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ABSTRACT

The problem of describing quantitatively the selectivity of
cationic copolymerizations leads to a new method of calculat-

ing kinetic parameters of the copolymerization. The "indi-

vidual rate constants" for the binary first-order copolymerization
calculated this way are well suited to describe the "dynamics of
the copolymerization' and to predict copolymer characteristics,
e.g., composition and microstructural parameters. By means of
cationic copolymerizations of vinyl monomers, theoretical cal-
culated copolymer characteristics and experimentally independ-
ently determined ones are compared,

INTRODUCTION

For the synthesis of macromolecular products with new proper-
ties, the copolymerization of monomers with strongly differing
stereoelectronic natures should be suitable. It is well known that the
properties are essentially defined by the composition of the polymers
and the microstructure of the polymeric chain. The knowledge of
well-defined property characteristics and the possibilities for
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reaction-conirolled synthesis leading to such products requires in-
vestigations on the quantitative description of copolymerization be-
havior of two or more monomers under defined reaction conditions.

As the composition of the copolymer and the structure of the
polymeric chain are in close connection with the relative reactivity
of the monomers and with the selectivity of the crossed propagation
reaction during the formation of the macromolecule, the derivation
of parameters which are characterizing the elementary steps quanti-
tatively is one of the central problems of kinetic research of the
copolymerization.

Empirical relations between the composition of the copolymer and
the concentration ratio of the comonomers in the feed are reflected
by the well-known "'copolymerization diagrams.'" These relations

‘are quantified by the "copolymerization parameters'" (CPP). Their

calculation is based on the assumption that the microstructure and
the composition do not change strongly with the conversion degree.
Expressed by other words, these CPP are '"'static' in their nature.

Mirabella et al. [ 1, 2] reported their investigations concerning
the quantitative description of copolymerization. They described in
detail a Monte Carlo simulation of copolymerization [ 3] which con-
siders the initiation and propagation steps and yields instantaneous
and cumulative copolymer composition as a function of chain length
for high conversion copolymers [ 2]. This method is based on the
copolymerization parameters and on the integrated copolymer equa-
tion as described by Skeist [4]. The deviations between theoretical
and experimental results as reported in Ref. 2 may partially have
their origin in the use of the approximations r; = ki,/kizandrz =
kz2/k2 which need not be fulfilled in any case.

By employing corrected methods of determining copolymerization
parameters as reported by Kelen and Tiidés [ 5], it becomes possible
to evaluate data obtained at high conversion levels. But the question
of reflecting the rate constant ratios kii/ki2 and kzz/kz, by copolym-
erization parameters r; and r> remains unsolved. In this paper we
intend to deal with this problem too, i.e., with the definitional back-
ground of copolymerization parameters and their use for kinetic
interpretations of copolymerizations.

Our investigations concerning the cationic copolymerization of
p-substituted styrenes and other vinyl-type monomers [6, 7] showed
remarkable dependence of the copolymer composition on the reaction
time.

Investigating the copolymerization of -methylstyrene and isobutene
initiated by Lewis acids, we found that the composition and the miero-
structure (sequence lengths distribution) of the copolymer determined
by ‘H-NMR-spectroscopy obviously depend on the conversion degree.
Besides this, a competitional formation of entirely different products
(not precipitable oligomers with a high degree of alternation, pre-
cipitable random copolymers, and high-molecular polyiscbutene)
were observable. The chemical inhomogeneity also depends on the
reaction conditions and on the conversion degree.
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The copolymerization of cyclopentadiene and isobutene initiated by
aluminum halides has been found to be easily analyzed by 'H-NMR-
spectroscopy and by use of gel permeation chromatography (GPC).

We found again that microstructure, composition, and chemical in-
homogeneity of the product change with conversion, whereby at longer
reaction time homopolymerization of isobutene is dominant.

An exact description of these ""dynamics of copolymerization,™

e., the change of product composition, chemical and physical in-
homogeneity, as well as microstructure (sequence lengths distribu-
tion) in dependence on the reaction time became difficult on the basis
of the "classical'' copolymerization parameters (CPP). Conformity
between microstructure data, calculable herefrom [ 8] and those which
had been obtained by use of experimentally independent methods, could
only be expected at defined conversion degrees,

With this paper we would like to describe a method usmg kinetic
data from the course of the copolymerization in order to permit an
interpretation of the above-mentioned "dynamics of copolymerization"
and to demonstrate the conformity of calculable and experimentally
independently obtained microstructure data.

THE THEORETICAL PRINCIPLES

The Kinetic Model

The complete kinetic analysis of the copolymerization, i.e., the
determination of the different rate constants of initiation (kI)’ of

the crossed propagation reaction (kP 11, 12, 21, 22) and of the chain-
limiting reactions (kT) should characterize the time-dependent lapse

of the copolymerization and with that the "selectivity" of different re-
action probabilities. The meaning of the term "selectivity of the co-
polymerization' is therefore quite different:

1. Selective initiation (s-i). The formation of the active
species from the two comonomers occurs at different rates:

2. Selective chain termination (s-t). The different terminal chain
units have distinct tendencies for chain limiting reactions: k (M )

# k(M)
3. Selective propagation processes (s-p).
The probability Pi for including the monomer Mi into a binary
copolymer consisting of Mi and M., i.e., the mole fraction Xi
of the monomer M, in the copolymer [9]l.
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The conditional probabilities of a definite sequence of steps
during the chain formation, i.e., the instantaneous probability

dP(i/j) for the occurrence of propagation steps . . . Mi@ +
Mj —_— ... MiMj65 at a given monomer concentration and
the cumulative probability P(i/j) that an Mi unit is followed by
an Mj unit in the polymeric chain [ 9-11],

The probabilities Pi-j’ Pi-j—k’ . . . for the appearance of
definite monomer sequences (n-ades) [ 9, 10] or ""cluster" [ 12]
in the copolymer.

4, Stereoselective or stereoregular polymerization [13]. The
contending of isotactical (ss-it), syndiotactical (ss-st), or atactical
(ss-at) sequences (n-ades) of the copolymer.

5. Selectivity with reference to the chemical homogeneity of the
product, i.e., constitutional selectivity (s-ch). Dominance of a uni-
form propagation process or competition of various propagating
species (ions and ion pairs in ionic polymerizations), often leading
to different product compositions, changes of microstructure, and
molecular weight distribution (MWD).

6. Selectivity with reference to the physical homogeneity (s-ph)
of the polymer. The circumstances concerning chain propagation,
initiation, and termination lead to a characteristic MWD,

By assuming the properties of real copolymers to be dependent
essentially on the selectivity of the crossed propagation reaction (s-p),
as mentioned generally under Point 3, the dependence of the nature of
the products on the reaction conditions has its root in an understand-
ing of the different velocities of the competitive reaction steps.

The first-order model for the crossed propagation reaction of the
binary copolymerization (terminal model) | 14-16]:

CM® My Kel v ® (1a)
MO M. K2l M@ (1b)
MD M —EE M, ® (1¢)
MP M. K2 M (1d)

delivers the differential equations mentioned below for the quantita-
tively kinetic description of the copolymerization:

A M l/at =knl. . M@ M) +kaaf. . M® ][ M (2a)
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—d[Mz}/dt =kiz[. . .M1® ][Mz] +kaz[. . .Mzea 1[Mz] (2b)

a... Mm@t =kul. . M2 I[Mi] +kei]. . .MD ][ M)

- kiz[. . -M1®][M2] (2¢)

d.. .Mze3 1/dt = kez|. . .Mz@ I[Mz] +kiz[. . .M1GB 1[M:]

- ko[, . .Mz@ ][Ml] (2d)

The solution of these differential equation systems yields the "in-
dividual rate constants' (kii, kiz, kK21, k22 ) of the binary first-order
copolymerization (IRC). The enlargement of this kinetic scheme up
to the second-order model (penultimate model) [ 9, 17-19]or the third-
order model (ante-penultimate model) [ 4, 20] permits a more de-
tailed description of the crossed propagation reaction, but the mathe-
matical formalism of the kinetic modeling is far more complicated.

In the case of the binary first-order copolymerization, the concep-
tion of selectivity can be expressed more precisely as follows:

a. (kzi, k11) > (kiz, kz2). The homopolymerization of monomer
M, is dominant, whereas M2 units are rare in the polymer. This
corresponds to selective homopolymerization, i.e., the polymerization
runs "homoselective" (hs).

b. (kii, k22 ) > (kiz, k2,). This corresponds to a mixture of two
homopolymers or to block copolymerization under appropriate condi-
tions, i.e., the polymerization runs '"block-co-selective' (b-cs).

c. (kz1, kiz) > (ku, ke2). In this case the reaction leads to prod-
ucts with a high degree of alternating structure, i.e., the polymeriza-
tion runs "alternating-co-selective' (a-cs).

d. (ki = kiz); (k22 ® kz1). In this case the reaction leads to ran-
dom copolymerization, i.e., the polymerization runs "random-co-
selective' (r-cs). The differing copolymerization tendencies of the
monomers M; and M:z, i.e., the "co-selectivity" (cs) of the polymeri-
zation, are then given by the values of P, and P- (cumulative copoly-
mer composition).

The Copolymerization Parameters

On the basis of differential equations (2a) and (2b) and in accord-
ance with the steady-state model [ 15, 16], the copolymerization
equation can be derived:

d M, ] _ [Ml](rl[Ml} +[M2]) 3)
d[ M- ] [Mz](rz[M2] +[M,])
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The solution of Eq. (3) yields the copolymerization parameters r; and
rz (CPP), often designated as '"relative reactivities of the monomers"
or "reactivity ratios,' which according to their definition are in
agreement with the IRC of the crossed propagation reaction when
ri~kn/kKizandrz ® kzz/kzi.

Calculable from r; and r2 according to known relations [ 8, 9, 11]
are the cumulative copolymerization tendencies (P: and Pz), i.e.,
the mole fractions of M; and Mz, respectively, in the copolymer, the
cumulative conditional probabilities P(1/1), P(1/2), P(2/1), and P(2/2),
as well as the "run-numbers" [21] which are in agreement with the
experimentally accessible data of microstructure as, e.g., triade fre-
quencies {P;_y.1, P21y, P2-1-2, . . .) Oor medium sequence lengths
(T, and T2) [ 9, 10, 12, 22].

From this point of view the question of determining the CPP ex-
actly and reproducibly becomes decisively an important factor.
Tidwell and Mortimer [23] claimed high requirements for methods
like those with regard to comparability of experimental conditions,

a mathematical method for the solution of Eq. (3), and the punctual
observance of the approximations representing the basis of the chosen
model.

In our former papers [ 6, 24, 25] we pointed out the necessity of a
distinction between "kinetic' and ''static'' CPP, because the calcula-
tion is based on a kinetic analysis of the reaction or on the copolym-
erization diagram.

As the kinetic analysis in general obtains concentration-time
curves for both the monomers, the "kinetic" CPP to be calculated
from these data describe the total process of monomer consumption
without taking into consideration the constitutive homogeneity of the
product. The "'static'' CPP calculable from the copolymerization
diagram are on the contrary quantitative parameters for the correla-
fion between the composition of the monomer mixture and a chemical
homogeneous estimated precipitable copolymer. If work is performed
under constantly kept degrees of conversion of the copolymerization,
these values are solutions of Eq. (3), Only under the supposition that
the monomer is completely consumed for the formation of precipitable
copolymer and that inhomogeneities of the second order (dependence
of the composition on the conversion) can be excluded, can "'static"
and "kinetic'" CPP become identical. There is, however, on the other
side a possibility to coordinate-by means of exact product analysis
and using product fractionations, extractions, etc.—the monomer con-
sumption to the different products originating during the process of
copolymerization (e.g., oligomers, precipitable copolymers, and homo-
polymers) and to approach in this way the problem of the description
of the selectivity of the reaction.

The Individual Rate Constants (IRC)

The concentrations: [M:](t) := x,(t); [M2]{t) := xa(t); [. . .M. ](E)
= 2y(t); [ . .M2'](t) := z2(t) for the first-order model of a binary
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copolymerization in dependence on the reaction time are described by
the rate laws (2a) . . . (2d). Known are series of measurements

0
SRR
tained from the process running with the unknown k = (kll’ k5, Koy

.o xlN for xl(t) and x20, e .o sz for xz(t), whi\ch were ob-

kzz) as well as rough estimations of kO for k together with the supple-

mentary restrictions 0 < kj < kg < kiq < ki, with j_ € (11, 12,
21, 22);jn;éjmforn;ém;n, me(1...4)

Sought is an optimal parameter set k¥, For the determination of
functions x(t) and z(t), the problem is at first formulated as a bound-
:ftry wialue problem and treated by means of the '"shooting method"

26a].

The numerical solution of the minimizing problem:

B (1) = tr[ (X&) - X)) (X(B) - X)) (4)

is realized in accordance with the methcbd of Ros%nbrock [ 26b]} with
X(k) = (X (t ) N(tN’k)) )S\{*I- (SRR X )
Output data are x(t k*), z(t k"), and k' = (kll’ 127 Ko k22)

the "individual rate constants” of the crossed propagation reaction
for the binary first-order copolymerization.

According to this method the "boundary points" of the experimental
input data (digitalized concentration-time curves) should have to meet
high requirements of precision, whereas the "supporting points"
which are lying in the interval are allowed to be affected by errors.

A criterion for the quality of the calculated parameters is the error
square sum (FQS) as a scale of adaption of the calculated time curves
of concentration to the experimentally determined ones.

Therefore the following points have to be observed:

1. The "individual rate constants' are only referring to the crossec
propagation reaction. Initiation processes (kI) and chain-limiting re-

actions (kT) cannot be taken into consideration.
2, The IRC, kij’ determined by the help of our method, must not

be mixed up with the "absolute rate constants' for the elementary
processes of copolymerization [ 27]; on the contrary, they represent,
according to their nature, total constants of the monomer consump-
tion which occurs by possible steps of chain growth. Their dimension
[ sec™ '] refers to a first-order reaction with respect to the monomer.
3. The supplementary restrictions necessary for the calculation
are allowed to be given as a model and can be laid down either on the
basis of a plausible hypothesis about the running of the propagation
reaction or on account of analogous considerations in comparison
with experimentally obtained and secured findings. The conformity
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of parameters to be calculated on the basis of a certain set of supple-
mentary restrictions with experimentally obtained values permits an
evaluation of the postulated model.

4, The estimation of the "starting values" k° will be possible in a
first approach by means of the corresponding gross constants of the
homopolymerization of both the comonomers and of the copolymeri-
zation parameters. Therefore the constants ki1 and k22 need not be
identical with the corresponding gross rate constants k, and k2 of
the homopolymerization, as the presence of the comonomer leads to
differences in the rate in contrast with the "uninfluenced" homopolym-
erization.

The individual rate constants (IRC) serve for the quantitative de-
scription of the copolymerization behavior and can be compared with
data which are accessible by experimentally independent methods:

[Ma](E) + [ M2 ](t)
Ult) =1 - (5)
[Ml]o +[M2]0

ki.[M.](t)
dP(i/j) = i , i g, le(n 2);j#1 (6)

ki].[ Mj] (t) + 1k, [ M ](E)

[M,]° - [m,] ()
P, = , iAje(1,2) ()
(] + I, 1%) - (D] + [ (E)

t
P(i/j) = 1/t [ dP(i/j) dt (8)

P ;= P(i/j) * P; (9)

U(t) = total conversion of the reaction at the time t
dP(i/j) = "differentially" conditional probabilities, i.e., the instantane-
ous probability of linkage of a chain end . . 'Mi+ with the
monomer M, at the actually exisiting concentrations of mono-
mers [Ml](t) and [M].](t)
P. = composition of the copolymer formed at the time t, i.e., mole
fraction of monomer Mi in the copolymer according to the cumu-

lative copolymerization tendency of Mi
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P(i/j) = "integrally" conditional probabilities characterizing the co-
polymer existing at the time t, i.e,, the cumulative probability
that an Mi unit is followed by an M]. unit in the polymeric chain

Pi-j = frequency of dyads in the copolymer formed at the time ¢t

The "integral® values are useful for direct comparison with corre-
sponding experimentally independently obtained microstructure char-
acteristics. The "differential’ data permit essential conclusions on
the "dynamics of copolymerization'; that means the time-dependent
formation of specific monomer sequences, i.e., structural variations
in the gross product.

If the crossed propagation reaction according to the first-order
model is not the predominant process of the polymerization, but other
processes such as formation of monomer complexes, selective initia-
tion of one of the two monomers, or selective chain limitation are
playing an important role, the deviations of the experimentally ob-
tained data from the theoretically calculated ones give important hints
on the lapse of the reaction.

Process Testing by Way of Analog Simulation of a

Copolymerization

We have previously submitted a proposal concerning a method for
the analog simulation of copolymerization according to the first-order
model of the crossed propagation reaction [ 25]. Input data for the
analog computer model were given "individual rate constants"

(ki1, ki2, k21, ke2 ), initial values for the monomer concentration
(IM1]° and [M2]°), and for the "concentration of active chain ends"

{I.. M@ 1% and[...M29 |°). Output data were curve paths of the
time of running of monomer concentrations {{ M;](t) and [ Mz](t)), and

active chain ends ([. . .M,® ](t) and [. . .M>® ](t)) which describe the
kinetics of the copolymerization. Figure 1 shows the block wiring
diagram of the analog computer program for the rate laws (2a). . . (2d)

Figure 2 contains a copolymerization simulated in this way. One
can see that both the monomer concentrations and the concentrations
of active chain ends are functions of time.

The copolymerization simulated in this way may be used as a "test-
ing system' for the control of the exactness of the method serving for
the calculation of IRC. The input data (kii, kiz, k21, ka2 ) for the
analog simulatjon show the meaning of "objective'" IRC. From the
"concentration-time curves'’ represented in Fig. 2, the so-called
"theoretical" IRC, are calculated, and in this way the "theoretical”
CPP and "kinetic"" CPP (according to Ref. 25) were obtained. The
data are compared in Table 1.

The estimation of the input data for the analog simulation had been
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FIG. 1. Block wiring diagram for the analog computer program
for the simulation of the crossed propagation reaction in the binary
first-order copolymerization.

made in such a manner that their proportions corresponded with those
of a cationic copolymerization of styrene and p-chlorostyrene [ 7]. It
is shown that the theoretical IRC correspond well with the "objective"
ones. Deviations may largely have their origin in faults made during
the digitalization of the analog curve paths, which would correspond
with the ""experimental" measuring faults.

The "objective" and ""theoretical' copolymerization parameters
(calculated according to r1 = kii/ki2 and rz = ksz/kz1) also corre-
spond well with each other. The kinetic CPP (calculated according
to the "trapeze rule' [ 25]) show remarkable deviations which seem
to have their reason in the approaches used during the derivation of
the copolymerization Eq. (3) and the numerical integration for the
solution of this equation.

The above example of testing hints at the availability in principle
of our method for the calculation of "individual rate constants."

In the following, experimental parameters of cationic copolymeriza-
tion are compared with the data derived in the above-mentioned way.
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™

FIG. 2. The analog simulation of a random copolymerization, M;,
Mz : concentrations of comonomers. M;’, Mz": concentrations of
active chain ends (machine units).

III. RESULTS AND DISCUSSIONS

Cationic Copolymerization of Vinyl Monomers

In addition to our earlier investigations on the cationic copolym-
erization of vinyl-type monomers [6, 7, 28], the following systems
have been taken into consideration:

MCP 1: cationic copolymerlzatlon of a-methylstyrene ([M 1° =0.3
mole L") and styrene ([Mz2]° =0.35 mole LY 1n methylene
dichloride at 195°K, initiated by 1x10°* mole L™' PhsCSbCls

: like MCP 1 m1t1ated by 3 X 10”* mole L™’ PhsCSbCls

: cationic copolymerization of styrene ([M1]° = 0.2 mole L")
and p-chlorostyrene ([Mz]° = 0.4 mole L ') in methylene
dichloride at 273°K, initiated by 4 X 10™° mole L™* TiCl,

MCP 4: cationic copolymenzatmn of phenylvinylether ({M,]° =

=
Q
g
[\

=
Q
el
o
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TABLE 1. Test Relating the Mode of Proceeding for the Calculation
of the "Individual Rate Constants” (IRC) by Means of the Analog Simu-
lation of 2 Random Copolymerization: Comparison of the ""Objective"
IRC with the Theoretical (calculated) Data and of the "Theoretical
Copolymerization Parameters (r; =kii/kiz andrz = kzz/Kz1) with
the "Kinetic' CPP Determined According to Ref. 25

kij Analog simulation Calculated data
kn 0.7000 0.7435
kiz 0.3000 0.2845
ket 0.9000 0.9224
ka2 0.4000 0.3802
ri(theor.) 2.3333 2.6134
rztheor.) 0.4444 0.4122
ri(kinet.) 3.0199
rekinet.) 0.6758

0.3 mole L™') and ¢-methylstyrene ({ Mz]® = 0.3 mole L™ ")
in methylene dichloride at 253°K, initiated by 2.6 X 10°°
mole L™ SnCl,4

MCP 5: like MCP 4, initiated by 2.5 X 10" mole L ™ PhsCSnCl

In Table 2 are shown the calculated IRC (kij ), the "theoretical"

CPP (rith.) = ki,/ki2 and ra(th.) = kaz2/Kkz2,), the "experimental"
(taken from the literature) CPP (ri(exp.) and rz(exp.)) as well as the
gross rate constants of the homopolymerization (k: and kz) of both
the comonomers. The comparison of these data led us to the follow-
ing conclusions:

1. From the systems MCP 1, .. MCP 3, one observes that the
monomers of higher reactivity (i.e., ¢-methylstyrene in MCP 1 and
MCP 2, styrene in MCP 3) are preferably incorporated into the poly-
meric chain (one show a higher co-selectivity). Both the chain ends
are favorable in the reaction with M, (ki: > ki2 and kz1 > kzz2)
whereas the two monomers attack the more reactive chain end
(. . M2 ) preferably (kz2, > ki, and ka2 > ki2). Our earlier state-
ment on the selectivity of the crossed propagation reactions of the
cationic copolymerization of p-substituted styrenes agrees with these
results [ 6, 28].

2. The cationic copolymerization MCP 2, initiated by higher cata-
lyst concentration, proceeds less selectively than MCP 1, Conse-
quently the IRC approach one another, The higher concentration of



47

CALCULATION OF INDIVIDUAL RATE CONSTANTS

01 X320 F%°0 e 01 X $¥0°0FL0°T - uonyeziaowdiod oN uotlyezlIswAiod ON Tomm\mx
¢ 0T X 9T 62 ¢ 01 X 8G°0F L'L - ¢-0T X 811 s-0T~ (.098/1q
coﬁwN.m.nwE”o&OEom JO SjURISUO)) 9)eY-SS0IY)

- [6£]86°T  LOO'0OF 6570 £00°0 ¥ 6L°0 £00°0 ¥28°0 (vdx9)zax

- [68] LS80 80°0 F8LI'T 80°0 FEI'T 80°0 T EI'1 (dxeyd

12°1 90g°T $6%°0 00L°0 GLE"0 (‘y)za

66°0 gLS'0 810°% 6gh°1 £99°2 ("uyyya
sadjoumreIed uorjeziaowrodo)

¢-01 X €90 0T X TT°T 5-0T X L9°¢G o-0T X ¥6°0 50T X 26°0  ,_99s/22y

¢-01 X380 .01 X 68°0 501 X 9F°11 .. 0T X 68’1 o-0L X Lp'g [ _D9s/TEy

¢ 0T X 8T°T ¢-0l X 68°9T .01 x9TI°¢ 0-0T X 8L°0 0-0T X LL'0 [ Do8s/z1y

£ 0T X AT°T .01 X €76 ,-01 x 8¢°9 00T X g1°1 5-01 X 60°g [ _99s/1Ty
SJuBISuUO) 978y 1enplaipiy

¢ dON ¥ dON ¢ dON ¢ dOIN 1 dOIN J9)8wueIRd

(&3 pue 1Y) uorjeZIIawWATodOWOH 9Y) JO SJUBISUO) 9JBY SSOID pUR (BJEp dIn)

-8I9)1] 03 SUIPIOIDE IO Gg “JOY 0) SUIPI0IVE PAIEMOTED) ddD [BJUSWIISdXY,, {(T23/22) = (“Y3)31 pue 21y/1y
= ("y})*a) saojowered uonjezizewdiodoy) 18OTI8X0dY, ‘(23y T2y 2Ty ‘TTY) SjueIsu0)) o)y TenpraAlpul :SJIoW
-OUOIy JAUTA jo uonjezrrswiAtodo) druoTie) 9Yj JO sISATRUY OTJOULY 9U) YJIA poureiqQ s}msoy oyl ‘g ATEV.L

1102 AJtenuer G2 +0 :80

1Y papeo |umog



08: 04 25 January 2011

Downl oaded At:

= P
(2—1)+ (2-2)
0077
0,180
0,075
0170
0,073
0760
0,071
arsof-
L | |
t¥h
P
(11 | P(w)
0530 0,245
0526 0,235
0522 0,225
0518 0,215
t/h
-
|M)/mol | R
)
—40,80
okl S
| -
—{os
///”—’— ]
”,,’T—‘ —076
-
0,74
oz 1 | l | |

05 1 15 2 25  t/h

FIG. 3. Timely course for the monomer concentrations ([ M]), the
composition of the copolymer (P,: mole fraction M, in the copolymer),
and dyad frequencies Pi-j for the copolymerization MCP 1 (M::a-
methylstyrene, Mz : styrene).



08: 04 25 January 2011

Downl oaded At:

CALCULATION OF INDIVIDUAL RATE CONSTANTS 49

initiator supports the formation of more active chain ends and thus
the total reactivity of the system increases. Compared with the co-
monomers the active chain ends show an apparently lower co-selec-
tivity:

ki/kiz (MCP 1) > kiy/kiz (MCP 2)
kz1/kz2 (MCP 1) > k21/kzz (MCP 2)

The molecular masses and the physical inhomogeneities (I = MW/Mn

- 1) of the copolymers determined by means of GPC support this
statement:

Mn (MCP 1) = 35 000 Mn (MCP 2) = 33 000
I(MCP 1) =0.57 I(MCP 2)=0.85

The higher inhomogeneities of MCP 2 copolymers hint at an increase
of the chain-limiting reactions caused by an increase of the total
reactivity.

3. In the case of initiation by stable carbenium ion salts (MCP 1,
MCP 2, MCP 5), the initial phase of the polymerization shows effects
which possibly may be explained by selective initiation. The depend-
ence of the comonomer concentrations ([ M]), the copolymer compo-
sition (P,), and of the dyad frequencies (Pi-1, P1-2, P21, P22) on
the reaction time (Fig. 3) show that after about 0.25 hr the share of
a-methylstyrene of the copolymer passes a local maximum. This
can be interpreted by assuming that e-methylstyrene is preferable
consumed in the initial phase of the reaction. The spectroscopically
obtained rate constants for the reaction of a- methylstyrene with
PhaCSbCls at 298°K in CH2Cl: yields 10.8 + 0.86 x 10"* sec™! rela-
tive to PhsC® , whereas 3.28 X 10™* sec™' has been found for the
reaction with styrene. The gross rate constants of the homopolym-
er1zat1on of - -methylstyrene under the conditions of MCP 2 is 1,13
X 107% sec™! with reference to the monomer, whereas no polymeri-
zation of styrene could be observed under these conditions. The par-
ticipation of styrene in the crossed propagation reaction should
therefore chiefly be introduced by way of the crossed step: ... a-
methylstyrene$ + styrene styrene$ . By assuming the
interaction between PhsC® / /SbClee and that the monomer is essen-
tially determining the rate of the initiation process (kI one can

expect that the polymerization should be started by a-methylstyrene,
i.e., selective initiation takes place and influences the copolymeriza-
tion process.

4, The copolymerization of phenylvinylether with a-methylstyrene
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(MCP 4 and MCP 5) refers to the fact that the gross rate constants
of the homopolymerization do not always permit inferences with re-
gard to the relative reactivity of the corresponding monomers in the
crossed propagation reaction and consequently also not on the selec-
tivity of the copolymerization. In the homopolymerization the phenyl-
vinylether shows a sevenfold gross rate constant compared with ¢-
methylstyrene (see Table 2), whereas @-methylstyrene is the pre-
ferred monomer in copolymerization. In Fig. 4 this fact is demon-
strated by the concentration-time curves for the two monomers.
Plesch [ 29] indicated that the gross rate constant of the homopolym-
erization of monomers does not always allow a prediction about the
reactivities of these monomers in the propagation reaction, as the
interactions with the initiator leading to the chain start may be of a
very different nature for monomers of distinct stereoelectronic
structure,

5. The data in Table 2 allow conclusions on the "dynamics of
copolymerization,” e.g., on the dependence of the copolymer com-
position and the microstructure data on the conversion degree.
Figure 5 represents correlations for copolymerization MCP 3. It
is clearly evident:

That the composition of the copolymer (P,) alters with the reaction
time.
That the dyad frequencies (Pi-j ), calculated according to Eq. (9),

vary in their dependence on the conversion because the differen-
tial conditional probabilities calculated according to (6) are
strongly dependent on the actual concentration ratio of monomers.

Therefore the calculation of static CPP needs to be well defined
and, in general, low conversion degrees should be used for reason of
mutual comparison [ 1, 24, 25],

The following characteristics of polymers for the polymerization
MCP 3 were calculated according to (6) . . . (9):

P, (2.5 min) = 0.655
1_1 = 2.68
12 =1.59
P1-1 = 0.4106
P2 = (0.2449
Pz, = 0,2160
P:.2 = 0.1285

FIG. 4. Comparison of the concentration-time curves for the
homopolymerization and the copolymerization of phenylvinylether (M)
and a-methylstyrene (Mz2) under the conditions of MCP 4.
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FIG. 5. The dynamics of the copolymerization of styrene (M)
with p-chlorstyrene (M:z): timely course of the monomer concentra-
tions ([ M]), composition of copolymer (P mole fraction of styrene
in the copolymer), and dyad frequencies for the copolymerization
MCP 3.
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IR spectra of the copolymers (band at 540 cm™ ', intensity ratios
of the bands at 700 and 760 cm™ ') allow the calculation of the medium
lengths of styrene sequences [ 30]. The value of 2.8 for 1;, deter-
mined experimentally in this way, is in good conformity with the

theoretical predicted one (1, = 2.68),

Results from the Cationic Copolymerization of a-
Methylstyrene and Isobutene

The cationic copolymerization of ¢-methylstyrene and isobutene,
described in detail in another paper [ 31], leads to polymeric products
which are well characterized by ‘H-NMR-spectroscopy | 31, 32], Fur-
ther hints regarding this polymerization are to be found in Ref. 33.

In Fig. 6 is illustrated the timely behavior of the ‘H-NMR-spec-
troscopically obtained copolymer composition (P:) and that of the
gravimetrically determined conversion of the copolymerization (U).
The reaction took place in methylene dichloride ((H20] = ~1x 10°°
mole L™ ') at 195°K. a-Methylstyrene (( M:]° = 0.4 mole L ') and
isobutene ([ M2]° = 0.48 mole L ') were initiated by 4 X 10" mole
L™! TiCls.

Figure 6 shows the formation of a considerable share of nonpre-
cipitable oligomers on the lapse of polymerization. The similarity
of the two curves generally proves the usefulness of total monomer
consumption and the determination of the precipitable product for
kinetic analysis of the copolymerization, but the results must be
different. These concentration-time curves, which either describe
the total monomer consumption or the consumption only for the pur-
pose of formation of the precipitable polymer, are calculable from
the yield and composition of the copolymer (X(M;) = P: . . . mole
fraction of M; in the copolymer) according to

[Ml(0) = (M1 - ol +[m]°),  i#5e(, 2) (10)

By means of the kinetic curves obtained in this way, we can get the
input data necessary for the calculation of the "kinetic' copolymeri-
zation parameters as well as the IRC of the crossed propagation re-
action in the copolymerization in accordance with the method de-
scribed above.

The necessity of distinction between kinetic and static CPP, as
described above, is impressively demonstrable. According to the
method chosen for their determination, entirely different parameters
are obtainable (see Table 3); however, the co-selectivity (character-
ized by lg r./rz), derivated by us formerly [ 28], is in good agreement
if only the formation of the precipitable product is taken into consid-
eration (compare Fig. 7 and Table 3).

The data in Table 3 characterize the kinetics of the copolymeriza-
tion and are capable of serving for the calculation of the integral
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FIG. 6. Dependence of the conversion degree (U) and the composi-
tion of the copolymer (P:: mole fraction of a~-methylstyrene in the
copolymer) on the reaction time for the copolymerization of a-methyl-
styrene (M) with isobutene (Mz): (- -) total conversion; (—) share of
the precipitable product.

conditional probabilities stated in Table 4. This has been done on the
basis of the IRC (P(i/j )IRC)’ and also on the basis of "kinetic"

. bty 1T s .
(P(1/])CPP/k) and "static" (P(i/j )CPP/s) copolymerization parameters,

The quantitative evaluation of the 'H-NMR data by means of a com-
puter program for peak separation [31] delivers the ""experimental"
values (P(i/j )exp ), given for comparison in Table 4, U designates

the total conversion at a distinct time t (compare Fig. 6).
We conclude from Table 4:

The "static" CPP are less suited for calculation of the conditional
probabilities according to Ref. 8.
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TABLE 3. Results Obtained by Investigating the Cationic Copolym-
erization of a-Methylstyrene (M.) with Isobutene (Mz): IRC, Theoreti-
cal, Kinetic and Static CPP for the Gross Conversion of the Reaction
and the Formation of Precipitable Products

Formation of the

Parameters Gross conversion precipitable product
Individual Rate Constants

ku/sec”’ 8.358 x 107° 5.902 X 107*

kiz/sec™* 3.220 x 107° 1.502 < 107°

kz,/sec”* 20.880 x 107° 7.240 X 107°

kzz2/sec ! 8.357 X 107° 5.677 % 107°
Copolymerization Parameters

ri(th.) 2.5958 3.9300

rz(th.) 0.4002 0.7840

1g ri(th.)/rz(th.) 0.812 0.7001

r;(kin.) 3.35 +0,026 2,128 + 0.009

rz(kin.) 0.157+ 0,001 0.249 + 0.001

g ry/ra 1.329 0.9318

r.(stat.) 1.06 +0.081

rz (stat.) 0.159 + 0.007

lgri/re 0.8239

The "kinetic' CPP allow a sufficiently good prediction relative to
P(1/1), whereas P(2/2) is only insufficiently defined.

The values calculated on the basis of IRC correspond well with the
experimentally, independently obtained ones. Accordingly, the
constants kij has to be considered as a good basis for the interpre-

tation of the "dynamics' of copolymerization.
Figure 8 illustrates the course of the "differentially' conditional

probabilities dP(i/j) which means the probability that the propagation
of a chain takes place in a consequence of steps:

oM® M — - mM®
i § i

on account of the actually existing concentrations of the two comono-
mers at time t. Furthermore, Fig. 8 shows that the momentary
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M/mol-T'

1 2 3 4 timin

FIG. 7. Concentration-time curves for the cationic copolymeriza-
tion of ¢-methylstyrene (M;) with isobutene (Mz): (- -) total conver-
sion; (—) share of the precipitable product.

probability of incorporating the reactive monomer M, (a-methyl-
styrene) into the copolymer continuously decreases the more the
monomer mixture is growing poor in this monomer, or as inversely
expressed, the incorporation of the less reactive monomer Mz
(isobutene) into the copolymer increases.

A comparison between the total conversion and formation of the
precipitable polymer permits the assertion that the nonprecipitable
oligomer constituents contain isobutene in a higher degree than the
precipitable product. This can be concluded not only from the modi-
fication of the constants k.. but also from the change of the condi-
tional probabilities: 1
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FI1G. 8. Dependence of the "differential" conditional probabilities
dP(1/1) and dP(2/2) on the overall conversion in the cationic copolym-
erization of a-methylstyrene (M:) with isobutene (Mz2): (- -) total
conversion; (—) share of the precipitable product.

P(1/1) (total conversion) < P(1/1) precipitable product

P(1/2) < P(1/2)
P(2/1) > P(2/1)
P(2/2) > P(2/2)

While the precipitable polymer shows a relatively high tendency of
block formation (1, =3 ...4andlz =2 ... 2.5), the oligomer product
should be formed more strongly by alternating steps, as for the
"gross product” medium sequence lengths 1, =2 .., 3and1lz =
1.5... 1.8 could be found, whereby the differences to the precipitable
polymer are only traceable to the influence of the oligomers.

The dyad frequencies Pi-j depend on the overall con-

version; that is, the probability that at a certain degree of
conversion U(t) dyads i-j are found in the polymer; with an
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FIG. 9. Coherence between dyad frequencies (Pi_].) and overall con-

version in the cationic copolymerization of a-methylstyrene {M1) with
isobutene (M:z) for the formation of the precipitable product.

increasing conversion the frequencies of homogeneous dyads Pi-
reduce, while those of the homogeneous Pz.2 ones increase, and
with that it follows that the higher the conversion, the smaller medium
lengths of sequences 1, are found, but larger ones for 12 than with
lower conversions (compare Fig. 9),

The appearance of extrema in the time course of dyad frequencies
at still lower conversions points to the effects of selective initiation,
as mentioned before.
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Results from the Cationic Copolymerization of
Cyclopentadiene and Isobutene

For the comparison of experimental data with those calculated,
the copolymerization of 0.67 mole cyclopentadiene {(M,) with 1,454
moles isobutene (Mz) has been analyzed. Initiation occurred with 0,5
mole % AICls (dissolved in 220 mL 1,2-dichloroethane) which is con-
tinuously dropped in the reaction mixture (M; and M: dissolved in
200 mL heptane at 263°K).

A comparison of the 'H-NMR-spectra of poly(isobutene-co-p-
pinene) [ 34, 35] permits a clear classification of the resonances
appearing between 0.7 and 1.1 ppm:

0.84 ppm = CPD-IB-CPK-triades
0.90 ppm = IB-I1B-CPD-triades
0.94 ppm = CPD-IB-IB-triades
1,06 ppm = IB-IB-IB-triades

Figure 10 shows the kinetic concentration-time curves for both
the monomers (isobutene followed by gas chromatography) and the
composition of the precipitable product (P, for cyclopentadiene were
taken from ‘H-NMR-spectroscopical analysis).

Also, the elution diagrams (GPC) show characteristic dependencies,
appearing as a shoulder beside the high molecular peak maximum
(40 . . . 42 counts). A second low molecular peak maximum (at 47
counts) has been found with increasing polymerization time (Fig. 11).
These observations obviously can be explained by an isobutene in-
corporation of isolated short monomer sequences into the copolymer
during the first phase of polymerization. At increasing degrees of
conversion, i.e., with decreasing concentration of cyclopentadiene in
the solution, longer sequences of isobetene are formed as long as
homopolymeric isobutene is obtained after about 10 min.

By means of a computer program factorizing the triade peak areas
and by means of the equations valid for Markoff-statistics of the first
order [11], it has been possible to calculate triade (Pi—j-k) and dyad

concentrations (Pi-j) (Table 5) from the 'H-NMR spectra of the cor-

responding polymers.
From the concentration-time curves the IRC were obtained:

ki = 1180.00 X 107% sec¢™*
kiz = 71.30x 10°% sec™!
ka: =  8.95%107° gec™ !
koz2= 1.00 X 10°° sec™*

By use of the proposed calculation methods, the corresponding
characteristics of copolymers were found {Table 5), Figure 12 con-
tains the time course of the differential conditional probabilities.
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FIG. 10. Dependence of the monomer concentration ([ M]) and the
composition of the precipitable product (P mole fraction of cyclo-
pentadiene in the copolymer) on the reaction time for the cationic
copolymerization of cyclopentadiene (M;) with isobutene (Mz2).

In Table 5, experimentally obtained and theoretically calculated inte-
grally conditional probabilities and dyad frequencies are compared.
We would like to state the following facts:

1. The cyclopentadiene content of the copolymer (P:) runs through
a maximum which coincides with the maximum of the experimentally
obtained integrally conditional probabilities (P(1/1)) at a reaction time
of about 5 min.

2. The differential conditional probabilities calculated from the
IRC hint that up to a reaction time of 5 min the incorporation of cyclo-
pentadiene into the copolymer is preferred, while later on, because
of the decreasing concentration of this monomer, isobutene joins the
polymeric chains at a higher degree,

3. The theoretical calculated integrally conditional probabilities
and dyad frequencies clearly deviate from the experimentally de-
fined ones at low total conversion, otherwise the data show a better
correspondence at increased conversion. In Fig, 13 is shown the time
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FIG. 11, Dependency of the elution diagrams (GPC) of the precipi-
table polymer on the reaction time for the cationic copolymerization
of cyclopentadiene with isobutene.

dependence of the "concentrations of active chain ends" which are
found during the course of calculation concerning the determination
of the individual rate constants simultaneously,

The behavior in Fig, 13 seems to show a retardation of the cyclo-
pentadienyl cation at the very beginning of the reaction, whereas the
‘'concentration' of the t-butyl cation seems to remain constant.
Nevertheless, cyclopenfadiene is consumed far more rapidly than
(as visualized by Figs. 10 and 11), This finding, if it corresponds
with real behavior, may be explained by the competition of several
equilibria, e.g., formation of active/inactive complexes between
Lewis acids and monomers as Chmelir has mentioned [ 36}, or the
different stabilities of the intermediate carbenium ions wherefrom
different reaction rates with the monomer results.

Iv. COMPREHENSIVE CONCLUSIONS

The possibilities discussed in this paper concerning the quantita-
tive description of copolymerization prove that a characterization
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FIG. 12, The "differential” conditional probabilities dP(1/1) and
dP(2/2) for the cationic copolymerization of cyclopentadiene (M,) with
isobutene (Mz) depending on the reaction time.

and prediction of copolymer properties on the basis of kinetic inves-
tigations of the polymerization reaction is possible and advantageous.
The methodology presented by us for the quantification of the copolym-
erization by calculation of "individual rate constants' of the crossed
propagation reaction for the first-order model of the binary copolym-
erization permits the interpretation of questions relating to the kinetics
and selectivity of the reaction and the quantitative comprehension of
the "dynamics of copolymer formation," whereby the following prob-
lems may be solved:

1. Calculation of quantitative data for the selectivity of the crossed
propagation reaction (s-p) in binary copolymerization.

2. Model-shaped comprehension of the kinetics of the active
species in the copolymerization process.

3. Calculation of microstructural aspects from kinetic data.

4. Prediction of microstructural data dependent on the reaction
conditions and the conversion degree.

5. Mechanistic statements on the relation between monomer reac-
tivity and selectivity of the crossed propagation reaction on the rela-
tions concerning the selectivity of the propagation reaction (s-p) and
the initiation reaction (s-i).

6. Possibilities of optimation of the synthesis planning of copoly-
mers of desired constitution.

Comparison with experimental data shows that the IRC for the
crossed propagation reaction in a first-order copolymerization
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FIG. 13. Dependence of the "concentrations' of active chain ends
(I...isobutene®] and[. . .cyclopentadiene® ]) on the reaction time,
calculated for the crossed propagation reaction of the cationic co-
polymerization of cyclopentadiene (CPD) with isobutylene (IB) accord-
ing to the first-order model of copolymerization (all values are given
in relative machine units = r.U.).

gives deeper insight into the course of copolymerization than clas-
sical CPP is able to do. Opposed to that is the necessity of a high
computational expenditure which, however, for routine investigations
will determine CPP. Derivable from CPP are important approaches
for the starting values and supplementary restrictions for the calcula-
tion of IRC.

The method presented can be extended by arranging more detailed
models for the crossed propagation reaction. In this way the second-
order model {(penultimate model) [ 9, 17-18] or the third-order model
(ante-penultimate model) [ 9, 20] are in a better position to describe
the influence of the structure of the chain end on the selectivity of the
copolymerization than the simple terminal model. A model taking
into consideration the participation of different active species in the
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co-propagation reaction (e.g., free ions and ion pairs) should permit
it to explain better the chemical and physical inhomogeneities (s-ch,
s-ph) of the product. An approximation permitting the participation
of monomer complexes in the crossed propagation reaction [ 37, 38]
is particularly apt for interpretation of copolymerization of donor
monomers and acceptor monomers,
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