N type and accordingly, must involve all the problems encou-
ntered in this class of polymerizations.

The donor-acceptor polymerization systems yilelding
alternating copolymers reported to date are listed in Appen-
dix I.

I.3. PROOF OF THE ALTERNATING STRUCTURE OF A COPOLYMER.

An elemental analysis of the copolymers yields an in-
dication of the alternating structure. However, the 1:1 molar
ratio of comonomers in a copolymer does not prbve that the
structure is alternating. When a conventional system of two
monomers is polymerized, an egquimolar COpolymer can be prepa-
red from a monomer feed of the appropriate compoéition.
Although the structure of the copolymer would be non-alterna-

ting, random.in this case, elemental analysis would indicate
| the equimolarity of monomer units in the product. However, 1if
the composition of a copolymer is found to be 1:1 regardless
of monomer feed composition,then the alternating effect is the
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only satisfactory explanation of the phenomenon. In fact, the
eleméntal analysis and NMR spectra of random copolymers of
various compositions, together with the spectra of the corresgs-
ponding homopolymers and alternating copolymer, have provided
a basis for the determination by NMR spectroanalysis of copo-
lymer compositions. When the assignments of the resonances to
the monomer unit sequences have been made, the intensities of
the peaks for copolymers of different compositions and the
alternating copolymer are compared. (Owing to the low resolu-
tion the peaks may also shift as a result of the intensity
change of unresolved peaks which could only be distinguished
at a very high resolution). Such a set of NMR spectra then
provides features discriminating between the alternating and
random copolymers (39,60,69,70,97,98) and may be later used to
identify alternating structures. (The 'H NMR spectra of copo-
lymers can usually be interpreted in terms of triads of mono-
mer units in the chain. The relative chemical shifts of the
protong of a unit in the chain depend on the identity of the
two nearest neighbor monomer-units. Only rarely are sizable
effects of more distant units in the chain observed. For a
given central unit these triad shifts are generally small,
amounting to only a fraction of a p.p.m. This makes interpre-
tation of the spectra rather difficult, especially if the re-
sonances show the dipolar broadening characteristic of proton
NMR polymer spectra (98). In addition, the proton NMR spectra
of most copolymers are complicated by spin-spin coupling which
does not itself contain any sequence information. However, re-
cent work by Schaefer (98) using high resolution pulsed car-
bon-13 NMR makes NMR analysis of copolymers atractive enough
to overcome the disadvantage of low sensitivity).

Sometimes the presence of substituents on the monomers
allows treatments ylelding direct evidence of the monomer se-
quence. For example, vinyl chloride-methyl methacrylate copo-
lymer was shown to have the alternating structure by exploit-
ing thermal cyclization (93), as is shown in the following
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equation.
NCHg?HCch(CH3)~ — ~CH2?HCH2?(CH3)~ + CHsCl
l :
Cl COOCHs Q— CO
A statistical treatment was used to calculate the extent of
cyclization expected when the completely alternating copolymer
underwent random cyclization (99). The experimental results

were 1in excellent agreement, the discrepancy being less than
two per cent.

T.4. MECHANISM OF THE DONOR-ACCEPTOR COMPLEX POLYMERIZATION.

T.4.1. STUDIES RELATED TO THE DONOR-ACCEPTOR COMPLEX POLYMERI—
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The presence of Lewls acids, such as ZnCls , AlCls ,
etc., in the free-radical initiated polymerization of a polar
monomer containing a pendant nitrile or carbonyl group is cha-
racterized by an increased rate of polymerization (81,8%4,86,
100-103). It has been proved that (86) the presence of ZnCls
does not affect the rate of decomposition of the free-radical
initiator and the enhanced reactivity is attributed to the fo-
rmation of a complex between the pendant group and the Lewis
acid (86,104,105). The salt simultaneously acts as a chain.
transfer agent (86,104).

Zubov et al. (136) proposed the following propagation
mechanism for the radical-initiated polymerization of methyl
methacrylate in the presence of AlBrg '

?Hs ’ ?HS

~CHp ~C- N CH2=C -
I -
C=0...A1Brs C=0

| I
OCHs OCHs
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~CHz-C *C ~GHo (-
j ; _—> z [ ete.
C\ 'l -
CH50 b\ ,U/QOCHg ?—O...AlBrs
AL OCHs4
Brs

Bamford et al. (101) found an enhanced importance of
transfer reactions in the presence of aluminum chloride and
JL_'L. .

he transfer agent was a complex between methyl
" methacrylate and aluminum chloride.

T oo
a7,

0A1C1 | 0A1015
~R. + CHs c ——3 ~RH + .CH» C
NN NI
¢’ ocH, ‘ OCH4
CHQ” CHZ
| 0A1C1, A
~RC1 + CH C + MMA
3\/v\ : NR.

% OCHs
CHso

This scheme also explained the observed retardation, if 1t was
assumed that the radicals formed by the transfer reaction were
more stable than those formed by hydrogen abstraction from the
pure monomers.

The enhanced reactivity of the complexed monomer ex-
tends to copolymerization with monomers which are readily re-
sponsive to free radical polymerization (106-108). This effect
is accompanied by a shift in the copolymer composition toward
a 1:1 monomer ratio. The gignificance of the monomer reacti-
vity ratios in the presence of a salt in a conventional non-
alternating copolymerization has been elucidated (43). When
My, Mz and Ms represent the free acceptor monomer, the accep-
tor monomer complexed with the salt, and the donor monomer,
respectively; there are nine possible chain-propagation reac-
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tions between M,, Mz, Ms and all their radicals. The final co-
polymer composition equation is identical in form with the
Mayo-Lewis equation (eq.2), only r; and rp being different.
In this way it was shown that a conventional copolymerization
in the presence of a salt might be treated, as far as the re-
lation between the copolymer composition and the monomer reac-
tivity ratios is concerned, as a salt-free copolymerization.

Russian workers (108) have studied the radical copo-
lymerization of methyl methacrylate and various comonomers in
the presence of complexing agents: ZnClz, AlCls, AlBrs, and
AlEtsCl. When the comonomer (methyl acrylate, butyl acrylate)
was able to form complexes with the complexing agent the copo-
lymer composition approached the monomer feed composition as
the concentration of the complexing agent increased, and beca-
me practically equal to it at the mole ratio (complexing agent
/M;+Mz) 2 0.2-0.3 . In other words, the apparent monomer reac-
tivity ratios became equal to unity and remained unchanged for
further increages of the complexing agent concentration. These
results were explained by the following scheme.

ZnCls T CHs (s Hs
~ + M T ~CH ¢ CHp o777 G CH
2") ...... D e s av e l =) .
or — C f% C
NN e 7\ /N
~Re N | CHg0" 0. .2nClz...0 OCHg CH30 cg

If the propagation occurs through the transition state as shown
in the scheme, the differences in the relative activities of
the double bonds may disappear, and thus the copolymer compo-
sitlon becomes equal to the composition of the monomer mixture,
and the values of r, and Ty approach unity. '

When the comonomer (vinylidene chloride, 2,6-dichlo-
rostyrene, p-chlorostyrene, styrene) was unable to form a com~
plex with the complexing agent the value of r; either incre-
ased and passed through a maximum, or decreased throughout.
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The value of 1r, decreased in all cases. Although the sence
of the changes in the copolymer composition was not the same
(positive or negative) the methyl methacrylate content always
reached a 1limit (between 50 and 90 per cent) at a relatively
low concentration of complexing agent.

For the type of copolymerizations in which only one
monomer forms a complex, Gaylord and Takahashi (109) suggested
a scheme which involved (1)homopolymerization of a molecular
complex of the form MMA-MMA-7ZnCls , and (2)coupling of this
polymerized complex with growing vinyl chloride homopolymer.
This proposal is consistent with the postulated formation of
molecular complexes 1n the présence of zinc chloride.

(1) ?Hs ?uy ?Hs ?Hs
CHsooc—c‘:+ “CH2=(=0...2nCl, +CHC CH
HoC- -Ci, OCHa R- . COOCHs  (=0...ZnCla
- CHa

(-MMA-MMA...ZnCly)

ol c1 ol
CHa=C R. CHaC —3—CHzC -
2 i b 2C —I5¢ 2
1 c1 c1
v V-
(v,v)
(2) VoV 4 MMA-MIA ~——MMA-MIA MMA -MMA -
7nCls ncls |x ZnCla
MMA -MIA MMA -MIA -
ZnC12 X1 Zn012

T.4%.2. MECHANISM OF THE DONOR ~ACCEPTOR _COMPLEX POLYMERIZATION.

The first rationalization of alternating copolymeri-
zation involved a diradical mechanism (55,109) and was demon-
strated by the following scheme.
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H H, _ H H
RCHQ? qu RCHg? ?Hg +CH>C—CHzC . _
Hgé ~-CN —> HyC. .C-CN — CHoR CN —> polymer
H bneis H 7ncl, . 7ncl,

N

Tater (45), it was postulated that the charge trans-
fer complex might undergo intramolecular coupling of either
the ionic centers to produce a diradical species, or the radi-
cal centers to produce a zwitterion or dipolar species.

+ = > D-B-
o+ ~al I | e

The bifunctional nature of the proposed intermediates
ralsed the possibility that non-terminating or "living"species
are present in these reactions. This view was sﬁpported by the
finding (45) that the intrinsic viscosity increased with in-
creasing conversion, contrary to the constancy of the molecu-
lar weight irrespective of conversion in conventional free ra-
dical polymerization. The fact that the copolymerizations in
the presence of chloroform and carbon tetrachloride proceeded
faster than in toluene and no chlorine was incorporated in the
copolymer suggested that serious consideration must be given
to a polar intermediate.

Further progress in the investigation revealed that
the molecular weight of the copolymer increased with conversion
in the initial stage and then appeared to remain constant (63,
68,110). This leveling off is, of course, inconsistent with a
living mechanismn.

Tsuchida and Tomono (28) tried to establish the me-
chanism of the alternating copolymerization of styrene and ma-
igzg-éaﬁydrlde in terms of the initiating spe01es; the propa-
gatlon sfep and chain-transfer reactions. Using different me-
dia, they followed radical initiator fragments contained in
the copolymer by radioactive tracer techniques and concluded
that the polymerization was induced by the direct attack of
the initiator radical on the monomer or the comonomer complex.

However, the amount of initiator fragments contained in the



copolymer was very small, being only 1/30 to 1/90 of the
number of macromolecules. They explained this by a violent
chain transfer to the acceptor monomer and/or the complex. The
chain transfer to carbon tetrachloride, a typical chain trans-
fer agent for conventional radical polymerizations, was negli-
gible. The molecular weight of the product was essentially
constant with increasing conversion, and the square root depé-
ndence of the polymerization rate on the initiator concentra-
tion was attributed to a bimolecular termination. They also

rong donor or accepbor molecules, such as
maleic anhydride, N,N-dimethyl aniline or naphthalene , could
act as chain transfer agents in a copolymerization of this ty-
pe. The radical mechanism suggested was analogous to the con-
ventional radical mechanism in which the comonomer complex
played the role of a polymerizing monomer.

Gaylord (44) has proposed a mechanism of polymeriza-
tion of charge transfer complexes which involves hydrogen abs-
traction from the complex. He supports his view by the finding
that the donor-acceptor complex polymerization was accelerated
in the presence of :CCls radicals from chloroform and carbon
tetrachloride (resulting from the solvent-initiator interac-
tion) and that no chlorine was incorporated in the copolymer.
Another argument was the absence of catalyst moieties in the
copolymer formed. The scheme suggested is illustrated using
styrene as the donor monomer and CH-=CXY asg the acceptor mo-
nomer, where X vrepresents hydrogen or an alkyl and Y rep-
resents the complexed polar group, e.g., CN.,.salt . 4

Initiation.

1. Spontaneous initiation.

a ‘ )

(a) H, H H H

CsHs;C“___,CIi C6H5;C — Cg
HQH ?gY H?H ’,ECY P
G X - H . = ] .
HC{Ey/~"XCY HC - XCY HCQ XCY

+ - -
CeHs-c" ~cl CeHs~C T cﬁ Ces~ct ~cfi

C
H H H H H H
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() g . H H H
C6H5"C¢_uqs CeHs~=C~CH 5 radical initiation
HofL Loy Hof oy or disproportiation
. ——p e .
. -~ . - H
Hcﬂ@ XCY
CeHs -C C : .
" HOL | XPY interaction with
CseHs-C CH - another complex
H H according to
H, H H H
- CeHs-C CH CsHs~C~CH
VAN /N
HC:p XCY . H?H XCY two molecules
HO ;ﬁY He - %PY dlsproportlonateﬁ%
CeHs-C' ~cH CeHs-C' ~CH
H H H H
HH ' HH
CeHs-C~-C CeHs-C-CH
[&] 5/ \\ [S] 5/ N
HCH  XCY _ P HCH  XCY _ P
HC, X/('}Y HC,  XEY | H HC, X/éY
Colls-CT"CH  Colls~C'~CH O L XY cemsSotTdn
H H H H CeHs~-C CH H H
H H
2. Radical-catalysed initiation.
H, _H H H
CeHs-C CH CeHs-C—CH
EIRVZASETSEN ° o0 TN
HC- XCYy 4R HC:f XCY P
Gb : — N . -
. . ~RH 4:> .
HQE §QY HC\ gﬁY HC* XCY
+ - - -/
CeHs~C' ~CH Celis-C'C CeHs~C'CH
H H H H H H

The results of the initiation step is the formation of a chain
end which has a structure similar to that of the donor-accep-
tor complex and has analogous properties. The driving force
for the reaction is, according to Gaylord, the arrangement of

the complexes in a matrix.
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Propagation.

While the initiation is a head-to-~head reaction, the propaga-
tion step is a head-to-tail reaction. Hydrogen abstraction
through a six-membered cyclic transition state regenerates the
complex chain end.

H, H H, _H
Colls -CCH CeHs~CCH
P (:yCH XCY P CH  XCY
I, 5
HC.€  XCv HCH  XCY

N A N 7

CeHs~-C' CH CeHs-C—CH
H H H H

Termination.

1. Monomolecular termination.

1: ; ;
HC - XCY HC - XY HC XY
+- / / Nt 7
CeHs-C CH - CeHs-C- -CH - CeHs=C CH
H H H H H H
2. Bimolecular termination.
(a) By polymer-polymer interaction.
H_H H H H H H
HO ™ C-CH HO-C-CeH -C- C-C=CeH
/g \96 5 /g c\ sHs ;C CLColls 5 SCells
40 HC-P YCX ~ HC-P vox / HC-P vC¢X  HC-P
ZJEB o HO v | °r g
P-C XoyY P-C XCy - P-CH  XCY P-CH XCVY
re / N/ N/ N\, 7
CeHs~C ~CH CeHs-C~CH CeHs~C~CH CeHs-C-CH
H H H H | H H H
(b) By polymer-complex interaction.
H_H | HH H HH
HC 'C~CgH HC-C-CgH HC-C-~CgH ’ HC~C-CeH
J e s N / os AN
YCX HCH YOX. HCH Yox / HCH or- YCX  HCH
A R I S H H |
P—c@D XY P-C ng P—QE §pY P-Qi §pY
Cels-ctcff CeHs~C-Cf CeHs ~C-CH CeHs-C-CH

H H HH HH H




- 37 -

An important feature .of the scheme presented is the bimolecu-
lar termination by polymer complex interaction which has no
analogy in either of the conventional mechanisms. It should be
pointed out that in some aspects the scheme is speculative,
showing all the possible interactions without experimental evi-
dence of their occurence.

One can notice that the radical mechanism proposal
was based on the presence of the initiator fragments in the
resulting copolymer while the hydrogen transfer proposal ori-
ginated from the absence of such fragments in the copolymer.
This discrepancy could be explained by the observations of
Bartlett and Nozaki (30) who followed the rate of decomposi-
tion of benzoyl peroxide in different monomer media. The rate
of the decomposition was found to be 196 times greater in a
mixture of allyl acetate and maleic anhydride than the decom-
position rate in pure allyl acetate and 76 times greater than
in pure maleic anhydride. Since the rate of decomposition of
benzoyl peroxide had not been found to vary more than about
fourfold in a number of the common solvents, they concluded
that the factors 196 and 76 were due largely to chain decompo-
sition of benzoyl peroxide induced by the growing polymer.
Therefore, it can not be a chain-initiating step, but a process
of chain transfer which incorporates the initiator fragments
into the copolymer. In the light of the fact that in Tsuchida
and Tomono's work (28) only one initiator fragment was found
per 30 or 90 macromolecules, this explanation sounds reasona-
ble.

On the other hand, Gaylord and Maiti (49) showed that
the rate of decomposition of azobisisobutyronitrile (AIBN) was
not accelerated in a donor-acceptor monomer system. They fol-
lowed the rate of decompogition in toluene in the presence of
ethylaluminum sesquichloride, styrene and methyl methacrylate,
in the presence of the organometal and either styrene or methyl
methacrylate, in the presence of the organometal alone, dnd in
the absence of all three components, and concluded that the
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rate of decomposition of AIBN was accelerated by the free, un-
complexed organometallic component, but that it was not affec-
ted by either monomer. :

An explanation of the discrepancy between the conclu-
sions of Gaylord and Maiti (49) and Bartlett and Nozaki (30)
could be offered by the observations of the rate of decomposi-
tion of radical initiators in various solvents. While the de-
composition of AIBN is basically invariant from solvent to
solvent (the rates of decomposition of AIBN in xylene, acetic
acid, n-butanol, cyclohexanone, nitrobutane, and isobutanol at
82°C do not differ by more than a factor of 1.16, (111)), the
rate of decomposition of benZoyl peroxide is much more sensi-
tive to the nature of the solvent in which the reaction takes
place (the rates of decomposition of benzoyl peroxide in ben-
zene, carbon tetrachloride, diphenylmethane, dibutylphthalate,
1,2,4-trimethyl benzene, acetone, acetic acid, and ethyl ace-
tate at 75°C do not differ by more than a factor of 7.5,(112))
and can differ by as much as two orders (the rate of decompo-
sition of benzoyl @eroxide in dibutyl ether is two orders gre-
ater than in benzene at 60°C, (113)). The latter fact would ,
of course, detract from the conclusion of Bartlett and Nozaki
that the radical initiator fragments had been introduced into
the copolymer predominantly by a chain transfer reaction.

Very recently, the nature of the initiation process
has been discussed from the point of view of the energy trans-
fer from the initiator fragments to the complex or to a mono-
mer and then to the complex (11%4,115). These proposals are ba-
sed on the discovery that exited stategs are generated in the
decomposition of organic peroxides and azo compounds (116-119).
The excitation of the ground state complex to the excited cha-
rge transfer complex results in the formation of the copolymer
by the hydrogen transfer mechanism. The theory of charge tran-
sfer complexes suggests that the ground state is stabilized by
some contribution (in resonance language) from the excited sta-
te.
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D,A %> D A"
Although there remains considerable uncertainty about the ex-
tent of charge transfer in the ground state, the experimental
results overwhelmingly support the existence of only a small
contribution of the charge transfer to the ground state (120).
Presumably, these non~ionic species are not able to undergo
polymerization. In the excited charge transfer complex the co-
ntribution from the ionic form is much larger and may be esti-
mated at 904 or even more (114,121). Thege species then could
yvield a copolymer and the increase of the polymerization rate
- with an increase of a radical initiator concentration could be
understood as a result of the increased concentration of the
excited, polymerizable charge transfer complexes.

I.5. DEVIATIONS FROM THE ALTERNATING STRUCTURE.

Basically, there are three different deviations from
the expected 1:1 composition of the total polymer yileld.
(1) The total polymer yield is a mixture of an alternating
copolymer and a homopolymer.
(2) The total polymer yield is a mixture of an alternating
copolymer and a non-alternating copolymer.
(3) The total polymer yield is a non-alternating copolymer.
The apparent explanation for case 1 is that the poly-
merization of the molecular complex of the monomers is accom-
panied by homopolymerization of either of the two monomers.
Gaylord et al.(59) polymerized a-methylstyrene and acrylonit-
rile in the presence of ethylaluminum sesquichlbride and found
that the equimolar alternating copolymer was accbmpanied by
and could be separated from poly(q-methylstyrene). First con-
siderations might lead to the conclusion that the formation of
poly{a~-methylstyrene ) through cationic polymerization is the
expected consequence of the presence of the sesgsquichloride in
the reaction mixture. However, the relative increase of the
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amount of the homopolymer with a decrease of the sesquichlori-
de concentration, and the increase of the amount of the homo-
polymer when a radical initiator was present argue against
this conclusion. Gaylord et al.(59,122) have suggested that a
cationic polymerization of the donor monomer, D, is induced

by a cationic radical which 1s formed as a result of the dis-
sociation of the terminal complex, DA, at high dilution.

~(DA)XD“-LTA...MX = ~(DA)XDT + TA...MX

~(DA) DY + D - ~(DA)XDDT

The initiation of cationic polymerization by the polymerizing
charge transfer complex is, therefore, responsible for the
formation of homopolymer in the system.

The formation of a non-alternating copolymer together
with an alternating copolymer has been reported when a diene
and acrylonitrile were polymerized in the presence of zinc
chloride at high temperatures and/or high conversions and a
radical initiator was employed (38,54). When the polymerization
was allowed to proceed spontaneously (thermally), an alterna-
ting copolymer was the only product. On the other hand, when
the dienes were replaced by styrene or g-methylstyrene, the
alternating copolymer was accompanied by a non-alternating co-
polymer even in the absence of a radical initiator (51,123).
To explain these observations, Gaylord and co-workers(51,123)
proposed a set‘of competing reactions in the systems. When |
styrene, S, acrylonitrile, A, and zinc chloride, 7, are emp-
loyed, two kinds of donor-acceptor complexes can be formed in
the solution.

Z + A =2 ZA
ZA + A =  ZAA
ZA + S 2 ZAS

These species are present 1in concentrations which depend upon
the initial concentrations of the components and the equilib-

ria relationships. In addition, the ZAA complex interacts with
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styrene to generate a ZAS complex and uncomplexed acrylonitri-
le.

ZAA + S 2 ZAS + A

Under suitable activation these species may participate in ho-
mopolymerization or copolymerization reactions to yield an

acrylonitrile~rich copolymer.
a ZAS (ZAS)a > (As)a + aZ

b ZAS + c ZAA o (ZAS)b(ZAA) - (As), (An), + (bte) 2

C c

An alternative rationalization employes the dissocia-
tion of the terminal complex. This process can give rise to a
conventional copolymerization of the donor monomer, D, and the
acceptor monomer, A, (123).

~(DA)XDTTA...MX > ~(DA)XDT + TA...MX

+
(DA)XD- + yD + z A - N(DA)XD-DyAZ

The initiation of cationic polymerization in the styrene copo-
lymerizations might involve radical coupling of two terminal
cation-radicals to form a polymeric dication. The catioﬁic
chain-ends propagate by the addition of styrene or a mixture
of styrene and acrylonitrile to yield a styrene-rich copolymer.

Sometimes a non-alternating copolymer becomes the on-
ly product at higher temperatures, while at lower temperatures
the polymerization system yields a pure alternating copolymer.
It was suggested (109) that a block segment of a homopolymer
reacted with an alternating copolymer segment, the homopolyme-
rization being initiated by a radical initiator. At a lower
temperature where the initiator is not particularly effective
the product has a 1:1 composition whereas at higher tempera-
tures a radical homopolymerization is initiated, the growing
segments of the homopolymer then interact with the growing end
of the altefnating copolymer, and the final product contains
an excess of one of the monomers. This was demonstrated with
styrene, S, and maleic anhydride, M.
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+ 8 -> SX_ls-
R

R
g 4+ M =5 -SM-(SM)§SM-
S

S+ -SM—(SM)§SM- - SXS—SM-(SM)§SM-

I.6. KINETICS OF DONOR-ACCEPTOR COMPLEX POLYMERIZATION.

Although there 1s widespread interest in donor-accep-
tor complex polymerizations there hag been 1ittle study of the
~kinetics of the polymerization. No attempt to determine rele-
vant kinetic parameters has been pregsented. The complexity of
the donor-acceptor complex polymerization system is apparently
caused by the many equilibria in the overall reaction process
which are not present in the conventional polymerization or
copolymerization. These are chiefly the complexation of the
acceptor monomer with the complexing agent and the formation

of the molecular complex undergoing the polymerization.

Z + A 2 ZA
ZA + D 2 ZAD

Another process present in the scheme must be the regeneration
of the complexing agent after polymerization of the complex.

x ZAD =2  ~(AD) + x 7

X
The direct consequence of the presence of the equilibria is
the difficulty in expressing the "monomer" concentration,ham-
pering any further kinetic studies. (Several reports have been
published (43%,108) giving the monomer reactivity ratios, r,
and ry, of the systems 1in question, determined -on the basis of
conventional copolymerization kinetics. As this approach ignho-
res the theory of the homdpolymerization of molecular comple~
xes, the evaluation of the copolymerization parameters does
not contribute to the determination of the kinetics of donor-
acceptor complex polymerization.)

Nevertheless, some kinetic observations have been
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| presented. On thelr basis it seems reasonable to say that co-
polymerizations of a donor monomer with an acceptor monomer
complexed with a complexing agent have the following characte-
ristics.

First, when the monomers are present in excess of the
complexing agent the conversion curves (copolymer yield versus
time) have two distinct regions, the first being curved, the
second linear. Gaylord studied (63,68) the styrene-methyl me-
thacrylate-ethylaluminum sesquichloride system using a three-
fold excess of methyl methacrylate over the organometal. He
was not aware of the possible linearity of the later portion
of the conversion curves and looked for a reaction order with
respect to the donor~acceptor complex by the conventional me-
thod assuming that the initial concentration of the complex
was equal to the concentration of the complexing agent. This
kinetic treatment,ighoring totally the above equilibria in the
system, did not give satisfactory results distinguishing un-
equivocally between a first and second order of reaction. Nor
did a dependence of the type szqu , where Rp is polymeri-
zation rate, o is any positive number, k is a constant, and M
1s monomer concentration, describe the experimental data. On
the basis of his failure to find any reaction order fitting
the data in the whole range of observation Gaylord concluded
that the reaction order depended upon the concentration of the
components, and probably varied between one and two.

Kinetic studies of the concentration effects can be
summarized as follows. When the rate of polymerization of a
donor monomer and an acceptor monomer with or without a comp-
lexing agent is followed as a function of the monomer feed
composition, the rate is found to be a maximum at the equimolar
point (27,37,40-4%,62). The existence of the maximum and the
limiting value of the polymerization rate can be readily exp-
lained by the assumption that none of the reaction components
enters the polymerization as a single particle and that all of
them form a complex which behaves as a monomer molecule. From

4
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this point of view an excess of eilther monomer brings about a
decrease of the donor-acceptor complex concentration by dilu-
tion. _ -
When the molecular weight of the styrene-methyl meth-
acrylate copolymer prepared in the presence of ethylaluminum
sesquichloride was followed as a function of conversion the
intrinsic viscosity was found to increase with conversion (68).
It was rationalized by the existence of a non-steady state in
the polymerization system. The discovery that a constant mole-
~cular weight was attained after an initial period of increas-
ing molecular weight (110) called for another explanation. It
was proposed (34,110,124) that the comonomer charge transfer
complexes are arranged in matrices or ordered arrays whose si-
ze is determined by the initial complex concentration. The mo-
lecular weight of the copolymer formed in the first stage is
determined by the size of the matrices, i.e. the complex con-
centration. The diffusion of monomer molecules to the complex-
ing agent affixed to the copolymer chain results in the gene-
ration of new complexes on or in the immediate vicinity of the
copolymer. The latter was postulated to act as a template in
the proceeding polymerization, the molecular weight thus being
constant and determined by the size of the template. This pro-
cess would be repeated untill full conversion is attained.
However, when acrylonitrile was used instead of methyl methac-
rylate (62) the molecular weight either remained unchanged with
conversion or decreased to a limiting value. The effect obser-
ved depended ‘on the concentration of the ethylaluminum sesqui-
chloride. This is in contrast to the above styrene-methyl me=~
thacrylate system. ’

The copolymerization of styrene and methyl methacry-
late in the presence of ethylaluminum sesquichloride (66,68),
with the organometal concentration lower than the concentration
of either monomer, proceeded through an initial stage of rapid
polymerization, followed by a second slower stage which conti-
nued to full conversion (68). The two stages were related to
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the formation of matrices of the donor-acceptor complexes. The
slower second stage of polymerization has been proposed to be
a result of the diffusion of the unpolymerized monomers to the
complexing agent affixed to the copolymer chain, and the rate
of polymerization being a function of the time necessary for
the formation of a void-free array of complexes (110).

The hypothesis of the presence of matrices in the po-
lymerization of donor-acceptor complexes is supported by the
results of the multistage addition of an equimolar monomer mi-
xture to a polymerizing system after full conversion (110).
When an equimolar styrene-methyl methacrylate mixture in an
amount twice that originally present was added to a styrene-
methyl methacrylate-ethylaluminum sesquichloride system which
had attained full conversion, the added monomer yielded a co-
polymer of the same intrinsic viscosity as the original copo-
lymer at two different conversions of the new monomers. When
additional monomer mixture was added in an amount equal to that
already present the intrinsic viscosity of the isolated copo-
lymer, composed of a mixture of the products from each of the
addition stages, remained unchanged, independent of conversion.

The unconventional nature of the donor-acceptor com-
plex polymerization has been demonstrated by the effect of
p-benzoquinone on the polymerization of styrene with methyl
methacrylate complexed with aluminum sesquichlorides (42). At
a low benzoguinone concentration the rate of polymerization
decreased, ag expected. However, as the amount of benzoquino-
ne was increased the polymerization rate increased even above
the rate attained in the absence of the quinone. After passing
through a maximum at a quinone/Al mole ratio of 1/2, corres-
ponding to an equimolar carbonyl-aluminum mixture, it again
decreased. On the other hand, the alternating copolymerization
of styrene and acrylonitrile in the presence of zinc chloride
was reported (43) to be inhibited by the addition of hydroqui-
none. However, Gaylord argued (125) that the reported conéen-
trations (HQ/AN/ZnCl, mole ratio was 2/100/10) had represented
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a 409 reduction in the concentration of available ZnCl, as
a result of the interaction of one mole of zinc chloride per
phenolic hydroxyl group, and he presumed that inhibition of
the spontaneous polymerization might have been due to the re-
duction in the activator concentration.

Conductivity measurements in the styrene-methyl meth-
acrylate-ethylaluminum sesquichloride system showed (42) a
slight increase of the specific conductivity of the organome-
tal upon the addition of the acceptor monomer and a further
Although the conductivity measurements showed that the absolu-
te concentration of ions must have been very low, their prese-
nce was undoubtly indicated.

Taking into account that there is a certain concent-
ration of free cations in the systems, as indicated by the
conductivity measurements, but that these cations fail to in-
duce the cationic polymerization of styrene, and that benzo-
gquinone, when present 1in a suitable concentration, not only
does not retard the polymerization, but on the contrary acce-
lerates it, 1t seems reasonable to conclude that the active
species in the polymerization are neither conventional radi-
cals nor cations.



- 47 -

IT. CHEMTICATLS A ND TECHNTIQUTES
USED.

IT.1. CHEMICALS AND THEIR PURIFICATION.

IT.1.1. MONOMERS.

ACRYLONITRILE, Matheson Coleman & Bell, b.p. 75.5 to
77.5°C, was dried for several days over calcium hydride and
. eluted through an alumina column prior to distillation at re-
duced pressure on a spinning band column of high efficiency.

A 60% centre-cut was used in the experiments.

BUTADIENE-1,3, Matheson, Instrument Grade, 99.64 ,
was used withoﬁt further purification. Before joining butadie-
ne Cylinders to the polymerization apparatus,a fraction of the
content was bled off to purge any light gaseous fraction.

STYRENE, Eastman, b.p. 33-35°C/8mm, stabilized with
tert-butylpyrocatechol, was dried for several days over CaHs
and then fractionated at reduced pressure on a high efficien-
cy spinning band column. The 20% cuts at the beginning and the
end of the distillation were rejected, and only the center-cut
was used.

IT.1.2. COMPLEXING AGENT.

e eyt e . Mo Py

ZINC CHLORIDE, Allied Chemical Canada, Reagent A.C.S.,
was dried for fifty hours in a vacuum oven at 150°C before

use.

IT.1.5. SOLVENTS.

1,2-DICHLOROETHANE, Fisher Sci., Fisher Certified,
b.p. 83.5-83.8°C, was kept over P,0s for a week and distil-
led through'a column filled with glass rings. The 704 center-
cut was used in the experiments. ‘

BENZENE, Fisher Sci., Certified A.C.S., thiophene
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free, was kept over sodium wires for several days and distil-
led from sodium under an argon atmosphere through a glass-
circles-filled column.

CHLOROBENZENE, Matheson Coleman & Bell, Reagent, b.p.

1%0-132°C, was kept for several days over molecular sieve of
type 4A and distilled under an argon atmosphere.

TETRAHYDROFURAN, Fisher Sci., Histological Grade, was
used for molecular weight determinations without further puri-
fication.

A1l The liquid components used in the polymerization
experiments and the complexing salt were stored under argon.
The liquid components were manipulated with hypodermic syrin-
ges to prevent their contact with air.

IT.2. POLYMERIZATTION PROCEDURE.

IT.2.1. ELECTROCHEMICAL POLYMERIZATION.

ot owa e e o e e ot Bt Ud e Bt e e ot S St o at t

Polymerizations initiated by electric current passing
through solution were performed in a single cell for electropo-
lymerization shown in Figure 7. The cell was fitted with a si-
de tube for dosing liquid components and provided with two
identical platinum electrodes, each 2.5x2.5 cm, separated by
1.0 cm. /

The cell containing a weighed portion of ZnCl, was
connected through a ball joint to the apparatus shown in Figu-
re 8. After evacuation and the introduction of argon, the cell
was charged.with the required volume of acrylonitrile, cooled
in a dry ice-methanol bath and evacuated again; The system was
then isolated from the pump and brought to the reaction tempe-
rature. The introduction of the gaseous monomer to the solu-
tion was performed as follows. Container B was filled with ga-
seous butadiene from cylinder A (liquid) and isolated from it.
The desired pressure of butadiene in the apparatus was set and

maintained by means of manometer D and regulator E. A drop of
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Figure 7. THE ELECTROPOLYMERIZATION CELL.
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Figure 8. APPARATUS FOR INTRODUCING GASEOUS MONOMER.
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the Hg-level at the open end of E interrupts the circuit cont-
rolling the solenoid valve C, causing the latter to close.
Hence, when the stopcock on E is closed a constant pressure of
butadiene is maintained, and may be read on manometer D. The
stopcock above the cell was opened briefly to bring the pres-
sure to the set value and the reading on manometer H was re-
corded. The stopcock on the cell was then left open until sa-
turation of butadiene in the system was indicated by no fur-
ther introduction of butadiene from container B. At this point
the solution was ready for polymerizatilon.

A KEPCO ABC 1000 or a Transistorized Power Supply M
4005 (Power Designs Inc.) was used as a constant current sup-
ply for currents of less or more than 25 mA, respectively.

IT.2.2. SPONTANEOUS POLYMERIZATION.

T e )

Essentially the same apparatus and procedures were
used as before. The electrodes had been removed, and the reac-
tions were not carried out under a constant pressure of buta-
diene. Instead, the solution was saturated at 0°C, then isola-
ted from the system for the dufation of the experiment. About
two minutes after the polymerization temperature was attained
the solution became turbid, this time being taken as the onset
of polymerization. When styrene was used instead of butadiene
it was introduced by syringe before degassing.

IT.2.5. ISOLATION OF POLYMER.

e e el e ]

At the end of polymerization, performed either in
bulk or in solution, the content of the cell was poured into
a large excess of methanol. Aqueous ammonia was added to bind
the salt present in the system, thus allowing a salt free po-
lymer to be filtered off. The polymer was washed with an ammo-
niacal solution of methanol, dried at the room temperature un-
der vacuum in the dark for several hours, then welghed.

When the salt content of the polymer was followed the



polymerization was stopped by contacting the solution with
ailr. The polymer was isolated by filtrating the solid phase
off the solution. ‘ ’

II.53. CHARACTERIZATION OF POLYMER.

IT.%.1. ELEMENTAL ANALYSIS.

Elemental analysis of the copolymers for carbon, hydro-
gen and nitrogen was carried out on a Perkin-Elmer Elemental
Analyser M240O. As the nitrogen content is the most sensitive
to a composition change, the composition of the copolymer was
calculated on this Ttasis. By repeated analyses of the same
‘sample it was found that the acrylonitrile content uncertainty

was +2%.

IT.5.2. NMR SPECTROSCOPY.

a0 e e e o o . o -

NMR spectroscopy analysis of the copolymers was performed at
room temperature in deuterated chloroform solutions using an
snalytical WNMR Spectrometer A-56/604. Observed NMR spectra of
the acrylonitrile copolymers with butadiene and styrene were
compared with a series of spectra for the alternating copoly-
mers and non-alternating copolymers.

The calibration spectra for the butadiene-acrylonit-
rile copolymers are shown in Figure 9, and for styrene-acry-

lonitrile copolymers in Figures 10 and 11.

IR spectroscopic analysis of the acrylonitrile-buta-
diene copolymers was carried out on a Perkin-Elmer Grating
Infrared Spectrophotometer 457 employing the KBr pressed disc
technique.

The calibration spectra of polybutadienes with high
trans—l;M,'cisul,H and 1,2 (vinyl) microstructures are shown

in Figure 12.



Flgure 9.

_53a_

NMR SPECTRA OF BUTADIENE-ACRYLONITRILE COPOLYMERS
(97) .

(A,B,D) Prepared with free radical catalyst;

(C) Prepared in the presence of ZnCly or ethyl-
aluminum sesquichloride.

Copolymer composition BD/AN (mole ratio)

(A) 78/22; (B) 54/46; () 50/50; (D) 43/57.
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Figure 10.

_543‘_

NMR SPECTRA OF STYRENE-ACRYLONITRILE COPOLYMERS
PREPARED WITH FREE RADICAL CATATYST.(97).
Copolymer composition S/AN (mole ratio)

(a) 71/29; (B) 65/35; (C) 45/55; (D) 30/70.
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Figure 11. NMR SPECTRA OF ALTERNATING STYRENE-ACRYLONITRILE
COPOTLYMER PREPARED WITH ZnClsz. (97).
(A) Spontaneous; (B) Benzoyl peroxide catalysis.
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Figure 12.

_563_

INFRARED SPECTRA OF POLYBUTADIENES (127).
(A) High trans-1,4% addition.
(B) High 1,2 (vinyl) addition.
(¢c) High cis-1,4 addition.
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IT.3.4. VISCOSITY MEASUREMENTS.

Tt e St T Bt S S b T Fe Gt Pt et b S e e P mre Daa

Approximately 0.2 to 0.3 grams of copolymer were tre-
ated in less than 25 ml of tetrahydrofuran. After 24% hours of
agitation the heterogeneous mixture of polymer solution and
undissolved polymer was filtered and the volume of the homoge~
neougs solution of polymer was brought to 25 ml. A 10 ml por-
tion of the solution was used £o determine the concentration
of polymer in the solution by evaporating the solvent and wei-
ghing the remainder. Another 10 ml portion was used to deter-
mine the viscosity of the solution. The viscosimetry measure-
ments were carried out in an Ubbelohde dilution viscometer
allowing measurements at a series of concentrations by succes-
sive dilutions of the solution. The flow times were measured
at four concentrations and the intrinsic viscosity (limiting
viscosity number) was determined by the graphical method plot-
ting the specific viscosity against the concentration of solu-
tion, as developed by Huggins (126).

Mg 2
—= = [n] + k [n)°c
where [n] is the intrinsic viscosity, ¢ is the concentration

of polymer, ﬂsp is the specific viscosity given by the

where n is the viscosity of polymer solution and mo is the
viscosity of pure solvent.

As the flow time is linearly proportional to the vis-
cosity, viscosities m and mo can be replaced by flow times t
and to , regspectively, so that the specific viscosity is sim-
ply calculated according to

_ t-tg

Nsp "
O

IT.k4. DETERMINATION OF ZnCl. ON POLYMER.

Zinc chloride was determined by the titration with
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0.1M EDTA (disodium ethylenediamine tetraacetate) using Erio-
chrome Black T as an indicator (128).

When the solid phase had been isolated by the filtra-
tion from the liquid portion of the mixture the analysis of
the latter determined the zinc chloride uncomplexed on poly-
mer. The solid phase was then washed with a methanol-ammonia
solution and the resulting liquid phase was analysed. The po-
lymer was dried and weighed. Then it was dissolved in tetra-
hydroturan and the resulting solution was again analysed. The
last two analyses, when summed, determined the amount of zinc
chloride attached to the polymer. The total amount of zinc
chloride ( ZnCl, on copolymer plus ZnCl, in solution) was
always found very close to the expected theoretical value
given by the concentration of zinc chloride employed in the

experiment.
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ITT. EXPERIMENTATL AN D THEORE -
TTCATL RESULTS

I1T.1. GENERAL STUDIES.

I1T.1.1. PRELIMINARY EXPERIMENTS.

—— D Bt M . G B Bt ey Mt . M Bt e o0 B P
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The purpose of the preliminary experiments was to pre-
. pare an alternating copolymer, determine the microstructure,
and show that the alternating effect is a general characteri-
stic of the butadiene-acrylonitrile-zinc chloride polymeriza—
tion system.

-ty  —— —— f — ——

Several features of the acrylonitrile-butadiene mono-
mer pair made it suitable for these experiments. The gaseous
state of butadiene enables one to maintain a constant concent-
ration of this monomer during the polymerization process. The
apparatus described in the experimental section was developed
for this purpose, -and effectively eliminates the introduction
of impurities during the addition of increments of a gaseous
monomer. Also, 1t was interesting to determine the microstruc-
ture of butadiene units in a product obtained via the donor-
acceptor molecular complex polymerization mechanism.

Acrylonitrile was selected as the other member of the
monomer palr because 1t appeared to be one of the best repre~
sentatives of the class of acceptor monomers. The same reason-
ing led to the choice of zinc chloride as the complexing
agent. ‘

Electrochemical initiation was attractive in that it
made possible the variation of the rate of initiation without
altering the temperature, and thus without shifting the equi-
libria present in the many-component system. Whereas an incre-
ase in temperéture enhances the reactivity of the donor-accep-
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tor complex, it would also lead to a decrease in its concent--
ration (91,92,129), and thus reduce the rate of overall reac-
tion. These effects can be investigated separately when elec-
tropolymerization techniques are employed.

The experiments summarized in Table III demonstrate
that it is possible, using electropolymerization techniques,
to prepare a pure alternating copolymer from the butadlene-
acrylonitrile~zinc chloride system.

Table ILII. Copolymer Formation in the Presence of ZnCl,.

Feed (g) ,
A 5 Current (mA) Polymer formation
PrN AN BD
- 20.0 1.3 0 None
- 20,0 1.3 25 Alternating copolymer
- 20.0 - 25 Polyacrylonitrile
20.0 - 1.3 25 None

(a)Initial feed; (b)Concentration of butadiene was constant.
AN (acrylonitrile); PrN (propionitrile); BD (butadiene-1,3).
Conditions: 3.66 g ZnCls, 0.36.g Zn(0Ac)s, 45°C, 60 minutes.

No detectable polymer was formed without electrochemical ini-
tiation. When current flowed through the solution a white rub-
bery product was formed. The substitution of propionitrile for
acrylonitrile resulted in the absence of any polymer forma-
tion. When acrylonitrile was the only monomer in the system,
the product was a white powdery polymer. The alternating copo-
lymer was 1dentified by the following procedures.

(a) Elemental analysis showed a 1:1 mole ratio of acrylonit-
rile to butadiene units in the copolymer.

(b) A comparison of the infrared spectra of polyacrylonitrile
and the copolymer (Fig. 13) clearly indicates the presence of
butadiene units in the polymer. The spectra themselves do not
confirm that the butadiene units are actually in a copolymer.

A mixture of polyacrylonitrile and polybutadiene would presu-
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mably yield a similar spectrum as that ascribed to the copo-
lymer (spectrum I), However, the fact that butadiene does not
homopolymerize in the presence of propionitrile excludes its
homopolymerization in acrylonitrile and leaves the formation

of a copolymer as the only explanation of the presence of bu-
tadiene units in the product. The peak at 966 em™! indicates
the predominating 1,4-trans microstructure of butadiene units.
(Calibration spectra of polybutadienes have been shown in Figu-
re 12).

(c) The NMR spectrum (Fig. 14) confirms the presence of a co-
.polymer and indicates an alternating sequence of acrylonitrile
and butadiene units in the copolymer chains. According to the
calibration spectra (Fig. 9) for acrylonitrile-butadiene copo-
lymers, the peak at 7.7 T corresponds to a butadiene-acryloni-
trile unit sequence. There is no peak at 7.9 T corresponding
to a butadiene-~butadiene sequence.

Table IV shows the effect of the degree of conversion
on the composition of the copolymer and on the molecular
weight. The composition is essentially invariant in the con-
version range followed. The limiting viscosity numbers increa-
se with conversion.

Table IV. Effect of Degree of Conversion on Composition of
the Product.

Yield (g) Composition (mole-% AN) [n] (d1/g)
0.073 48.8 -
0.135 50.6 4.1y
0.203 - _ 4 .48
0.221 50.1 5.30
0.290 ' - 5.74

Conditions:.8.40 g ZnCl,, 20.0 g AN, 1.3 g BD, 45° C, 25 mA.
Concentration of BD was kept constant

Table V demonstrates that the copolymer composition
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Figure 13. INFRARED SPECTRA OF THE PRODUCTS.

(I)Copolymer, (II)Polyacrylonitrile formed
under same conditions.
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Figure 14.
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NMR SPECTRUM OF THE PRODUCT.
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is also essentially invariant with the change of the ZnCl,
concentration. The slight deviation from 504 AN is within the
range of the experimental error of the elemental analysis.

Table V. Copolymer Composition as a Function of 7nClz/AN

Mole Ratio.

7ZnCl./AN BD in feed Composition
(mole/mole) (g) (mole-4¢ AN)

0.05 1.33 47 .2

0.08 1.28 y7 .8

0.14 1.19 48 .3

0.19 1.2% 51.3

0.34 0.69 50.9
Conditions: 20.0 g AN, 0.15 g Zn(0Ac)s, 25 mA, 45°C,

60 minutes. Concentration of BD was kept
constant.

The effect of the concentration of butadiene is sum-

marized in Table VI.

Table VI. Copolymer Composition as a Function of BD/AN

Mole Ratio.

BD/AN Reaction time Composition  Conditlons
(mole/mole) (minutes) (mole-4 AN)

0,013 30 62 .6 a

0.033 30 56.1 a

0.063 . 30 50.1 a
- 0.119 30 50.1 a

0.013 > 60 83.6 b

0.064 50 , 57 .6 b

0.105 90 | 51.5 b

0.160 | 90 51.5 b

0.231 30 51 .2 b

Conditions: ag 8.40 g 7nClz, 20.0 g AN, 45°¢, 25 mA.
b) 5.00 g ZnCl,, 12.0 g AN, 12.6 g 1,2-dichlo-
roethane, 8.8 g benzene, 45°¢.
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In Table VI, the concentration of butadiene was again kept
constant. It 1s possible to conclude that the system acrylo-
nitrile, butadiene and zinc chloride yields an alternating co-
polymer at low ratios of butadiene to acrylonitrile such as
0.063 (in bulk) or 0.105 (in solution). Further decresse of
the butadiene concentration results in the formstion of a non-
equimolar product. ’

The reaction profile of the electropdlymerization is
shown in Figure 15. With an excess of acrylonitrile and zinc
chloride and constant concentration of butadiene, the rate of
polymerization is essentislly constant in the investigated
range of conversion. When electropolymerization experiments
were carried out at different rates of initiation (by applym‘
ing different currents) and for different periods of polymeri-
zation, and the yield of polymerization was plotted against
the calculated total charge transfered through the solution,
the graph (Fig. 16) indicated that the total number of fara-
days determines the polymer yield. However, Tthe rate of ini-
tiation has no effect on the copolymer composition, as is
shown in Table VII.

Table VII. Copolymer Composition as a Function of
Rate of Initiation.

Current (mA) Composition (mole-4 AN)
8 49.1
25 50.6
25 49.0
L5 - 50.4

Conditionsg: 8.40 g ZnCl.; 20.0 g AN, 1.3 g BD,
hs°o, Polymer yield was about 0.13
grams in all experiments. Concentra-
tion of BD was kept constant.

The reaction profile of the thermal polymeriza-

tion carried out with excess acrylonitrile and zinc chloride
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COPOLYMER FORMATION AS A FUNCTION OF TIME.

Conditions: 8.40 g 7ZnCl,, 20.0 g AN, 1.3 g BD,
hseo, 25 mA.
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Figure 16.
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COPOLYMER FORMATION AS A FUNCTION OF CHARGE
TRANSFERED.

Conditions: 8.40 g 7ZnCls, 20.0 g AN, 1.3 g BD,
45°0¢, various currents and conver-
sions.
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Figure 17. "THE THERMAL" COPOLYMER FORMATION AS A FUNCTION
OF TIME. '

Conditions: 5.00.g ZnCls, 12.0 g AN, 1.4 g BD,
12.5 g 1,2-dichloroethane, 45°C.
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is presented in Figure 17. In these experiments the concentra-
tion of butadiene was not kept constant. The slight curvature
of the line 1s presumably a result of the consumption of buta-
diene during the reaction. (It was followed to 30% conversion
of butadiene).

Conclusion

The acrylonitrile-butadiene-zinc chloride system has
been found to yleld an alternating copolymer under varlous re-

action conditions and means of initiation. Elemental analysis
shows that the mole ratio of acrylonitrile to butadiene units
in the polymer product is always 1:1 irrespective of =zinc
chloride concentration, the rate of initiation and the degree
of conversion in the range covered by the experiments. _

The IF spectrum indicates uneguivocally the presence
of both acrylonitrile and butadiene units in the polymer pro-
duct. When this result is considered together with the fact
that no polybutadiene is formed in propionitrile under the
conditions employed,‘one may conclude that acrylonitrile and
butadiene are built together in a copolymer.

The NMR spectral analysis of the copolymer indicates
an alternating structure in the polymer chains. The presence
of the acrylonitrile-butadiene sequences, the absence of the
butadiene-butadiene sequences and the equimolar composition
leave an alternating structure as the only logical conclusion.

The butadiene in the product is predominantly the
1,4-trans isomer.

The control of the yield of polymerization by the
number of faradays passed through the solution demonstrates
that electrochemical techniques can be employed to vary the
rate of reaction by varying the rate of initiation.

TIT.1.2. CONCENTRATION EFFECTS.

e ke T T P )

— -y o

When a molecular complex between two monomers is the
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polymerizing entity, the rate of polymerization is expected
to reach a maximum at the highest concentration of the comp-
lex. Thus, the effect of varying the concentrations of the
monomers may indicate that the polymerization proceeds via
molecular complexes.

Results .

The spontaneous polymerization in 1,2-dichloroethane
vielded the rate versus butadiene concentration curve in Figu-
re 18. There is a definite limit to the increase in the rate
of polymerization. The maximum rate is achieved when the buta-
diene concentration/zinc chloride concentration ratio ig grea-
ter than unity. Since only the salt-complexed acrylonitrile
can form molecular complexes with butadiene, the maximum of
the curve lies in the region of the highest concentration of
the butadiene-acrylonitrile molecular complexes. The fact that
the product formed at very low concentrations of butadiene was
not a pure alternating copolymer does not alter these conclu-
sions. '

The curve constructed from the electroinitiated poly-
merizations (Fig. 19) also indicates that the rate of polyme-
rization is limited and increases with increasing complex
concentration,

When the rate of polymerization was followed as a fu-
nction of the zinc chloride concentration the curve shown 1B
Figure 20 was observed. The region of observation was restric-
ted by the solubility of the salt in acrylonitrile. The rate
increases rapidly at low concentrations of zinec chloride.

In the concentration effect experiments, the rates of
polymerization are values averaged for the times of the react-
tiong. The reaction profiles of the electroinitiated (Fig. 15)
and spontaneous (Fig. 17) polymerizations have justified this
treatment.

Conclusdion

L R el N e

The polymerization experiments with various amounts



Figure 18.

..71&...

RATE OF, POLYMERIZATION AS A FUNCTION OF BUTA~-
DIENE CONCENTRATION. SPONTANEOUS REACTION.

(oo)Calculated from total yield.

(ee)Calculated from portion corresponding to
1:1 copolymer.

Conditions: 5.00 g ZnCls, 12.0 g AN, 12.6 g DCE,
8.8 g benzene, 45°C.
(37 mmoles ZnCl

o5 226 mmoles AN)
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Figure 19. RATE OF POLYMERIZATION AS A FUNCTION OF BUTA~
DIENE CONCENTRATION. ELECTROINITIATED REACTION.

( A )Calculated from total yield.

( A )Calculated from portion corresponding to
1:1 copolymer.
Conditions: 8.40 g 7nCl,, 20.0 g AN, 45°C,
25 mA.
(62 mmoles ZnCl,, 377 mmoles AN).
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Figure 20. RATE OF POLYMERIZATION AS A FUNCTION OF ZnCl,
CONCENTRATION.

conditions: 20.0 g AN, 1.3 g BD, 0.15 g 7Zn(0OAc)»,
45°@¢, 25 mA.,
(377 mmoles AN, 24 mmoles BD).
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of butadiene have shown that the rate of polymerization incre-
ases initially with an increase of butadiene and levels off.
This observation is consistent with the concept of the forma-
tion of a complex between the monomers and subsequent homopo-
lymerization. The rate of polymerization is also determined

by the amount of zinc chloride available for the complex for-
mation and by the complex concentration.

ITT.1.3. SOLVENT EFFECT.

When the polymerization systems were prepared in the
absence of solvent no product was formed unless the reaction
was initiated by an electric current. The author found that
addition of 1,2-dichloroethane to the acrylonitrile-butadiene-
zinc chloride system results in a spontaneous (or thermal)
formation of the copolymer. It appeared technically feasible
to follow the production of the copolymer as a function of the

nature and amount of solvent.

The results of gspontaneocus and electroinitiated poly-
merizations performed in bulk, 1,2-dichloroethane, benzene and
chlorobenzene are summarized in Table VIII. Although no poly-
mer was formed spontaneously when the reaction was carried out
in bulk, the addition of a small amount of 1,2-dichloroethane
resulted in a rapid spontaneous polymerization. The rate of
the copolymer formation increased with a dilution of the poly-
merization systém. The same accelerating effect was observed
when the polymerization process was initiated by passing elec-
tric current through the system. Elemental and NMR analyses
showed no difference in the copolymer composition (49-514¢ AN)
when compared with the polymerization without solvent. NMR
spectra indicated an alternating structure in every case. .

On the other hand, when benzene was used as a solvent

no change in the polymerization rate was observed. Three dif-
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Table VIII. Polymerization in Solvents.
Solvent Acrylonitrile , vield/Time
Solvent volume volume Current Rate
(m1) (m1) (ma) (g/min)  (mg/min)
None 0 25 0 0/300 0
DCE 5 20 0 0.354/140 2.5
DCE 10 15 0 0.160/62 2.6
DCE, 20 5 0 0.169/19 6.9
Bz 5 20 0 0/90 0
Cl-Bz 18 7 0 0/90 0
None 0 25 25 0.282/60 .7
0.338/75 4.5 4.8
0.232/45 5.1 -
DCE 5 20 25 0.270/34 L, ox
DCE 10 15 25 0.410/37 8.o%
DCE 20 5 25 0.435/17 15.5%
Bz 10 15 25 0.158/30 5.3
0.103/20 5.1 y4.9
0.043/10 4.3
Bz 7.5 17.5 25 0.167/35 4.8
0.156/35 4.5 4.6
0.087/20 4.4
Bz 5 20 25 0.140/28 5.0
0.086/18 4.8
0.045/10 4.5 b7
0.044/10 4.4
C1-Bz 15 10 25 0.143/30 4.8

(*)Rate of spontaneous polymerization has been subtracted.

Conditions: 5.00 g ZnCls, 1.3 g BD, 45°C.

(DCE)1,2-dichloroethane, (Bz)benzene, (Cl-Bz)chlorobenzene.
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ferent concentrations of benzene were tried. The content of
acrylonitrile in the copolymer was found to be in range
49-544, and NMR spectra indicated the alternating structure.
Exploratory experiments were performed with chlorobenzene.

No spontaneous formation of polymer was observed and the rate
of electroinitiated polymerization was not affected by the
presence of the solvent.

Conclusgilon
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an alkyl chloride is used as the reaction medium. Comparison
of the experimental results obtained with dichloroethane and
benzene indicates that the change in the polarity of the reac-
tion medium is not responsible for the change in the polymeri-
zation rate. This ié also concluded from the experiments with
benzene. The same polymerization rates were found for various
acrylonitrile/benzene volume ratios. The presence of a chlori-
ne atom on solvent molecules is not sufficient for a solvent
to induce the polymerization, as may be seen from the ineffec-
tiveness of chlorobenzene. The chloro derivatives of aliphatic
hydrocarbons seem to be specific in this matter. No attempt to
rationalize the observed acceleration of the reaction is made
in this work.

IIT.2. KINETIC STUDIES.

TIT.2.1. POLYMERIZATION AT LOW CONCENTRATION OF COMPLEXING
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A low concentration of one component in a reaction
generally simplifies the kinetics describing the process. The
presence of many equilibria in the donor-acceptor complex po-
lymerization hinders any attempt to derive a rate equation of
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the copolymer production. The employment of a low concentra-
tion of one of the monomers or the complexing agent is expec-
ted to reduce the difficulty. The reaction profile of a donor-
acceptor complex polymerization, carried out under this condi-

tion, thus appears to be of interest.

Results .

. " - —

Theoretically, any of the three reaction components
can be used at a low concentration. In practise, the limited

gsolubility of zinc chloride in acrylonitrile makes a low con-

" centration of the salt with an excess of the monomers the best

and most easily attained case.

Figure 21 shows the yield of copolymer as a function
cf time when the mole ratios of acrylonitrile and butadiene to
zinc chloride were 51 and 19, respectively.

Elemental analysis of the products showed 49-529 ac-
rylonitrile units through out the polymerization, and NMR spe-
ctroscopy indicated the alternating structure.

Similar reaction profiles have been observed at va-
rious temperatures and conditions, and will be shown in the
appropriate parts of this work.

Conceclusilon
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When a low concentration of zinc chloride is employed
the polymerization curve is characterized by a high rate at
the beginning of polymer production, followed by a much slower,
constant rate of polymerization. This observation suggests
that the rate‘of polymerization is determined by the amount of
zine chloride avallable for the formation of the complex bet-
ween the salt and the monomers. At the initial stage of poly-
merization the complex is being depleted and the rate decrea-

ses. Finally, the original complexes are consumed and new ones

- are formed from zinc chloride molecules regenerated from the

copolymer chains. At this time, the rate of regeneration of
zinc chloride becomes a rate determining step and the rate of
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Figure 21.

_78a_

POLYMERIZATION AT LOW CONCENTRATION OF ZnCl,.

Conditions: 3.87x10 “mole/l znCls, 1.98 mole/1 AN,
0.74% mole/1 BD, 37 g DCE, 60°C.
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polymerization is constant, the monomers being in excess.
When a reaction scheme involving complex formation and
the complexing agent regeneration is employed and the concen-
tration of one component is low, the resulting‘curve can be
described by a kinetic equation which relates the copolymer
‘yield to time. The derivation of such an equation is the sub-

ject of the next chapters.

TTT.”2.2. DERIVATION OF KINETICS OF DONOR-ACCEPTOR COMPLEX

The kinetic studies of donor-acceptor complex polyme-
rization published so far hag been focused mainly on the
effects of concentration on the polymerization rate and are
described in chapter I.5. The copolymer composition has been
treated kinetically in the cases when the product is not
strictly an alternating copolymer (4%,108,1%9). However,
there is a complete lack of kinetic formulation 1inkihg the
polymer yleld with time or for describing the polymerization

curves in terms of kinetic parameters.

Derivation of Kinetic ETguatilions

The derivation of the kinetics is based on a scheme
which includes the experimentally verified equilibria between
the complexing salt and monomers, and a salt regeneration

step. This scheme can be written symbolically as follows.

7+ mA omS» W K. | k K
«gg + mD e Z(AD) .......E,Q_;,P 7 —-—1:& mP + Z
k> m m !
recycled

The following is a description of the symbols used.
Z The free catalyst salt.
A The acceptor monomer.

D The donor moncmer.
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7A The adduct formed between the acceptor monomer, A,
and the catalyst salt, Z, of variable stoichiomet-

ry, m.
Z(AD)m; The donor-acceptor complex of the salt and both mo-
nomers of variable stoichiometry, m.
PmZ The catalyst-containing macromolecular product for-
med from the polymerization of Z(AD)m .
P The macromolecular product formed after the regene-
ration of the catalyst from PmZ
Pt The macromolecular product regardless of the prese-
nce of the catalyst.
Ko Equilibrium constant defined as
Ko :_[_Zf}_rﬂﬁ (11)
[Z][A] | |
kl, k_1 The forward and backward rate constants for the
complex formation ZA_ + mD = Z(AD)m .
kp, kr Rate constants for the propagation and regeneration
~ reactions, Z(AD)m-erZ and P 7 - mP+Z, respectively.
e, 2] The concentration of Z(AD)m units existing as po-
lymer.
[P] The concentration of catalyst-free AD units exi-

sting as polymer.
The total concentration of AD units existing as polymer,

regardless of the presence of catalyst 7, is defined as
(Py] = m[P 2] + [P] (12)

It should be noted here that the rate constant, kp, is a com-
posite of the true propagation constant and the rate constant
of the initiation and termination reactions. It could also be
a function of the catalyst (e.g., AIBN) concentration, or the
number of photong passed in UV initiation or the number of fa-
radays passed in electrolytic initiation. The use of such an
apparent rate consﬁant, kp, serves to describe the actual mo-
nomer=-consuming step at this stage and its internal complexity
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does not detract from the validity of the scheme.
The initial concentrations of the components are, at
any time, defined by the following congservation equations.

[2Jo = [z] + [2zA,) + [2(AD),] + [P,Z] (13)
[Dlo = [D] + m[Z(AD),] + m[P Z] + [P] (1%)
(AJo = [A] + m[ZA ] + n[Z(AD) ] + m[P,Z] + [P] (15)
In order to gsolve this problem it is necessary to assume a
stoady state concentration of Z(AD)m in the sysbtem. For
" first order consumption of Z(AD)m it is
arzZ(aD). 7 |
m- m _ _
— - k, (D124 ] (k_1+kp)[Z(AD)m] = 0 (16)

This yields the following expression for the concentration of

the complex.
k

1 m
Z(AD = ——— [D ZA 17
[2(4D),, ] k_1+kp[1tm1 (17)

Three different extremes of reactant concentration
make it possible to evaluate integrals of the rate expression
in subsequent treatment. They are as follows.

Case T [D]o » [Zlo [Alo » [Z]o ;
then [D] = [Dlo (Al = T[Alo

Case IT [Z]o » [Dlo [Alo » [Dlo ;
then [ZA_] = [ZA_ Jo

Case IIT " [Dlo » [AJo [Z]o » T[Alo ;

| then [D] = [Dlo (21 = [Zlo

Tt is now possible to take each case (I,II,III) in
turn, perform the necessary substitutions and evaluate the in-
tegral involved to find the total polymer yield, Pt’ as a fun-
ction of time, t©.

The zero order cage is soluble for each of Cases I,
IT and IIT to give the same answer:
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d[Pt] : 5
—* - mk [Z(AD),,] (18)

This equation does not match the reaction profile in Figure 21.
The first order case is solved for each of the concentration
extremes in the next steps.

CASE T.

In this system (low concentration of Z relative to A
and D) the combination of equations (11) and (13) yields the
following.

[za ]
(7)o = —2— + [Za_] + [2(aD).]1 + [P_Z] (20
o By n (AD),, n (20)
. Ko[AJo[Z]0 - KoEA]%lEz(iD)m] - Ko[AJS[P, 7] (o1)
n 1 + KolAalo

Equation (17) becomes

EZ(AD)m] = Q[ZAm] (22)
where klfD]g
Q = — (23)
k ,+k
-1 i8]

The combination of equations (21) and (22) and rearrangement
yield equation (24).

| QKo[AJG
[z(aD),] = s ([zlo - [P,Z]) (24)

: m
1+ Kora]D)(1+ —QKolAlo
(1 + koI 1+K0[AJ¥}>

which can be expressed as

tz(ap), 1 = R([Zlo - [P, 7)) (25)
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where o _ QKo[A]D (26)

m
1 + K [A]m) 1 -+ QKO[A]O
( oreee < 1+Ko[ AT >

In order to find [Z(AD)m] as a function of only one variable
(time) it is necessary to determine [sz] as a function of
time. The rate of formation of PmZ is

d[sz]

— = kp[z(AD)m] ~ k[P 7] (27)

‘The substitution of [Z(AD). ] in equation (27) by the right

m
hand side of equation (25) yields

d[sz]

at

= kpR[Z]o - (kpR + k) [P, 7] (28)

Equation (28) may be integrated (see Appendix II) to give equ-
ation (29).

c
[p,z) = == (1 - exp(-C,t)) (29)

c

2
where Cq = kpR[z]o (30)
Cp = kR + K, (31)

Equation (25) thus becomes

C C
[z(aD),] = R[ZJo - R == + R —% exp(-Cyt) (32)

Co Co

Now, taking into account equation (12), the rate of polymer
formation can be written as

are. ] m d[P_z] arp]
t 1 (33)
at at dt

The substitution for d[PmZ]/dt and d[P]/dt according to
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d[P_7]

.ﬁgjﬁ__ = kp[z(AD)m] - k [P 2] (27)
afel]  _

el k_[P 2] (34)

yields equation (35).
d[Pt]
dt

= ik, [Z(aD), ] (35)

The combination of equations (32) and (35) and separation of
variables result in the following expression.
C1 C1
dlP, 71 = m(k R[Z)o - k, R — )dt + mk R —= exp(-C,t)dt (36)
t P P, P, 2

This may be integrated (see Appendix II) to

[Pt] = Et + F(l—exp(—Cgt)) (37)

where the boundary condition is that ([P.] =0 when t =0

~

and where

Cq
E = mkpR([Z]o -—) (38)
c
o
mk_RC
o= p 1 (39)
Co

CASE IT.

'~ In this case (the donor monomer, D, is in low concen-
tration relative to the acceptor monomer, A, and the complex-~
ing agent, 7Z) equation (17) becomes

[z(ap), 1 = s{pI" (40)
kl _
where s = ——— [za_Jo (1)
'k + k
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The substitution of equation (40) into equation (14) yields

(z(AD) ]
(z(ap) 1 = 1m0lo - )™ tp 29 - Lpp (ae)
m m S m

or, with respect to equation (12),

[Z(AD). ] '
rz(ap), 1 = L [Dlo - )/ _ L pp g (43)
m m S m

.This can be solved when the stoichiometric constant is unity,
such that

ZAD ]
(2821 - 1, ] (44)

(zAD] = [Dlo -

or, in the explicit form,

s(DJo - [P,1)

(zaD] = T35 (45)

When this expression for the concentration of ZAD is substi-’
tuted into rate equation (35) the following differential equa-
tion is obtained.

are, ] k_S[D] k. S
LA A X (46)
dt 1 + S 1+S
This may be rewritten as
alp, ] '
t
= Cz = C,[P.] (47)
at R |
k_S[D] ‘
where Cx = p7-° (48)
1 +8
C
_ 5
Cy = \ - (49)
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Equation (47) may be integrated (see Appendix II) (using the
boundary condition that [P,] =0 when t = 0) to give

(e, = [0l (1 - exn(-Cyt)) | (50)

CASE IIT.

In this case (the acceptor monomer, A, is in low con-
centration relative to the donor monomer, D, and the complex-
ing agent, Z), the combination of conservation equation (15)
and equilibrium equation (11) yields

(78, ]
(28,1 = 21alo - & ( ormy VY™ - rpyd - [2(aD)] (51)

Equation (51) becomes useful for further derivation only when
m 1is unity. Then

[aJo - [P.] - [2AD]
(za] = T (52)

1+ L
KolZ]o

In combination with equation (22) this yields

[zaD] = 2 (Talo - [P]) (53)
1+ +Q
KolZ]o

The substitution of equation (53) into rate equation (35) gi-
ves the following differential equation.

dalp, ] k. Q[A] k_Q
C - D [P,] (54)
at 1+ —=———+Q 1+ —=— 4q
KolZ]o Kol Z]o

This may be written as

+ -~
at 5

- cglp,] (55)
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k Q[A]
mere o piliko (56)
1+ ———— + Q
Ko[ZJo
C
C6 = 2 (57)
[Ado

Equation (55) may be integrated (see Appendix II) (when the
boundary condition ([P,] =0 when t =0 applies) to give

U1
@s}
e

Py = [Alo (1 - exp(-Cgt))

(This equation is analogous to equation (50) for Case II).
The following table summarizes the various combina-

tions of reaction conditions, stoichiometric constants and

reaction orders which have proved amenable to direct solution

at this stage.

Table IX. Conditions for which a Kinetic Equation is Derived.

Conditions [P.] = f(t) when

T [AJo » [Z]o Reaction order = 1,0 m = m

(Do » [Z]o

T [AJo » [D]lo Reaction order = 1,0 m = 1
[Z]Jo » [Dlo

III[DJO » [Ado Reaction order = 1,0 m = 1
[Z]Jo » [Ado

P el e e S R el e E o el g ey ——

The presupposition of a steady state of [Z(AD)m] ,
which can be attained, e.g., when
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(kp k) > Ky (59_)

allows the imposition of a further set of restrictions on the
kp and k_l
concentration of Z(AD)m . These are that

relation without destroying the stationary state

kp > k_

kp < k_

1

) (61)

It is instructive to test the effect of these restrictions on
-the previously derived equations for the time dependence of Pt
concentration.

Firstly, when relationships (59) and (60) are conside-
red, (and when it is assumed that Ko»1, i.e. Ko[A]o>1 when
[AJo 1s not too small), in Case I equation (37) can be sup-
plied with new expressions for constants E, F and C2 . These
are derived from equation (23), which is now simplified into

m
@ - 22 (62)

k
b

and equations (26), (31), (38) and (39). Their final forms are:

k

E = mkl[D]Q[z]o — (63)
k,[DI5 + k.
k. [D]o
T = m[Z]o ( ; 2 )2 (64)
k,[D]o + k.
C, = kl[Dj§,+ k., | (65)

Similarly, in Cases IT and IIT equations (49) and (57) are sim-
plified to

Cg = k,[Dlo | (67)
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An important feature of the new constants is that they are in-
dependent of kp

Secondly, when relationships (59) and (61) are consi-
dered (and when it is assumed that Ko > 1, i.e. KolAI%>» 1 when
[Alo 1is not too small) then for Case I the new values of E, F
and C, become

2
m kr
E = mkaltD]o[Z]o = (68)
kal [D]o + kI‘
kK. [D]H
F = mnl[z]o ( 2 1m )2 (69)
kal[D]o + kr
Cy = kal[D]o + k., (70)
K
where K1 = —
k
-1
For Casegs II and III, the constants Cq and C6 become
Cy = kK, [7aTo (71)
Cg = KK, [Dlo (72)

An important feature of the new constants is that they depend
on equilibrium constant Kl'
To complete the kinetic considerations, if a system
exists where the two monomers, A and D, are sufficiently reac-
tive to form a donor-acceptor complex without the benefit of a
catalyst, then the foregoing scheme may be modified to take

this into account.

Kk
A+D = (AD) —E» P

Similar procedures may be used to derive the yield-time rela-

tionships which will themselves be greatly simplified.
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(1) The kinetics cannot be solved for all cases. Fortunately,
Case I , developed for any value of m, is the most interest-
ing system and may be solved for a first order reaction in
"monomer" .
(2) The desire to generalize the kinetic scheme made necessary
the introduction of variable stoichiometry, m, in the original
preequilibrium '

Z + mA ;ggér ZA,
Certalin Lewls bases, acrylonitrile for example, interact with
catalyst salts, such as zinc halides and alkylaluminum halides,
to form adducts of variable composition. These adducts equili-
brate, each contributing to the overall value of m, which can
then be interpreted as the weilghted average of the integral
values for the descrete complexes.
(3) For those cases which can be solved, two main divisions
occur, between Casé I and Cases II and IIT together. This is
a consequence of the regeneration of the complexing salt.
(4) The necessary qualification of the solution of the integ-~
ration steps, that a pair of the reactants had to be in excess
over the third reactant, appears at first to be an insurmoun-
table drawback to the analysis. However, because of problems
in dissolving the reactants it is frequently advisable to have
this excess, and 1in practice the qualification does not become
limiting. At this point the particular interest inherent in
Case I becomes apparent. For donor-acceptor complex polymeri-
zations using halides as catalysts, low [Z]o 1is an easily
attainable and desirable condition. Thus, the integration con-
dition is a realistic goal. A glance at the final kinetic equ-
ations themselves will also indicate that Case I is the only
one which has the polymer yield as a function of kr , the ca-
talyst regeneration constant.
(5) One admitted drawback in this overall analysis is the fact
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that the differential- equations were not solved for cases
other than where the reaction order was unity (or zero). In
the steady-state treatment discussed here it is, of course,
quite possible to envisage polymer systems where the reaction
order is unity.

(6) In the case where kp2>k_
Case (I,II and III), the yield of polymer as a function of ti-
me was independent of kp, the apparent rate constant of pro-
pagation.

1 2 it was deduced that, in each

It must be stressed that kp in the foregoing treat-
ment is a function, not only of the true rate constant of pro-
pagation, but also of the initiation and termination steps.

Whereas the previous treatment was intended solely
for the development of the rate equations, next chapters deal
with the subject from a more practical standpoint. This may
be summarized as follows. (A)An appraisal of the equations
themselves, particularly with respect to the effect of changes
in the kinetic rate parameters on the Yield/Time relationships.
(B)An outline of methods of extracting ugeful kinetic parame-
ters from experimental data.
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The various possible combinations of reactant concen-
trations (Cases I,II and III) will now be considered in seque-
nce and the effects of the rate parameters on the Yield/Time
relationship will be discussed.

Case T, ‘

The polymer yield as a function of time relationship

can be written in general as

[Pt] = Et + F(1 - exp(-CQt)) (37)

The yleld of polymer is therefore determined by two time-de-

pendent terms, a linear term and an exponential term. The re-
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lative contributions of these terms appear to be governed by
the ratio of kp, the apparent propagation constant, to kr’
the catalyst regeneration constant. This is shown in Figure 22.

2

Curves 1,2 and 3 correspond to kr >kp, kr;akp and kr<€kp
respectively. The shapes of the curves are independent of the
relative values of kp and k—l except for the special case
when kp§>k_1. In this case, kp is not ratevcontrqlling and
the behaviour of the system is determined by the relative ma-
gnitudes of kr and kl'

In Figure 23, curves 1 through 3 have been construc-
ted for increasing ratios of kp to k., (kp:>kr in all ca-
ses). It should also be noted that as kr decreases, the in-
tercept of the extrapolated linear portion increases to a 1i-
miting value (curve 3). This value is in fact m[Z]lo

Figure 24, again when kp§>kr, demonstrates the ef-
fect of varying m, the stoichiometric constant, without al-
tering kp/kr' Curves 1,2 and 3 have values of m equal to
2.0, 1.5 and 1.0, respectively. The intercepts are approxima-
tely proportional to the m wvalues.

Cases IT and III.

Because of theilr similarity, these cases are treated
together. The catalyst and one of the monomers are in concen-
tration excess over the other monomer. The direct results of
this condition is that the final kinetic equations (equations
50 and 58) are independent of k. , the catalyst regeneration
constant.

Tp

I

t] [Dlo(1 - exp(~04t)) (Case IT) (50)

il

1 = [Aalo(1 - exp(-C4t))- (Case III) (58)

A plot of yield of polymer against time gives a smooth
curve with a change in rate depending on the starting concent-

-1

rations and the rate constant kp. (However, when kp§>k the
rate becomes independent of kp and depends primarily upon kll

This behaviour is shown in Figure 25. Curves 1 through 3 have
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Figure 22. DEMONSTRATION OF THE kp/kr VARIATTON. CASE T.

Curve 1 k >k
r 8]

Curve 2 krmkp

Curve 3 kr<kp
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Figure 23.
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DEMONSTRATION OF

Curve 1 k <«
T

Curve 2 kr <

Curve 3 kr<<

THE kp/kr VARIATION. CASE T.
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Figure 24. DEMONSTRATION OF THE m VARIATION. CASE TI.

Curve 1 m= 2.0
Curve 2 m= 1.5
Curve 3 m=1.0
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Figure 25.

.-.963,...

DEMONSTRATION OF THE kp

Curve 1 kp(l)
Curve 2 kp(?)
Curve 3 kp(})
k(1) > kp(2> >k (3)

VARTATION, CASE IT.
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been constructed for decreasing values of kp. The curves tend,
at infinite time, to a limiting value of polymer conversion,
corresponding to [D]o in Case II, and [AJo in Case IIT. (This
is not shown, as such a high conversion does not uphold the
condition presupposed for integration of the rate equationsg).
A further point to note here is the possibility, in an experi=-
mental situation, of misinterpreting results. When kp 1s low
(curve 3) the curvature is very slight and analysis might sug-
gest, erroneously, a straight line fit.

It 1s again stressed that, from an experimental point
of view, Case I (low [Z]o) is the most desirable and attainab-
le situation, particularly whén inorganic salt catalysts(e.g.,
zinc halides) are being used. This is due to their limited so-
lubility in the systems used and the very rapid, almost uncon-
trolable, reactions in the presence of a high concentration of
the complexing agent. It might also be noted that at high [Z]o
the solutions rapidly become very viscous, presumably due to
associative interactions between polymer chains. This effect
is diminished at low [Z]o, or at higher overall dilution.
(However, at high dilution, there is once again a solubility
problem with the uncomplexed catalyst when using solvents such
as dichloroethane).

Outline of Methods of Extracting

G . v G i G T M Sy R Sy 08 S Sy T PVR A e Gwm GBS Mt Gt Fn e S M4 e G Sw e Gmm S b Y G M SWe G W G WA e MMM S PN T b GO S e e
e o S = e o M G o T 8 G S )y S Bt e e ey e e Rt e e e M bt MG S M el b e S v A e e M s ot e e e PR S gy Mt P

The extraction of kinetic parameters from Yield/Time
curves is a simple process involving the following major steps.
First, Case I conditions are considered.
(1) Experimental curves are found (at a given set of tempera-
ture, solvent and initiator conditions) for [Pt] versus t at
various values of [D]o, the initial donor monomer concentra-
“tion, keeping [Dlo » [Z]o. _
(2) The curves are then analysed mathematically to provide the
parametefs E,F and C2. The actual method of analysis presents
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some problems since the expression of [Pt] as a function of t

contains a non-linear parameter, exp(—Cgt). This problem can

be overcome however, using one of the following methods.

(a) Curve analysis may be accomplished by arbitrarily choosing

a value for the non-linear paranmeter, C2, followed by linear

least-squares regression to find the best Cyr, E and F. Another

method 1s to expand the exponential term as a polynomial and

look for the best fit by the least-squares technique.

(b) The preceeding method is generally applicable., However, in
e

the esnecial cace. when Lk > k (cae Ticire 26) 4t
12 gpecial cage, when Lk 3 ce u

o q ™
e ~ \ 2 EA e & Ll AT Sy -

At
Uo oL v

is le
to get good values of the parameters E,F and C2 using a two-
part linear least-squares regression. Values of the slope, E,
and the first estimate of the intercept, F', which ignores the
possibility of an inflection point in the curved region, are
obtained from the linear portion (high t) of the curve. Using
these, it is possgible to get a value for C2 and a final value
of F from the shaded part of the graph. This can be seen from

equation (73).

log(Bt + F' - [Py]y) = logF - Cpt (73)

A linear least-squares treatment will give a slope of 02 and
an intercept of logF.

(3) When E, T and C, have been found for each value of la,
it is then possible to extract m, kr and kp as detailed in
the following sequence of operations.

(a)'Values of" kp
wing three simultaneous equations.

R, kr and m are found by solving the follo-

R

o k -
E = mkR([Z]o - 1) = meR21o(1 - ) (38)
c ¥ c
2 2
mk' RC) m(kpR)2 12 Jo

e}
b}
[t

2

k)
I
N N3
|
N
O

C C
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Figure 26. ANATYSIS OF THE CURVE [Pt]: Et + F(1 - eXp(—CQt))
WHEN kp > k...
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C, = kpR + k., (31)

Solution of equations (38), (39) and (31) gives

FC5
kR = ——r (74)
E + FC .
2
FeS 1
m = ) (75)
[Z]a (k_R)
D
k, = Cp = kR | (76)

(b) Having values of kpR for each value of [D]o and knowing
m and kr which are constants, k can be found by the fol-
lowing procedure. Equation (26) is simplified to

R = —2 (77)
1 +Q
on the assumption that KolAlo > 1.
Now,
k Q
kK R = —2 - (78)
P14+

After substitution for Q from equation (23%) and rearrangement,

1 k vkl 1
= ( B) — + - (79)

Thus, when plotting l/kpR_against 1/ID]% , the intercept is
kgl,.

In Case II (and similarly Case III) once again, the
curves of tPt] against t are determined experimentally fqr
different [D]o values. A straightforward least-squares analy-

sis of each curve is performed to evaluate 04 for each [Dlo.



Equations (%41) and (49) are then combined and rearranged to
give

1 k + kD 1 1 :

—~ = =) + - (80)

04 kpkl [ZA Jo kp

Thus, a plot of 1/04 against 1/[ZA]o yields an intercept
of 1/kn‘ ([zAlo may be considered equivalent to [Alo or [Z]os
whichever i1s least, assuming that Ko is large, the equilibrium
lying heavily on the right hand side).

The assumption was tacitly made in the foregoing
treatment that variation of [D]g does not affect any of the
rate constants.

I1T.2.5. ASSESMENT OF THE APPROXIMATIONS IN THE KINETICS.
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The mathematical solution of the equations derived
from the foregoing kinetic scheme developed for donor-accep-
tor complex polymerization was based on the steady state assu-
mption and the applicability of initial concentrations of two
components over a range of conversion. The limits imposed on
the validity of the solutions by the approximations are to be
investigated.

ITntroductilion

i g S

The kinetic scheme of the overall process of the for-
mation of Z(AD)m and its subsequent polymerization may be
degcribed precisely and exactly by the following set of diffe-
rential equations (ko and k_o follow from Ko = ko/kK-o ).

1[7] |
ézmv = x_[za 1 +x [P 7] - k [2][A]" (81)
dial o w rza 1 -k [210A0" - (82)

dt
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d(g:Am] = k [210aT" +k_, [z(aD) ] -k_ [z ] -k, [za J[DT"  (83)
g—g-]i-l = k_, [z(ap) 7 - k, [z ]DT" (84)
dtz;imm] = kg (28, I T™ k_ [2(4D), ] - ¥ [2(AD) 17 (85)
diimZ] = kp[Z(AD)m]q - k[P 7] (86)
éit] = mkp[Z(ADk)m]q (87)

By applying a general numerical method for the solu-
tion of differential equations (81-87), one can calculate each
concentration variable (including copolymer concentration) as .
a function of time for a given set of rate constants and com-
ponent concentrations. A 4th order Runge-Kutta method was used
to provide the numerical solution to these differential equa-
tions.

A comparison of the "exact" solutions with those ba-
sed on the approximations (egs. 37, 50, 58) demonstrates the
validity and utility of the approximate kinetic equations.

The first section of this chapter deals with situa-

tions in which the relationships

(D] = [DJo, [AJ = [AJo, [2] = [Z]o

are not strictly valid. This is the case when the initial con-
centrations of reactants do not differ sufficiently and/or
when polymerization proceeds to high conversion.

The second section examines the applicability of the
equations for_various combinations of rate constants, not all
of which satisfy the steady state assumption (eq. 16).
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The graphs have been scaled so that the time and con-
centration units involved in the rate constants, and [aAl, [D],
[z], etc., are arbitrary but uniform.

el e e L
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One of the basic assumptions for the derivation of
equations (37), (50) and (58) was virtual constancy of con-
centration of two of the components. Although valid at low con-
version, this approximation becomes unsatisfactory at high con-
version. Thus the effect of the extent of conversion on the va-
1idity of results obtained by the approximate treatment is of
direct interest. Variation of the ratios [Z]o/[A]o and
[21o/[DJo; [DJo/TAdo and [D1o/[Zlo; [Alo/[Dlo and [Alo/[Z1o;
for Cases I, II and IIT, respectively, is also expected to
affect the constancy of [A], [D] and [Z] during polymeriza-
tion.

Because of the similarity between Cases II and III,
only Cases I and IT are studied. The results of Case II may be
applied directly to Case III. —

The effects of changes in conversion and component
concentration ratios are shown in Figures 27 and 28 for the
conditions of Case I and Case II, respectively. The rate con-
stants used in the simulation of the curves were chosen to sa-
tisfy the steady state assumption and therefore eliminate any
deviation due to the late attainment of a steady state complex
concentration. The constants also satisfy the assumed rapid
attainment of the equilibrium characterized by Ko, and the rate
of regeneration of the complexing salt slow compared to the
rate of polymerization. '

The corresponding numerical data for curve 4 of Figu-~
re 27 and curve 3 of Figure 28 are presented in Tables X and
XI. Table X for Case I indicates clearly that the largest
error in the approximated solution is in the non-linear por-

tion of the curve. The relative error is insignificant after
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VALIDITY TEST. EFFECT OF CONVERSION AND COMPONENT
CONCENTRATIONS. CASE I.

The dotted lines represent the approximated solu-
tion. The solid lines represent the exact solu-

tion.

Curves 1 [21o/[Ado = 1/3
2 [21o/[A]0 = 1/5
3 [21o/[A]Jo = 1/10

4 [210/[AJo = 1/20
Calculated for: [Alo = 1, [D]lo =1, m=1,
k, = 8, k_, = h, ky, = 0.4, k_
k.. 0.004
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Figure 28.
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VALIDITY TEST. EFFECT OF CONVERSION AND COMPONENT
CONCENTRATIONS. CASE IT.

The dotted lines represent the approximated solu-
tion. The solid lines represent the exact solu-

tion.

Curves 1 0lo/[alo = 1/5
2 0lo/[ale = 1/10
3 [D1o/[ale = 1/20

4 Dlo/Malo = 1/40
Calculated for: [Alo =1, [Zlo =1, m=1,
k, = 8, k_ = 0.8, ky =0.02, ky =0.02, k =2,
kr = 0.0002
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the first few percent of conversion. In Case II the error dec-
reases slowly during the reaction.

Table X. Effect of Conversion Under Case I Conditions of Low
Complexing Agent Concentration.

T1me Conversion of D (%) v Relatiye)
exact approx. error (%
3 2.%32 2.49 6.97
6 3.67 3.75 2.5o
9 4,36 h4q 1.29
12 4,73 477 0.82
15 4 .95 4,08 0.59
18 5.09 5.11 0.45
25 5.29 5.31 0.32
50 5.80 5.81 0.28
100 6.77 6.79 0.31
150 7.75 7.78 0.33
200 8.73 8.76 0.35
Calculated for: [Alo = 1, [D]o =1, [Z]o = 0.05, k= 8,
k =4, k., =04, k , =04, k =4, k. =0.04, m=1.
-0 1 -1 P r

Table XI. Effect of Conversion Under Case II Conditions of
Low Donor Monomer Concentration.

Time Conversion of D (4) Relatiy;)
exact approx. error \%
4 4.7 5.6 18.8
8 10.0 10.9 8.9
12 14.9 15.8 6.0
16 . 19.6 20.5 4.7
20 24.0 25.0 4.0
50 50.0 51.2 2.4
100 - - 79.8 81.0 1.8
150 87.2 88 .4 1.3
200 93.3 oL 2 0.9
Calculated for: [Alo =1, [D]lo = 0.05, [Z]o = 1, k= 8,
k_ = 0.8, k, = 0.02, k_, = 0.02, ky =2, k, = 0.0002, m = 1.

1
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The effects of variation of ratios [Z]o/[Als  and
[D]o/[A]0

error 1s generated (as illustrated in Tables X and XI) in the

are also shown in Figures 27 and 28. The largest

initial portion of the curves. Therefore, the applicability
of the approximate equations is Jjudged by the goodness of fit
in the regions of low conversion.

Table XII. Effect of Ratio [Z]o/[A]o
[2]0/TA] Conversion of D (%) Relative
(@] (@]
exact approx. error (4)
1/3 5.1 7.3 44,0
1/5 k.9 1 24,2
1/10 4.9 5.3 8.1
1/20 5.00 5.03% 0.5
Calculated for: [A]Jo = 1, [D]o = 1, ko = 8, k_ = by,
ky = 0.4, k_; = 0.4, k =4, k =000k m=1.
— P T
Table XIIT. Effect of Ratio [D]o/TA]o
[D]o/[AT0 Conversion of D (%) Re%itiyg)
exact approx. error
1/5 9.9 10.8 9.8
1/10 9.9 10.9 9.2
1/20 10.0 10.9 8.9
1/40 9.9 10.9 8.7
Calculated for: [Alo = 1, [Z]o = 1, k, = 8, k_o = 0.8,

k, = 0.02, k_

1 1

The results for Case I in Tables X and XITI are quite

satisfactory. The ratio [Z]o/[Alo = 1/15 prov

=0.02, k_ =2, k,_,=0.0002, m=1.
P r

ides a deviation

below the error limit resulting from experimental uncertainty.
At higher ratios of [Z]o to [AJo
of Case II the deviation is above acceptable limits. Fortuna-

or under the conditions

tely, this is a reflection of the choice of the value for
k, (=k_q) = kp/lO in Case I, and kp/lOO in Case II. If
higher ratios are encountered the relative error is much less.
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For example, an increase of kp/k1 (= kp/k-l) from 100 %o
1000 is accompanied by a decrease in the relative error from
11.2¢ to 1.84 . ’

v One can thus conclude that the degree of conversion
of the donor monomer is not critical and, in Case I, a low
concentration of complexing agent necessary for a good fit is
easily attainable. '

e e T e R e e

The other fundamental assumption reflected in the app-
‘roximate equations is that a steady state complex concentra-
tion is attained and that the concentration is given by equa-
tion (17).

The approximate and exact solutions have been simula-

ted and compared for the following combinations of rate cons-~
tants (L and S are large and small numbers, respectively).

ky ko K,
1 S L L
2 3 S L
3 S L S
I L L S
5 S S S
6 L S S
7 L s L

Although other parameters may influence the rate of
reaction, these three rate constants are sufficient to define
the attainment of the steady state. It would have been desi-
rable to perform the simulations with all other parameters
constant. Scaling problems, however, forced the adoption of
the following uniform conditions.

ko > k_o, k o > k

_ k. < kp or k, (smaller one),
a=1, m=1.

1’

Physically this corresponds to having [ZAm] determined by a

fast pre-equilibrium k
7z +ma =2 ZA
k
-0

m
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where the regeneration step is never faster than the polymeri-
zation step. The simulations were performed for first order
reaction. A factor of 100 was used for IL/S.

Simulated curves are presented in Figures 29-351. Com-
binations 1, 2 and 3 (Fig. 29, lines 1-I, 1~II; 2-I, 2-IT;
3-I, 3-IT; respectively) satisfy the steady state condition,
and the approximated and exact solutions are in good accord.
Although the conversion region covered by lines 3-I and 3-II
is small, the calculations indicate good agreement, as a non-
steady state phenomenon would have been indicated at the be-
ginning of the polymerization. Similarly, a good fit 1s found
for the fourth combination of rate constants, the fast pre-
equilibrium condition (lines 4-TI and 4-IT).

However, for the non-steady state conditions 5, 6 and
7 (Fig. 30, lines 5-I and 5-II or 6-I and 6-II; Fig. 31, lines
7-I and 7-II) a discrepancy is evident at low conversion.

Not all of the seven combinations are necessarily
realistic. For example, the equilibrium constant KX; = kl/k-l
is equal to 0.062 1/mole for the system styrene-acrylonitrile-
zinc chloride system (52). This excludes consideration of
kl > k-l and therefore limits attention to the steady state
combinations 1 to 4 and the non-steady state case 5 for such
systems.

Conclusdion

The analysis showed that the degree of conversion
was not critical and the percent error in the yield was high-
est at low conversions.

In the case of low concentration of the complexing
agent, the concentration conditions necessary for a good ag-
reement are easily attainable. The kinetic equation may be
applied at steady state as well as non-steady state complex
concentrations.

When the concentration of either monomer is low, the

necessary excess of the other two components may be impracti-
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Figure 29. VALIDITY TEST. EFFECT OF RELATIVE MAGNITUDES OF

kis K_; AND kj

The dotted lines represent the approximated so-
lution. The solid lines represent the exact so-

Iution.

Curves 1-I, 2-I, 3-I, 4-I :
: [Z]o = [AJo/20 = [D]o/20
Curves 1-II, 2~II, 3-II, 4-II :
[D]o = [Alo/20 = [2]0/20

Curves 1-I, 1-ITI: ky = k_1/1oo = kp/lOO
: = = 00
2-I, Q-II. k) = kg kp/l
3-I, 3-II: k, = k_,/100 = K,
b-I, 4-II: %,;/100 = k_;/100 = k,
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VALIDITY TEST. EFFECT OF RELATIVE MAGNITUDES OF

ky, k_y AND k.

The dotted lines represent the approximate so-
Jution. The solid lines represent the exact so-

lution.
Curves 5-I, 6-I : [Zlo = [A]o/20 = [D1o/20
Curves 5-IT, 6-IT: [Dlo = [A]o/20 = [Z10/20
Curves 5-TI, 5-IT1 : k1 = k_1 = kp

6-I, 6-IT : k,/100 = k_; = k,
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Figure 31.
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VALIDITY TEST. EFFECT OF RELATIVE MAGNITUDES OF

ks k_y AND kg

The dotted lines represent the approximated so-
lution. The solid lines represent the exact so-
lution.

I
I

Curve 7-I : [Z]o
Curve 7-II : ([D]lo

[Dlo/20
[Z30/20

[AJo/20
[AJo/20

Il
1l

Curves 7-I, 7T-IT : k,/100 = k_, = kp/lOO
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cally high. Moreover, the kinetic equations can only be app-
lied for a steady state complex concentration.

IIT.2.4. APPLICATION OF THE KINETICS. LIMITING RATE IN THE
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An analysis of the kinetic equations indicated a 1i-
mit to the yield of polymer which can be produced in a given
time when the rate of initiation is increased. In the case in
which kp > k_; , equation (37),

[p,] = Bt + F(1-exp(-C,t)) (37)

is independent of the apparent rate constant, kp, (see eqgs.
63-65). Thus, the system should show a limiting rate at the
appropriate value of kp. As this is a function of the rates of
initiation, propagation and termination,

k (88)

kp = f(ki: k t)

pr’
it is equivalent to saying that the system should show a limi-
ting rate of polymerization at an appropriate value of the ra-
te of initiation. The purpose of this chapter is to provide an
experimental example of such behaviour.

Results

Variation of the temperature cannot serve as a means
for selective‘variation of kp because all the equilibria and
rate constants would vary as well. However, a change in the
rate of initiation was achieved using electropolymerization
techniques. During each experiment a constant current was pas-
sed through the golution. The effect of varying this current
is shown in Figure 32.

_ A definite plateau is evident. However, the limiting
yield may be explained by either of two phenomena. (1)A diffu-
sion process becomes the rate determining step; (2)the complex

formation is rate determining, as indicated above.
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In order to differentiate between these two possibi- -
lities polymerizations were performed at the same current with
two different electrode surface areas of 6.4 cm? and 3.6 cm2.
However, as 1s evident from Figure %2, the surface area has no
effect on the limiting yield, thus indicating that the process
was not diffusion controlled in the range of current densities
under investigation. This leads to the conclusion that the ra-
te of polymerigzation becomes independent of the current as the
result of the rate determining step involved in the formation
of a charge transfer complex. Since kp is a function of the
rate of initiation and therefore of the current applied, it is
equivalent to stating that the rate of polymerization becomes
independent of the apparent rate constant of polymerization.

Conclusion

A definite limitation to the rate of polymerization
1s observed when the rate of initiation is increased. It was
shown that this effect was not due to diffusion control of the
rate of initiation. This observation is in accord with the
theoretical prediction derived from the kinetics formulated in
this work for the donor-acceptor complex polymerization.

Generally, the observation of a rate determining step
in a reaction indicates the presence of two or more descrete
reaction steps. In the case of polymerization it suggests that
the individual monomers are not the entities undergoing the
polymerization process. According to the theories of conven-
tional free radical and ionic chain polymerizations, the rate
of polymerization always increases with the rate of initiation
(to various powers). However, when the polymerizing entity is
formed "in situ", then the rate of production of .this complex
monomer may limit the rate of polymerization. With reference
to the system studied, the limited rate of polymerization jus-
tifieg the introduction of pre-equilibria into the reaction
scheme of donor-acceptor complex polymerization.
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Figure 32. COPOLYMER YIELD AS A FUNCTION OF APPLIED CURRENT.
(o) Electrode surface area 6.4 cm2.

(A) Electrode surface area 3.6 cm?.

Conditiong: 3.00 g ZnCl., 24.0 g AN, 1.7 g BD,
45°¢,. 30 minutes.
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IIT.2.5. APPLICATION OF THE KINETICS. DETERMINATION OF ZINC
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It was shown earlier in this work that an experimen-
tal curve described by equation (37) could be analysed to find
constants E, F and 02. The simultaneous solution of equations
'(38), (39) and (31) yields kinetic parameters kpR, m and k...
(See chapter "Outline of Methods of Extracting Kinetic Parame-
ters from Experimental Data”);

An alternate method of determining kpR and kr employs
the following equation (derived in chapter IIT.2.2.) with ¢

1
and C, given by equations (30) and (31).
Cq
[Pzl = — (1 - exp(-C,t)) (29)
Co

The first method requires the following of polymer
vield as a function of time. The alternate method requires the
determination of the distribution of the complexing salt bet-
ween the polymer and the solution as a function of time. The
independent evaluations of the kinetic constants by both me-
thods, and the comparison of the values obtained could support
or disprove the overall reaction scheme proposed and used as
a basis for thé kinetics.

Results

. —— — f———

It was esfablished by elemental analysis and NMR that
the product at the highest conversion studied (144 of the least
monomer) was an alternating copolymer. When the copolymer com-
position calculated for conventional free radical polymeriza-
tion was 35% AN the actual product contained 47% AN. The NMR
spectrum of the copolymer is shown in Figure 33. It indicates
the alternating structure of the product (cf. Figs. 10 and 11).
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Figure 33. NMR SPECTRUM OF THE PRODUCT.
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Figure 34%. [P 7] AND [P,] AS FUNCTIONS OF TIME.

Conditions: ZnCla (7.74x10 %mole/1),
STY (1.21 mole/1), AN (1.18 mole/1)

DCE (35.5 g), 60°C.

The solid lines were calculated from the expe-

rimental points.
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Figure 34 chows the copolymer yield and the amount
of zinc chloride agsociated with the copolymer as functions
of time. (The solid lines were calculated from the experimen-
tal points using equations (37) and (29)).

As predicted by the reaction scheme, the rate of po-
lymerization becomes constant when the amount of zinc chloride
associated with the copolymer attains a constant value. This
value 1is 7.1X10_2mole/l, slightly below the total zinc chlo-
2mole/l.

From equation (29) it is clear that Cl/C2 may be
determined from the limiting concentration of the zinec chlo-

ride concentration, 7.74x10"

ride associlated wilth the copolymer. One of the constants, C
may be determined from a plot of log(l—(Cg/Cl)[PmZ]) versus
time for the non-linear initial portion of the curve. Knowing
C1 and C2, the constapts kpR and kr can be evaluated.

The values of the constants as determined from the

2’

"Copolymer yield" curve and from the "ZnCl, on copolymer"
curve, are as follows. (The calculation and interpretation of
the uncertainties are explained in Appendix IIT).

From the "Copolymer yield" curve

2.3X10_5mole/l min

E =
F = 1.73x10 'mole/1
¢, = 3.3x10’min"
kpR = (3.1 T O.8)X10-3min"1 (The limit of error 5.2X10—3)
m = (2.4 £ 1.3) (The 1imit of error 10)
., = (1 T 14)x10‘4min'1 (The 1imit of error 63x10‘4)

From the "ZnCl, on copolymer" curve

C

Il

3.6x10‘4m01e/1 min
1

1

o 5.1X10"3min'

i

2

k
pR

1

(4.6 £ 0.1)x10min~!  (The 1limit of error 0.7x107°)

i
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k, = (#.5 % 1.4)x1o'4min'1 *y

v (The limit of error 12x10~

The huge uncertainty in the value of kr determined
from the "Copolymer yield" curve prevents a realistic compari-
son of the figures for the constants of regeneration of zinc
chloride. On the other hand, the errors associated with kpR (
allow a reasonable comparison of the two values. The proximi-
ty of the result obtained from the "Copolymer yield" curve to
that obtained from the "ZnCl, on copolymer" curve indicates
the validity of the overall reaction scheme.

When the uncertainties calculated in both methods of
determination of the kinetic parameters are compared, the se-~
cond method based on the distribution of zinc chloride appears
to be far more precise. (This is a consequence of the smaller
number of mathematical operations leading from experimental
data to the kinetic parameters). Therefore, the determination
of the distribution of the complexing agent is an alternate
route to the evaluation of kpR and kr'

Conclusgion

B T e o

The two approaches to the evaluation of the kinetic
parameter kpR provided reasonable results and lend some sup-
port to the overall reaction scheme proposed. There is strong
evidence for the regeneration of the complexing salt from the
polymer in the time dependence of the distribution of the salt
between the polymer and solution. The concentration of the
zinc chloride associated with the copolymer follows from equ-
ation (29). As timé increases the exponential term becomes

less significant and the equation approaches
(p 2] = 01/02 = constant

A constant concentration of salt associated with the copolymer
indicates a constant concentration of salt in solution avai-
lable for complexation and subsequent polymerization. The time
corregpondence of the attainment of a constant amount of the
zinc chloride associated with the copolymer, and a constant
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rate of polymerization is an indication that the regeneration .
step 1s indeed the process responsible for the constant rate
of polymerization attained after the initial stage of reac-
tion. The analytical data probably represent the first direct
proof of the regeneration of the complexing agent.

III.2.6. APPLICATION OF THE KINETICS. EVALUATION OF KINETIC
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The purpose of this work was to investigate the spon-
taneous or thermal polymerization of the system defined above
in the absence of any additional source of free radicals, and

to evaluate kinetic parameters over a range of temperatures.

Polymerizations were carried out at 35°, 45° and 60°C.
Below 35°C the reaction rate was inconveniently low; above
60°C the copolymer produced is not strictly alternating.

The reaction profiles of the polymerizations are
shown in Figure 35. (The solid lines have been calculated from
the experimental points using equation (37)). The features
common to these curves are an initially steep region, corres-
ponding to a fast reaction, and a subsequent linear portion of
much smaller slope. The latter corresponds to a stage in which
the rate of polymerization is restricted by the rate of rege-
neration of zinc chloride. The 35°C curve corresponds to a
non-steady state of "monomer" concentration. This case has
been predicted and analysed (see chapter III.2.3.) and it has
been found that the curve can be used to evaluate kinetic pa-
rameters.

The numerical results are summarized in Table XIV.
Only the experimental points, and not the calculated curves,
have been used in the calculations.



Figure 35.

~ 1228 =

COPOLYMER YIELD AS A FUNCTION OF TIME AT VARIOUS
TEMPERATURES .

Curve 1 35°¢
2 45°q
3 60°¢

Conditions: ZnCls (1.47x10 “moles),

AN (75.4x10 “moles),
BD (33.5x10 “moles), DCE (37.0 g).

The solid lines were calculated from the expe-

rimental polnts.
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Table XIV. Kinetic Parameters at Various Temperatures.

Temperature (°C)

_ 35 45 60
® (mole/1 min)x10° 1.8 4.0 5.6
F (mole/1)x10! 1.66 0.88 0.48
¢, (min~1)x10° 1.7 1.5 2.3
k R (min~1)x10° 1.7%0.5 1.4%0 .4 2 .0t0.7
m 4. 3t3.0 2.4t .7 1.4%1.0
k| (min‘l)x104 112 ELG 10%120

In order to be able to judge the reliability of the
figures in Table XIV the uncertainties in kpR, m and kr were
evaluated in a form of the probable errors (see Appendix III).
The error analysis indicates an acceptable reliability for kpR
and perhaps m. However, the error in kr is unduly great. In
order to have obtained a reasonable value for kr the differen-
ce (Cg—kpR) should not have been smaller than the errors in

these quantities. This was not the case.

Coneclusgion

At . et b Bt ot o p —n Sme v

The kinetic treatment adopted was used to accomodate
the experimental data within the framework of the rate cons-
tants and equilibria assigned to the polymerization. The data
have been analysed to yield parameter m, the complex rate con-
stant kpR, and the regeneration constant kr'

The stoichiometric factor m increases with decreasing
temperature. The value 4 corresponds to octahedral coordina-
tion of the zinc cation with two C1~ and four AN ligands in
the complex (90). At a high temperature m approaches the limi-
ting value 1.

The product kpR does not show a distinct temperature
dependence. However, both kp and R are complex constants and
the temperature effect may be cancelled, or reduced enough to
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be cancelled within the experimental error.

The regeneration constants k. were evaluated, but the
experimental uncertainty met under the conditions employed was
too large for useful quantitative assesment of the regenera-
tion rate for the system studied.
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Iv. SUMMARY AND DISCUSSION

In general, polymerizations involving donor-acceptor

complexes may be described by the following scheme.

Acceptor monomer (A) + Donor monomer (D) 2

Donor-Acceptor complex (AD) - Polymeric product

If the donor-acceptor palr does not spontaneously form such
an AD complex, then the formation of the latter may be "cata-
lyzed" by the addition of a Lewis acid to the monomer pair.
In this case, the acceptor monomer forms an adduct wi@h the

Lewis acid as follows.
Lewis acid (Z) + A = ZA

The adduct ZA may be an entity of sufficient electropositivi-
ty to attract a donor monomer and form the donor-acceptor v

complex. As a consequence of the reaction mechanism, the re-

sulting product i1s always an alternating copolymer.

In this work, the acrylonitrile~butadiene zinc chlo-
ride system was employed to study this type of polymerization.
From the ability of related systems to produce polymeric pro-
duct, and elemental and spectral analyses, it was determined
that the product of acrylonitrile-butadiene-zZnCl, system was
a pure alternating copolymer. Various reaction conditions and
means of initiation had no effect on the product composition.
In this manner it was demonstrated that this system may be
used ag a representative for detailed studies of donor-accep-
tor complex polymerization. The effect of monomer concentra-
tion on the rate of the reaction indicates that polymerization
- proceeds via molecular complexes. The rate of polymerization
was found to be greatest at the maximum complex concentration.

The rate of copolymer formation was found to be re-

mafkably increased by the addition of chlorinated aliphatic
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hydrocarbons. Although no simple explanation of the effect was
found, the change of the polarity of the reaction medium was
definitely excluded as a factor responsible for the rate acce-
leration. As far as the butadiene-acrylonitrile-ZnCl, system
is concerned, the chloroderivatives of aliphatic hydrocarbons
seem to be specific in this matter. Polymerization induced by
a solvent was reported (46) for the styrene-maleic anhydride
system; only solvents with a labile hydrogen (p-cymene, cume-
ne) induced the formation of the alternating copolymer. It was
suggested that the polymerization was "initiated" by the abst-
raction of hydrogen from the g-position of cumene by the char-
ge transfer complex of styrene and maleic anhydride. This view
i1s in accord with the accelerating effect of the dichloroetha-
ne. The negative inductive effect (electron-withdrawing) of
the chlorine activates the hydrogen atoms and the proton is
readily extracted. On the other hand, benzene 1is ineffective.
In the case of chlorobenzene, the hegative inductive effect
of the chlorine atom is opposed by the positilve mesomeric
effect (electron-supplying), the net electron-withdrawing
effect being much less than in a molecule of the dichloroetha-
ne. Thus, the aromatic chloroderivative is also ineffective.

When the butadiene-acrylonitrile-ZnCl, system with
a low concentration of zinc chloride and an excess of the mo-
nomers is polymerized, the reaction profile is characterized
by a two-region curve; the initially high rate decreases and
is invariant in the second region. Such a curve can be descri-
bed by a kinetic equation which relates the copolymer yield to
time. The derivation of this equation has been a main theore-
tical achievement of this work. It was based on the following
scheme . ‘

7 + mA ..I_{..Q..'. 7A
T 1}m 1mp K

k—l

Kk k
L~ Z(AD),, —E> P 7 —Lemp + 7

recycled
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The initially formed complex between the acceptor monomer and
the complexing agent reacts further with the donor monomer to
yield a donor-acceptor complex. This 1s the entity which un-
dergoes polymerization. The complexing agent is regenerated
from the polymer and participates in a new reaction cycle.

The final kinetic equation describing the polymer for-
mation in the presence of an excess of the monomers and first
order consumption of the complex was found to be

[p.] - Bt + P(1

{ _r +))
\ "/

2

B oy
- CApM

t

where E, F and C, are complex constants. At high t the expo-
nential term is negligible and the expression becomes an equ-
atlon of a straight line.

Because the kinetic equation was derived under cer-
tain assumptions (the steady state of the complex concentra-
tion, and the constancy of the concentration of the monomers
throughout the polymerization) it was necessary to test its
valldity under various conditions. This was done by comparying
the approximate equation with the exact solution found by
means of the Runge-Kutta numeriéal method. A good agreement
between the approximate and exact methods was found over a
reasonable conversion.The kinetic equations derived for the
low concentration of either monomer,

[P,] = [DJo(1 - exp(-Cyt)) (low [D])
[Pyl = [AJo(1 - exp(-Cgt)) (low [A])

where 04 and C6 are complex constants, bear the disadvantage
of being valid only for m = 1. TFortunately, these concent-
ration conditions are of 1little, if any, importance with res-
pect to thé solubility problems, high rate of polymerization,
viscosity of solution, etec., which may be met when the comp-
lexing salt is in an excess over a monomer. The most practical
and most frequently used conditions are those with a low con-
centration of the complexing agent. For this case (Case I) the
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kinetics has been derived for all m. Also, a polymerization
curve of such a system can always be analysed to yield the
kinetic parameters irrespective of relative values of the ra-
te constants of the single reaction steps, either satisfying
or not satisfying the presupposed steady state concentration
of the complex. _
The equations relating the polymer yield to time were
derived for zero and first order reactions only. A zero order
reaction was eliminated by the observation of a non-linear
dependence of [Pt] on time. It is feasible to envisage reac-
tion schemes which lead to the first order consumption of
Z(AD)m. The latest approach to the charge transfer complex po-
lymerization conceives the initiation step as the activation
of a complex from the ground state to an excited state with a
high contribution from the ionic structure ~AD' . The latter
may initiate a chain addition reaction leading to a copolymer.
In the presence of an organic peroxide or an azo compound, the
initiation has been postulated to be an energy transfer from
the excited specieé generated in the decomposition of the
organic compounds (116-119) to a charge transfer complex (114,

115). The principal processes can be described as follows.

Thermal or photochemical initiation

k

Z(AD)m———é—e Z(AD)* (89)

Ry = k [Z(AD) ] (90)

Initiation by an organic compound
kd
I —=3 R* . . (91)
k!

R* + z(AD)m —L 3R+ Z(AD)E (92)

If reaction (91) is the rate determining step in the initia-

tion process, the rate of initiation is

R; = k,[1] (93)

1

where ki = kdf , T being an efficiency factor.
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If reaction (92) is the rate determining step in the initia-

tion process, the rate of initiation is
R; = k;[z(aD) J1] (94)
where k., = klf
i i

The propagation step is the reaction of an activated chain-
end with a monomer.

k
z(aD)} + z(AD), —ET—  7(aD)X (95)

Ry = K, [Z(AD)X10Z(AD), ] (96)
The terminatlion can proceed by several means. The hydrogen
transfer mechanism (44) suggests monomolecular termination,
bimolecular termination by polymer-polymer interaction, or
bimolecular termination by polymer-complex interaction. They

may be expressed schematically as follows.

k
Z(AD)* _t1 7(AD) (97)
Ryq = ki, [Z(AD)X] (98)

Ko
z(AD);;l + z(AD);;l —_— z(AD)m (99)

w12
Rin = thEZ(AD)m] (100)
ks

z(AD);;l + Z(AD)m 2 z(AD)m (101)
Ry = kw[z(AD);;l][z(AD)m] (102)

From the steady state approximation it follows that R; = Ry

and therefore
R.

£ 1 1/a
[Z(AD)x] (kt[Z(AD)m]B) (103)

where a and B are reaction orders with respect to Z(AD);

and Z(AD) respectively, in the termination reaction.

m k4
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The rate of polymerization can be written as

R. '
R. = mR__ =mk__( = )1/“ [z(AD). ] 104
P Pr pr kt[Z(AD)m]B ( )m ( )

The following combinations of the initiation, propagation and
termination steps lead to a first order reaction with respect
to complex Z(AD)m.
(a) Initiation (90), propagation (96), termination (102).
Kok
o . [2(aD),] = mk [Z(AD),] (105)
£3
(b) Initiation (93), propagation (96), termination (100).
k.[1] .
. = mk S l/2 - 7 6
R, or o ) [z(AD)m] mkp[7(AD)m] (106)

(¢) Initiation (9%4), propagation (96), termination (102).

k, [T]
Rp = mkpr ; - [z(AD)mJ = mkp[Z(AD)m] (107)
t3
(d) Initiation (93), propagation (96), termination (98).
- mk S 08
Rp = mpr--ktl [é(AD)m] = mkp[Z(AD)m] (108)

In other words, when the reaction orders of Z(AD)m in the
initiation and termination steps are the same the overall re-

action order with respect to the complex is unity.

To confirm or at least support the reactilon scheme
employing the pre-equilibria , polymerization of the complex
and the regeneration of the complexing agent, two parameters
involved in the scheme were followed independently: the con-
centrations of the final product P, and the intermediate P _Z.

The time functions of these are described by different equa-
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tions which offer two independent methods for the evaluation
of kinetic parameters. A comparison of the magnitudes of k_R
yvielded an accord indicating the validity of the kinetic
scheme employed in the derivation of the time functions.

A proof of the regeneration step in the scheme has
emerged from the observed limiting value of the zinc chloride
assoclated with the polymer. This is apparently the first ex-
perimental demonstration of the regeneration of the complex-
ing agent in a donor-acceptor complex polymerization.

The observed plateau on the curve Rate/Current is
also in agreement with the theoretical prediction which fol-
lowed from the kinetics. It was derived that a limiting rate
of polymerization should be achieved when the apparent rate
constant kp 1s large. Because kp is a complex constant refle-
cting the initiation, propagation and termination steps, a va-
riation of the current was used to alter kp. The existence of
a rate determining step is general for two- and many-step
schemes. When a product is an alternating copolymer it con-
firms that it was produced by a homopolymerization of a com-
plex between the two monomers formed prior to the polymeriza-
tion. In other words, the observation of a limiting rate of
polymerization justifies the employment of the pre-equilibria,
characterized by Ko and XK; . Thus, while the distribution of
zinc chloride in the polymerization system confirmed the part
of the scheme subsequent to the polymerization step, the limit
in the rate of polymerization confirmed the part of the scheme
preceeding the polymerization step. Therefore, with the excep-
tion of the reaction order in the complex polymerization, the
whole proposition including the prior formation of "monomer"
in the pre-~equilibria, polymerization of the "monomer", and
the salt regeneration after the "monomer" is polymerized, has
been supported experimentally. \
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APPENDIX T

Systems Reported to Yield Alternating Copolymers.

(The polymerizations were initiated by radical initiators, UV
irradiation, electrochemically or thermally).

Donor Acceptor Compl . agent Refr.

1,3-butadiene acrylonitrile ethylaluminum 28,54
sesquichloride
ZnClg 38}54) 55
AlEtC1,/VOCl 3 9k, 95
7nCl,/VOCl s T4
SnCl./VOCla T4
A1C1s/VOCls T4
ethyl methacrylate ethylaluminum 69
sesguichloride
ethylaluminum 69
sesquibromide
iso-butylaluminum 69
sesquibromide
maleic anhydride - 131,137
methyl methacrylate AlEt-C1 69
ethylaluminum 69
sesquichloride
A1EtCl, 69
A1EtC1o/VOC 3 96
n-butyl vinyl. maleic anhydride - 27
ether
i-butyl vinyl - 27
ether .
t-butyl vinyl - 27
ether
cyclopentene acrylonitrilé ethylaluminum hr
sesquichloride
methyl acrylate 47
p-dioxene maleic anhydride - 24

divinyl ether Cl-maleic anhydride - 29
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Donor Acceptor Compl. agent Refr.
ethyl vinyl chlorotrifluoro- - I
ether ethylene
ethylene methyl acrylate ethylaluminum 39

sesquichloride
furan maleic anhydride - 26
indene methyl acrylate ethylaluminum 135
sesquilchloride
methyl methacrylate 125
isoprene acrylonitrile 38,54
ZnClg 34:38:54:55
ethyl methacrylate ethylaluminum 69
sesquichloride
ethylaluminum 69
sesquibromide
methyl methacrylate ZnClos 35
5-methylene maleic anhydride - 26
bicyeclo
(2,2,1)~2~heptene
a-methyl styrene acrylonitrile ethylaluminum 59,60,66
sesquichloride
B—cyanoacroleih - 25
methacrylonitrile ethylaluminum 57,60
sesquichloride
B-i-propenyl maleic anhydride - 132
naphthalene
propylene acrylonitrile A1EtC1, 39,58
ethylaluminum 58
segsquichloride
ethylaluminum 58
sesquibromide
methyl acrylate A1EtCl, 29
methyl vinyl ketone (7
AlMeClg 77
styrene acrylonitrile ethylaluminum  39,57,62
: sesquichloride 65,66
AlEts 78

ZnClg

34,43,51-53
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Donor Acceptor Compl. agent Refr.
styrene acrylonitrile ZNnBrs 71,73
MgClp .6H20 5l
NiClz .6H20 34
a-Cl acrylonitrile ethylaluminum 57,70
sesquichloride
7nCl, 57
a =-cyanomethyl 40
acrolein
methacrolein 56
methyl acrylate ethylaluminum 39
sesquichloride
methacrylonitrile 60
methyl methacrylate AlEts 78
ethylaluminum 39,42,45
sesquichloride 57,63,67
68,133
ZnCls 52
ZnBrs 72
vinyl chloride acrylonitrile A1EGCL - 61,75,76
ethylaluminum 61
sesquichloride
AlEt-CL 61
methyl methacrylate AlEtC1,/VOCls 93,134
vinylidene acrylonitrile ethylaluminum 64
chloride sesquichloride
A1EtCI, 64
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APPENDIX

Solutions of Some Integrals.

dy = -
= a by

[ e ]
R dx

(2)

dy = adx + b exp{-cx)dx.
p
Idy = a[dx + b]exp(—cx)dx

y = ax + %~(1 - exp(-cx))

IT
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APPENDIX TIIT

Error Calculations.

Outline of the Calculations.

- b . pat T —- T e bm M Ty o e ey Mt gt Sms

The error calculations were performed according to
the pattern set by Shoemaker and Garland in "Fxperiments in
Physical Chemistry", McGraw-Hill Book Comp., New York, 1967,
p. 30-35.

Two kinds of uncertainties were calculated.

(1) The limit of error, A (F), by the propagation-of-error
treatment, which determines a maximum possible error in a
quantity, and is given by

WE) = 18R D) IR xa) ¢ 18 ey (a1)
n

(2) The probable error, Q, defined as a quantity with such

a value that the probability that the magnitude of an error
will be less than Q is equal to the probability that it will
exceed Q, was calculated using the relationship

Q= /3.8 (A2)

For this purpose, the 1limit of error, ), was calculated by
a treatment which takes into consideration the probability
that when several variables are involved the errors may
cancel one another.

F 2 : B 2 ,1/2
M) = (P0G ) P )P0 (xe) P P )9° 1Y
X1 8X 2
(43)
When a graphical method of determining the 1imit of
T error was employed, it was based on the drawing of a rectan-

gle with width 2x(xi) and height 2x(yi) around each expe-
rimental point (Xi,yi). The error in measuring the reaction
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time t was negligible and accordingly treated as zero. The 1i-
mit of error in the polymer yield was estimated from the poly-
merization experiments carried out under identical conditions,
which yielded: 1.481 g, 1.497 g and 1.422 g. From these the
standard error (or estimated standard deviation) was calculs-
ted and found to be 2.6% . Although three points are too few
to calculate the standard error, this value was accepted as it
is in agreement with the usual uncertainties in polymerization
experiments.

The 1imits of error in slope B and intercept ' of

A(E) and A(F'), the error limit in the extrapolated yield P
was determined according to equation (A1) and

[p

il

] Et + F!

eXx

)

I

A [P

o)) = B A(E) +(F") (A4)

The 1imit of error in the ([PeX] - [Pt]) term is
APyl ~ [PL1) = ([P 1) + A{[PLT) (A5)

The maximum error in log([P__ ] - [Pt]) is given by

([P, - [Py])
[Pey] - [Py

By plotting '1og([PeX] - [P,.]) versus time, the limits of

errors in parameters F and C

A(Log([P 1 - [P.])) = (a6)

o were determined graphically.
The uncertainty in the slope provides the uncertainty in
constant 02. The uncertainty in the intercept ylelds the un-

certainty in logF. The latter was subsequently used in

W(F) = T A(logF) (AT)

From equations (74), (75) and (76), the total differentials

were derived and transformed to the error 1imit expregssions:



FC3 c2 FC2
\x r) = ( 22 ) = a(m) +
p (E+FC2)2 E+FC, (Et+FC,)?
FC DEC
+ <( 2 e 4 2 > A (C5) (A8)
E+FC, E+FC,
C2 2C,F
A(m) = A(F) + A(Cy) +
[2lo (k. R)% [zlo {k _R)2
p p
ch . EFCS
+ A([Z1o) + X(kpR) (A9)
[z13 (kx _R)= [2]o (k R)®
p p
Ak.) = aley) + X(kpR) (A10)

When the kinetic parameters were evaluated from a
"7nCls on copolymer versus time' curve, the limits of errors
were calculated in the following manner. The last five points
on the corresponding curve in Figure 34 (supposedly lying on
a plateau) were used to determine the maximum possible error
in the "ZnCl. on copolymer" values. It is

([P _2]) = 2x102mole/1 = 2.8%

This 1s also the 1limit of error of 01/02, as follows from
equation (29).

A (C,/Cy) = 2x10 “mole/1 = 2.84

Also from equation (29), the error 1limit in constant 02 is

-~ [p_7] ¢,/ C
r(c,) = - A(Cy/cy) + — A ([P, 2])
£(1- -5% S IAD £(1- 6% rp,21)

(A11)
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A(cy) = ¢y a(cy/cy) + a(cy)e /e,

For k R = Cl/[Z]o , the 1limit of error is

p
1 C1
MIR) = D A([230)
[Z]o (213
For kr = CQ-kpR , the error limit was calculated from

Ak, = alcy)

+ x(kpR)

Calculations for Chapter III.2.5.

i O

The uncertainties

in the component quantities were:

A(zncls) = £ 0.005 g
A(AN) =tToom
AsTy) =toom
A(DCE) =Tt o.5m

These gave A([Z]o) = 2r1X10-3mole/l
The graphical gethod yielded
AE) = 4x10 "mole/1 min

AW(F') = 1.5x10—2mole/l
Consiquently,
([P, 1) = 16.6x10 mole/1 (for t = %00 min)
A([P_ 1~ [Py]) = 19.4x10mole/1 (for + = 400 min)
x(log([PeX]—[Pt])) = 0.36 (for t = 400 min)
= 129 (for any t)
A(C,) = 1.08x10 “min"? ’
A(F) = 6.0x10 °mole/1
The following values were used to calculate x(kpR),
and x(kr).
o = 2.321x10 °mole/1 min
P = 1.727x10 *mole/1

1

(A12)

(A13)

(A1Y)

A(m)
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C, = 3.266x10 “min
236 = 7.74x10 °mole/1
A E) = 4x10—6mole/l min
AF) =60m0@mﬂ@q
MC,) = 1.08x10 min”t
AM[2]e) = 2.1x10 mole/1

2 1 5.3 x 4x1070 + 2.8447 x 1.08

XlO'3

Mk .R) = 3.563x107° x 6.0x10"

- -

= 5.2313%x10 “min~*!
2

A(m) = 1% x 6.0x107° + 1481 x 1.08x10™> + 31.26 x 2.1x10™7
+ 1543 x 5.2313x107°
10.5

A(k,) = 1.08x1077 + 5.23x1077
= 6.31x10 min "t

The probable errors, Q, were determined as follows. Equation
(A3) was used instead of equation (A1) in all numerical cal-
culations. The results obtained are:

X([Pex]) = 15.1X10—3m01e/} ~ (for t = 400 min)
\([p_ ] - [P.]) = 15.4x10’mole/1  (for t = 400 min)
k(log([PeX] - [Pt])) = 0.28 (for t = 400 min)

= 9.6% (for any t)
A (C,) = 0.87x10’min”
A(F) = 4.8x10 °mole/1

Now, with the new ) (F) anf X(Cg), the following values were
calculated for the limits of error.

Mk R) = [(3.563x1077)% (4.8x1072)% + 5.3°(1x1070)2 +
2.8447%(8.7x10™H)2 11/2
= 3.01x10 min~}
a(m) = [142(4.8x107°)2 + 1481%(8.7x10™M)2 + 31.262(2.1x1070)?

+ 154%2(3.01x1070)2 31/

= 4.8
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[(1.08x1072)2 + (5.23x1072)2 11/2
5.%%10 min"t

>
~
Il

i

Using equation (A2), the probable errors were calculated to

Qi R) = 0.8x10 2min™t
am)  =1.3
(k) = 1.4%10 2min”t

The limits of error in kpR and kr determined from the
"ZnGl, on copolymer" curve were calculated using equationsg
(A11) to (A1l) ana
t = 200 minutes

[p 7] = 4 .6x10 °mole/1

[z]lo = 7.74%x10 “mole/1
c = 3.6x10‘4m01e/1 min
02/01 = 14.17 1émole
.1x10 “min”
1x10 °mole/1
.28x10mole/1
.1x10‘3mole/1
.97x10 ™11 /mole
.0x10™mole/1

1

Q
-
~
2
N
Il

— M
L[?J"U
o N
~
o —
1l i

N W D POl

A (

A (
r(c/cq) =
r(cy/0s) =
Consequently,

o 1

= 6.60x10"" x 3.97x10"1 + 2.0%x10"! x 1.28x107°

5 .00x10 Hmin~t

x(cg)

il

5.1x1072 x 2.0x1072 + 7.1x1072 x 5.92x10~F

4.73x10_5m01e/1 min

il

x(cl)

tt

. 12.92 x 4.7%x10™° + 6.01x10™2 x 2.1x1077
7.37%x10  min~?
5.22}(10"1'L

1.259%10 “min”~

>
~
=dJ
il

il

+- 7.37}(10"LL

1

>
—
~
o —
1l

il
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The probable errors, Q, were determined using equa-
tions (A2) and (A3). The calculations yielded '

M(0y) = £(6.60x1071)2 (3.97x1071)2 + (2.03x1071)?
(1.28x1077)2 31/2
~ 3.7x10 *min"?
() = {(5.1x1077)2 (2x1072)% + (7.1x1072)2 (3.7x107%)2 31/2

2 .80x10 °mole/1 min

il

Ak R) = {12.92°2 (2.82x107°)2 + (6.01x1072)2 (2.1x1077)2 11/2

= 3.85x10 "min~1 '
{(3.7x107%)2 4 (3-85x10-4)2 }1/2
5.54%10 min"L

>

~~
-

S
Il

it

1

Q(kpR) = 1.01x10"4min'

alk,) = 1.40x10 min~L

e —— i ——— Mo b W_ o gt ot Tt Wt e Wt Wt W rm Bols T Sk Gy ot o St

The curve for 45°C was selected as a representative of all the
three curves. It was assumed that the limits of error, when
expressed as percentages, were similar for all the three ex-
perimental series. This greatly reduced the calculations.

The uncertainties in the component quantities were:

A(zZncls) = £ 0.005 ¢

A (AN) =toom

A (BD) =T 1 m=1%0.016g
A(DCE) =TT o5 m

These values yielded A([Z]lo) = 1.66x10~3m01e/1

The graphical method of determining the limits of error in the
intercept and slope gave

-~ A(E) = 2.5x10 "mole/1 min

A(F') = 1.1x10 “mole/1
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Hence,

M[P_ 1) = 11.1x10 ’mole/1 (for

AP 1 - [Py]) = 12.4x10 7mole/1 (for

A(Log([P, 1 - [P.1)) = 0.30 (for
= 9% (for

\(Cy) = 5.9%x10 ’min™t

\(F) = 2.20x10 °mole/1

The following values were used to calculat

t = 50 min)

t = 50 min)

t = 50 min)
any t)

e x(kpR), A(m)

6

and x(kr).

i = 4.0x10"°mole/1 min

F = 8.8x10 °mole/1

c, = 1.5%10 “min~!

[Z]o = 3.868x10 °mole/1

A(E) = 2.5x10‘6mole/1 min

A(F) = 2.20x10 °mole/1

\(Cy) = 5.9%x10min”?

A([Z0) = 1.66x10 mole/1

Mo R) = 3.26x1071 x 2.2%107° + 10.7 x 2.5%x10°°C +

5 .49%x10 2min~ !

Il

A(m) = 29.7 x 2.2x107° + 348 x 5.9x107° +
+ 374 x 2.42x107°
- 11.86

5.9x10™° + 2k .2%x10™2
30.1x10 “min "t

>
~
il

i

2.88 x 5.9x107°

67.5 x 1.66x107°

The probable errors were determined by employing equations

(A2) and (A3). The results are as follows.

([P 1) = 1.10x10%mole/1 (for
x([PeX] - [Pt]) = 1.12x10'2m01e/1 (for
MLog([Pg, 1 - [PL])) = 0.27 (for

- = 8¢ (for

t = 50 min)
t = 50 min)
t = 50 min)

any t)
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5. 4%x10 “min~L

1.98x10 °mole/1

A (C
A(F

il

I

o)
)

Now, with the new values for X(C2) and X(F), the limits of
error were found to be:

Nk R) = {(3.26x1071)2 (1.98x107°)% + 10.7°(2.5x1070)2 4
’ 2 -3y2 41/2
2.88%(5.4x1077) }
= 1.68x10 “min"t
A(m) = {29.72(1.98x107°) + 3482(5.4x1070)% + o
67.5'(1 66x1077)° + 37U°(1.68x107°)F 11/%
= 6.6
M(k,) = {(5.4x1072)2 4 (1.68x1072)2 }1/2

17 .6x10 min1

I

From equation (A2),

Q(k R) = 0.44%10 % min™? (= 31% )
Q(m) =1.7 (= 719 )
alk.) = 4.6x102min"1 (= 1045% )

r

When these figures are expressed as the percentages of the
corresponding constants and the same percent error is assumed
for the kinetic parameters evaluated at 35°C and 60°C, the
probable errors are found to be

At temperature 35°C,

Qi R) 0.53x10 “min™?
Q(m) 3.0

Q(k,) = 1.2x107min™

il

At temperature 60°C,

Q(k,R) 0.68x10 min™?
Q(m) =1.0

Q(k,.)

i

~1

il

11.7%10 min
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