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ABSTRACT: In the presence of trimethylsilyl iodide (TMSI) the group transfer polymerization (GTP) of
n—butyl acrylate (n-BuA) using 1-methoxy-1-(trimethylsiloxy)-2-methyl-1-propene (MTS) as an initiator
and mercuric iodide (Hgl,) as a catalyst in toluene is drastically accelerated. The rate of polymerization
is comparable to that of the nucleophilic catalyzed GTP with half-lives in the range of seconds to minutes.
The induction periods which characterize the GTP in the absence of TMSI completely disappear. A very
slight curvature in the first-order time—conversion plots is attributed to some “back-biting” termination.
Kinetic investigations show that the polymerization follows first-order kinetics with respect to catalyst
and TMSI concentrations. The rate of polymerization strongly depends on the polarity of the reaction
medium. An external reaction order of 1.52 with respect to the monomer concentration is due to the
higher polarity of the reaction medium at higher monomer concentrations. The rate of polymerization is
increased by 2 orders of magnitude in CHyCly/toluene mixtures. The Arrhenius plot displays a maximum
at ~—60 °C, indicating a negative apparent activation energy in the temperature range from +40 to —40
°C, and a positive one at temperatures <—70 °C. The kinetic results support a mechanism in which
mercuric iodide and TMSI form an active complex which acts as a nucleophilic catalyst. At lower
temperatures the concentration of active species increases, overriding the decrease of the rate constant
of propagation. The molecular weight is controlled by the ratio [M]¢/[Ilo, and the molecular weight

distributions of the polymers formed are very narrow and are not effected by TMSI.

Introduction

The group transfer polymerization (GTP) of n-butyl
acrylate (n-BuA) using 1-methoxy-1-(trimethylsiloxy)-
2-methyl-1-propene (MTS) as an initiator and mercuric
iodide (Hglz) as a catalyst in toluene at room temper-
ature gives a very good control of molecular weight and
narrow molecular weight distribution (M./M, < 1.2).
Kinetic studies in this system! revealed that this
reaction is rather slow, half-lives being in the range of
minutes to hours. The reaction orders of propagation
with respect to initiator and catalyst concentrations
were found to be near unity, similar to the GTP of MMA
with nucleophilic catalysts (oxyanions) in THF, indicat-
ing that Hgl, rather acts like a nucleophilic than an
electrophilic catalyst. However, the first-order time—
conversion plots exhibit considerable induction periods.
We proposed that the induction periods are due to the
formation of trimethylsilyl iodide (TMSI) from MTS and
Hgl; (Scheme 1) which activates the catalyst. Initiator
and activated catalyst in turn form the active species
of polymerization (Scheme 2, vide infra).

In this paper we wish to present experimental evi-
dence for this assumption by studying the effect of TMSI
on the kinetics of polymerization of n-BuA using MTS
as an initiator and Hgl; as a catalyst in toluene as well
as in mixtures of toluene and methylene chloride.

Experimental Part

Trimethylsilyl iodide (Aldrich 97%) was used without fur-
ther treatment. The other reagents such as n—butyl acrylate
(n-BuA), 1-methoxy-1-(trimethylsiloxy)-2-methyl-1-propane
(MTS), mercuric iodide (Hgls), toluene, n-decane (internal
standard), and argon were purified and dried as described in
our previous paper.}

" Part 1, see ref 1.
® Abstract published in Advance ACS Abstracts, October 15,
1995.
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Methylene chloride (CH:Cly) was fractionated over a 2 m
column and then refluxed for more than 48 h over CaHs. After
degassing, it was stirred for several days over CaH, and
distilled under vacuum into a flask with CaHz, where it was
stored. Before use it was distilled from the flask to a glass
ampule equipped with a Teflon valve.

The experimental procedure was similar to that in our
previous paper. First the Hgl, solution was introduced into
the reactor, theh the monomer. solution, and finally the
solutions of TMSI and initiator were mixed in the mixing
chamber, and the mixture was added.

Results and Discussion

Role of Trimethylsilyl Iodide in Polymerization.
Figure 1 clearly shows that in the presence of TMSI the
polymerization proceeds without any induction period
and is much faster, half-lives being in the range of
minutes, i.e., 2 orders of magnitude faster than in the
absence of TMSI. The first-order time—conversion plots
are very slightly curved downward at higher conversions
(cf. Figure 1), indicating a small amount of termination.
Two methods were used in order to determine the
apparent rate constant of polymerization. First, the
time—conversion plots were regarded as approximately
linear and the slope was taken as the apparent rate
constant, ka.pp. As a refinement, the effect of unimo-
lecular termination (with rate constant k;) was taken
into consideration. By using a nonlinear regression
procedure, k.o, and k. can be determined from eq 1,

My Ry
Ingg = o1 - exp(—k)} (1)

where kqpp = kp[P*], b, and k¢ are the rate constants of
polymerization and termination, respectively, and [P*]
is the concentration of active species. The curves in
Figure 1 were calculated using rate constants obtained
from such fits.

© 1995 American Chemical Society
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Scheme 1. Formation of TMSI
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Figure 1. First-order time—conversion plots for the group
transfer polymerization of n-BuA with MTS, Hgl, and TMSI
in toluene at 20 °C as a function of TMSI concentration.
Symbols, cf. Table 1.
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Evidently, the rate of polymerization increases with
increasing concentration of TMSI (cf. Table 1). A
bilogarithmic plot of &,pp, versus initial TMSI concentra-
tion, [TMSI]y, results in a straight line with slopes of
0.97 £ 0.03, considering the time—conversion plots as
linear, and 0.99 + 0.03 for the results of the fit according
to eq 1 (cf. Figure 2). This indicates that TMSI really
takes part in the polymerization with first-order kinet-
ics.

Extrapolating log kapp to the value obtained without
TMSI (experiment K1), we can estimate that [TMSI],-
[Hglolo = 4.6 x 1078 for that experiment. It is impos-
sible to separately estimate the concentrations of TMSI
and Hgl,, because part of Hglp is consumed in the
formation of TMSI. The concentrations are between the
extreme values [TMSI]y = 2.97 x 1075 and [Hgllo =
1.55 x 1073 or [TMSI]o = 1.55 x 1073 and [Hgls)o = 2.97
x 1075 mol/L.

Figure 3 shows a bilogarithmic plot of the termination
rate constant ki, vs initial concentration of TMSI. The
slope is 0.81 £ 0.09. This means that chain propagation
and termination reactions are equally accelerated by
TMSI. On the basis of the UV signal at A = 260 nm in
the GPC eluograms, it was pointed out in part 1 of this

——
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Figure 2. Determination of the reaction order with respect
to TMSI concentration for the group transfer polymerization
of n-BuA with MTS, Hgls, and TMSI in toluene at 20 °C: (W)
considering time—conversion plots as linear, slope = 0.97 +
0.03; (O) fitted according to eq 1, slope = 0.99 + 0.03.
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Figure 3. Bilogarithmic plot of apparent termination rate
constant, k;, fitted according to eq 1, vs initial concentration

of TMSI for the group transfer polymerization of n-BuA with
MTS, Hgl,, and TMSI in toluene at 20 °C. Slope = 0.81 + 0.09.

series that the termination reaction most probably is
“back-biting” (i.e. formation of cyclic S-keto ester end
groups).

Table 1. Experimental Conditions and Kinetic Results for Group Transfer Polymerization of n-BuA (M) with MTS (I),
Hgl; (C), and Trimethylsilyl Iodide (S) in Toluene at 20 °C for Different Trimethylsilyl Iodide Concentrations: [M], =

0.81 mol/L, [C]o = 1.55 x 1073 moVL, {I}, = 3.0 x 10~2 moVL, [Mly/[1], = 26, [Clo/[Ilo = 5.2%

run symbol 103 [S]o, mol/L [S1o/Ilo, % [S1o/[Clo 103k app,2 571 10%kapp,? 871 10%.,b 571
k91 [ | 5.05 16.9 3.26 8.32 8.51 5.48
k92 m] 3.93 12.7 2.54 6.85 7.80 9.98
k93 A 2.13 6.87 1.37 3.72 4.45 6.51
k94 * 0.64 1.99 0.41 1.31 1.46 3.23
k95 v 0.58 1.89 0.389 1.02 1.04 2.14
k96 <& 0.29 0.94 0.197 0.51 0.52 1.10
Kie 0.060

¢ Considering time—conversion curves as linear. ? Fitted according to eq 1. %; = rate constant of unimolecular termination. ¢ In the
absence of TMSI. [M]o = 1.19 mol/L. [Clp = 4.14 x 1073 mol/L, [IJo = 5.02 x 1072 mol/L. kap, recalculated to standard concentrations
according to kapp o« [M]o%5{I]o[Clo.
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Table 2. Experimental Conditions and Kinetic Results for Group Transfer Polymerization of n-BuA with MTS, Hgl,, and
TMSI in Toluene at 20 °C for Different Catalyst Concentrations: [l = 3.2 x 1072 mol/L, [S]y = 2.2 x 1073 mol/L, [M]o =
0.80 mol/L, [S]y/[1]lo = 7%

run 10%[Clo, mol/L [Clo/[Tlo, % [S1¢/ICo 10%pp,2 571 10%app,? 571 10%,,b 571
k93 1.55 4.99 1.37 3.72 4.45 6.50
K97 0.93 2.89 2.38 2.51 2.54 2.99
k98 0.51 1.61 4.35 117 1.33 1.90
k99 0.23 0.73 9.44 0.43

k100 0.061 0.19 35.7 0.087¢

a Considering time—conversion plots as linear. ¢ Fitted according to eq 1. ¢ After an induction period of ca. 90 min.

Table 3. Experimental Conditions and Kinetic Results for Group Transfer Polymerization of n-BuA with MTS, Hglz, and
TMSI in Toluene at 20 °C for Different Initiator Concentrations: [M]o = 0.80 mol/L, [Clo = 1.0 x 1073 mol/L, [S]o = 2.2 x

1072 mol/LL
run 10%(T]o, mol/L [Cly/(Tlo, % S/, % [Mlo/[Ilo 10%app,? 571 10%kapp,b 571 104kt 571
k108 72.1 1.40 3.37 111 4.59 4.64 2.74
k107 55.5 1.84 3.77 14.8 3.67 3.73 4.17
k97 32.3 2.89 6.87 26.0 2.51 2,54 2.99
k106 12.3 8.30 17.3 69.1 1.41 1.56 3.05
k105 6.23 16.41 35.3 130.2 0.859 0.935 2.50

@ Considering time—conversion plots as linear. ® Fitted according to eq 1.
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Figure 4. Determination of the reaction order with respect
to catalyst concentration for the group transfer polymerization
of n-BuA with MTS, Hgl,, and TMSI in toluene at 20 °C: (W)
considering time—conversion curves as linear, slope = 1.19 £+
0.04; (O) fitted according to eq 1, slope = 1.25 + 0.065.

Since the absence of induction periods considerably
facilitates the determination of rate constants, we also
undertook a reinvestigation of reaction orders with
respect to catalyst, initiator, and monomer concentra-
tions. In addition, the rate of termination was studied
as a function of these parameters.

Dependence of Rates of Polymerization and
Termination on Catalyst Concentration. Table 2
shows the experimental conditions and kinetic results
for the dependence of the polymerization rate on the
catalyst concentration in the presence of trimethylsilyl
iodide. Except for one run at very low catalyst concen-
tration ([Clp = 6 x 1073 mol/L or 0.2% relative to [Ilo),
the first-order time—conversion plots do not show
induction periods. The bilogarithmic plots of the ap-
parent rate constant, kapp, versus initial catalyst con-
centration give straight lines with slopes of 1.19 £ 0.04
and 1.25 + 0.07, respectively (cf. Figure 4). This
indicates that the reaction is first-order with respect to
catalyst concentration. A similar slope was found in the
absence of TMSI (slope = 0.94 + 0.04).

Since the reaction order is also unity with respect to
trimethylsilyl iodide concentration, the reaction relies
on both Hgls and TMSI with the same weight. In the

Scheme 2. Formation of Active Species
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absence of TMSI the polymerization reaction is much
slower, exhibiting induction periods. With TMSI alone
the polymerization does not take place. Thus, it can be
concluded that the catalytic effect is due to both Hgly
and TMSI. It is reasonable to assume that Hgly and
TMSI form a complex which catalyzes the polymeriza-
tion reaction (Scheme 2).

A bilogarithmic plot of the termination rate constant,
ki, vs initial concentration of catalyst, [Hglao, has a
slope of 1.09 & 0.23. This indicates that only chains
actived by the TMSI—-Hgl; adduct are capable of ter-
mination.

Dependence of Rates of Polymerization and
Termination on Initiator Concentration. The ex-
perimental conditions and kinetic results for the inves-
tigation of the dependence of rates of polymerization and
termination on initiator concentration are given in Table
3. It is seen clearly that the rate of polymerization
increases with increasing initiator concentration. The
reaction order with respect to initiator concentration is
0.67 + 0.02 or 0.63 + 0.03 determined from the biloga-
rithmic plot of k4pp (as determined in two different ways)
versus [[]p (Figure 5). It is considerably smaller than
the value obtained in the absence of TMSI, where the
reaction order is 1.29 £ 0.18. In that case, MTS is
needed to form both TMSI and active species, so that
the rate of polymerization more strongly depends on it.
In the presence of TMSI, MTS is only needed to form
active species.

In the GTP with nucleophilic catalysts the reaction
order with respect to initiator concentration is between
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Figure 5. Determination of the reaction order with respect

to initiator concentration for the group transfer polymerization

of n-BuA with MTS, Hgls, and TMSI in toluene at 20 °C: (W)

considering time—conversion plots as linear, slope = 0.67 =
0.02; (O) fitted according to eq 1, slope = 0.63 @ 0.03.

Table 4. Reaction Orders with Respect to the
Concentrations of Reagents for GTP of n-BuA with MTS,
Hgl,, and TMSI in Toluene at 20 °C

reacn order of polymzn

reagents with TMSI® without TMSI
initiator 0.67 +0.02 1.13£0.18
catalyst 1.12 £ 0.04 0.92 £ 0.05
TMSI 0.97 = 0.03

@ Considering the time—conversion plots as linear.

Scheme 3. Kinetic Scheme for GTP with Hgl; and
T

MSI
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0 and unity, depending on the position of the equilib-
rium between dormant and active species. For the
limiting case that the equilibrium is shifted to the
dormant species side, the reaction order is unity. In
contrast if the equilibrium is shifted to the active species
side, the reaction order is 0. The fractional reaction
order with respect to initiator concentration in this
system may indicate that the position of the equilibrium
is between these extreme cases. A more detailed
analysis will be given below.

A bilogarithmic plot of the termination rate constant,
ki, vs initial concentration of initiator, [MTS],, has a
slope 0of 0.1 £ 0.1, indicating that & does not depend on
[flo. This is reasonable, because first-order kinetics with
respect to the concentration of active species have
already been assumed for the determination of k. This
means that the estimation of k¢ according to eq 1 is
correct.

Concentration of Active Species. The reaction
orders of polymerization with respect to the concentra-
tion of initiator, catalyst, TMSI, and monomer obtained
from kinetic experiments are collected in Table 4.

The mechanism in Scheme 2 is represented by the
kinetic Scheme 3. Here, C, S, and M represent Hgls,
TMSI, and n-BuA, respectively, P’ and P* represent
dormant and active chains, respectively, with { mono-

Macromolecules, Vol. 28, No. 24, 1995

meric units ({ = 1: initiator), and X represents the
complex between Hgly; and TMSI.

From this scheme the relationships of concentrations
of reagents can be expressed as

XI = K,[C]I8S]
[P*] = K,[X][P]
[C] = [C], = X] = [P¥] (2)

(8] = [S], = X] = [P*]
(P] =[], = [P¥]

Here, [P*] and [P’] represent the total concentration of
active and dormant chains, respectively (including
initiator), i.e. [P*] = X[P*] and [P] = X[P].

From eq 2 the concentration of active species can be
expressed in a way similar to that given in ref 2:

(¥ 2([0] P

KK, %~ %, - )
[P*]

([SJO K, - [P*)

— [P*]) X
- [P*])([I]o - [P*) (3)

Generally, the concentration of catalyst is ca. 5% of the
initiator or less. For this case [P] = [I,.

Thus, eq 3 can be simplified to

P (), il L)
KK, ([C]o AT [P*]] x
K, + 1
( 0~ TI]O[P*])[I]O (3a)

The general solution for eq 3a is

1

_ K
[P*] T REM, T D

= A, + 1){[S]° + (O]

1 2

This is the general expression for the concentration of
active species under the condition of [I}p > [C]o. On the
basis of this expression two limiting cases can be
discussed.

(1) For the case that equilibrium 2 in Scheme 3 is

shifted to the right hand side (K3{Ilg > 1), eq 4 can be
simplified to

=1 1
(P*] = 2{[5]0 O+ grm,

1 2
\/([S]O + [C]O + I(lK—z[I]O) - 4[810[0]0} (48.)

Here, we can discuss two more limiting cases:

(1a) If the first equilibrium is also shifted to the right
hand side, i.e., ([Cly + [Slo) > 1/K1K5(1]o, eq 4a can be
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Table 5. Dependence of Reaction Orders on the Concentration of Reagents and Magnitude of Equilibrium Constants
According to Scheme 2 and Egs 4-7

K1K;(1]o > 1A[S]o + [Cllo)

K1 K;[T]o < 14[S]o + [Clo)

reagent reacn order (case la) reacn order (case 1b)
initiator 0 1
catalyst Kslllo > 1 0/1 (8lo 5 [Clo) 1
TMSI 1/0 (ISlo 5 [Clo) 1
Ky > 1/([S]o + [Clo) Ky < 1/[8S]o + {Clo)
reagent reacn order (case 2a) reacn order (case 2b)
initiator 1
catalyst Kol <x1 0/1 ([S]o S [Clo)
TMSI 10 ([8)o 5 [Clo)

simplified to

[P¥] ~ %{ [Cly + (8], £ Y(ICl, + [SIy)? — 4[0]0[510}

_ {[C]O for [C], < [S],

[S], for [Cl, > [S], 5

Thus, the reaction order with respect to initiator
concentration should be equal to zero. However, the
reaction order with respect to [Cly and [Slo depends on
the reagent in excess. If [C]p > [S]o, the reaction order
is 0 for [Clo and 1 for [S]o, and vice versa.

(1b) On the other hand, if ([Clo + [Slo) < 1/K1Ko[Ilo,
eq 4a can be simplified to

[P*] ~ KK, [1],[Cl,[S], (6)

which results in first-order kinetics for initiator, cata-
lyst, and TMSI.

(2) For the case that equilibrium 2 is shifted to the
left hand side (K3[Ilg < 1), eq 4 can be simplified to

K5,
2

1
[P*] = {[S]0 +[Cl, + X, +

\ﬂ[sh) +[Cl, + %)2 - 4[s10[010} (4b)
1

which results in first-order kinetics with respect to
initiator. Similarly, there are also two limiting cases.

(2a) If K; is high enough, i.e. ([C] + [Slo) > 1/Kj, eq
4b can be simplified to

[P¥] = -;—KQ[I]O{ [Sl, + [Clo +

JUSl, + [Clp)? - 4[810[010}
~ {K2[1]0[510 for [C], > [S],
= \K,I1,ICl, for [Cl, < [S],

(7

(2b) On the other hand, if K is small, i.e. ([Clo + [Slo)
<« 1/K3, eq 4b can be simplified to eq 6.

Another special case deserves interest. For ([Clg +
[Slo + VIK:1(Ks[Ilg + 1)])? > 4[ClolS]o (i.e. both K7 and
K, not very large), eq 4 can be simplified to

K K,[Cl[S],[Ly

[P*} ~
K (Ky[Ily + 1X[Cly + [Slp) + 1

(8)

This equation can be transformed into three linear
equations with respect to [I]o, [Clo, and [S]lo. However,
the corresponding plots are not linear, indicating that
this condition is not well fulfilled.

It can be seen from the above discussion that the
reaction order with respect to initiator concentration is

(B)

-— -

l ©
a

2

Figure 6. Limiting cases for fractional reaction orders with
respect to initiator.

1
1
1

(A)

in the range from 0 to 1 depending on the equilibrium
constants, and on the relative concentration of reagents
(cf. Table 5). The reaction order of 0.67 indicates that
in this system the equilibrium is lying between the four
extreme cases (cf. Figure 6). Some possible combina-
tions are discussed below.

A. Between the extreme cases 1a and 2a: i.e., K3[l]o
is comparable to unity, and K; > 1/([S]y + [Clg). For
this case a change of reaction order with respect to [Cly
and [S]o should be observed, when [S]; is greater or
smaller than [C]o. Since, according to Table 1, where
[Clp is both larger and smaller than [S]y, no change of
reaction order with respect to TMSI concentration was
observed, this case can be excluded.

B. K;[Ilo> 1, and K 1K5[Ily is comparable to 1/([S]y +
[Clo) (i.e., between cases 1a and 1b). This leads to the
condition Ko{Ilg &~ 1/Ki([Slo + [Clo) > 1. As a conse-
quence K, should be much higher than 102 mol/L and
K, much smaller than 102 mol/L.

C. Between the extreme cases 1a and 2b: i.e., K;[Ilo
> 1, K1K(I]o > 1/([S]o + [Clo) and Ko[Ilo <« 1, Ky < 1/[S],
+ [Clp). It shows that Ks[I]g is comparable to unity and
K; is not very small.

Dependence of Rates of Polymerization and
Termination on Monomer Concentration. The
near linearity of the time—conversion plots (Figure 1)
indicates that the reaction is of internal first-order with
respect to monomer concentration. However, it can be
clearly seen from Table 6 that with increasing initial
monomer concentration the rate of polymerization in-
creases. The bilogarithmic plots of the apparent rate
constants versus initial monomer concentration (Figure
7) yield straight lines with slopes of 0.52 £ 0.03 and
0.57 &+ 0.03 depending on the method with which the
kapp is determined. This indicates that the external
reaction order with respect to monomer concentration
is 1.52, similar to the value found in the absence of
TMSI.
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Table 6. Experimental Conditions and Kinetic Results
for Group Transfer Polymerization of n-BuA with MTS,
Hgl,, and TMSI in Toluene at 20 °C for Different
Monomer Concentrations: [Cly = 1.0 x 1073 mol/L, [I], =
3.1 x 1072 mol/L, [S]y = 2.2 x 1072 moV/L

10%app,  10%y,?
-1 -1

run  [Mlo, moVL [Mly/(llo 10%gpp° 87! s s
k102 2.02 64.1 4.21 4.66 6.13
k101 1.31 411 3.35 3.53 4.60
k97 0.84 26.0 2.51 2.54 2.99
k103 0.52 16.9 1.96 2.06 1.98
k014 0.27 8.84 1.50

@ Considering time—conversion plots as linear. * Fitted accord-
ing to eq 1.

-23 —1‘

-06 -04 -0.2 c.0 0.2 0.4

- log ( {nBuAl, /mol I')

Figure 7. Determination of the reaction order with respect
to monomer concentration for the group transfer polymeriza-
tion of n-BuA with MTS, Hgls, and TMSI in toluene at 20 °C:
(M) considering time—conversion plots as linear, slope = 0.52
+ 0.03; (Q) fitted according to eq 1, slope = 0.57 + 0.03.

In the first paper of this series! we proposed that the
reason for the high external reaction order is the
increasing polarity of the reaction medium with increas-
ing monomer concentration. The dependence of the
reaction rate on the dielectric constant, ¢, of the reaction
medium, can be expressed by an equation derived by
Kirkwood?

e—1

1nk=A—|—B26_i_1

9

where A and B are constants.
In our case, the dielectric constant of the reaction
medium can be approximated by

€ = €] + (Gmon - Etol)wmon
Mmon
b 100010
~ 2.39 + 0.49[M], (10)

= €] + (Emon - etol)

Here, wmen is the weight fraction and Mpe, is the
molecular weight of the monomer; py is the density of
toluene. We assume that enon is approximately equal
to the dielectric constant of methyl isobutyratet (¢ = 5.7);
€101 18 2.39.5

A plot of the apparent rate constant according to eq
9 (Figure 8) results in an approximately linear correla-
tion, with the slope of 18.8 = 1.7. A bilogarithmic plot
of the rate constant of termination, k;, vs initial con-
centration of monomer, results in a slope of 0.85 + 0.04.
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Figure 8. Correlation between In k.5 and the dielectric
constant of the reaction medium for group transfer polymer-
ization of n-BuA with MTS, Hgl,, and TMSI at 20 °C. Slope =
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Figure 9. First-order time—conversion plots for the group
transfer polymerization of n-BuA with MTS, Hgl,, and TMSI
in methylene chloride (toluene = 10%) as a function of
temperature. Symbols, cf. Table 7.

The slope of the corresponding Kirkwood plot is 24.9 +
3.4. This indicates that termination depends more
strongly on the polarity of the reaction medium than
propagation, due to a stronger charge separation in the
transition state.

Polymerization in Methylene Chloride/Toluene
Mixtures. Methylene chloride (¢ = 9.08 at 20 °C3) is
much more polar than toluene. According to the above
considerations the polymerization should run much
faster in this solvent.

Table 7 and Figure 9 show the experimental condi-
tions and results for some orientational experiments in
methylene chloride/toluene mixtures. The rates of
propagation and termination are ca. 2 orders of mag-
nitude higher than those in toluene. The fraction of
toluene has a strong influence on the polarity of the
reaction medium. With decreasing toluene fraction, the
polarity of the reaction medium and rate of the polym-
erization increase. Run DD (30% toluene v/v, € ~ 7.6)
is much slower relative to run K150, which was per-
formed in a more polar solvent (only 10% toluene v/v, ¢
~ 8.6). These results indicate that the polarity of the
reaction medium has indeed a very strong effect on the
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Table 7. Experimental Conditions and Kinetic Results for Group Transfer Polymerization of n-BuA with MTS, Hgl,, and
TMSI in Toluene/Methylene Chloride Mixture (Toluene = 10% v/v)

run T, °C € 102{I}5, mol/L 104[Clo, mol/L. 103(S]o, mol/L [Ml]o, mol/L 102k app, 571 102k app,2 571
k98¢ 20 2.8 3.1 5.2 2.2 0.83 0.133 0.133
DD<4 20 7.6 2.3 5.1 3.5 0.70 7.38 5.79
k150 [ | 20 8.6 1.1 2.0 1.0 0.31 5.43 69.8
k151 [m} 0 94 1.1 2.1 1.0 0.32 9.45 115
k152 A -20 10.3 1.1 2.0 1.0 0.31 20.6 256

< Fitted according to eq 1. ® Recalculated to the concentrations of run k98. ¢ Pure toluene. ¢ Toluene = 30%.

[ §

-4 4
'-A
‘»

— -
-3
o
@«
X

£

-6

-7 -

-8 UARAARRAGRS RESRE RARAS NAARS RRRAS RARAS RARRS AARAS ARSI RASMARERA N
30 35 40 45 5.0 55 6.0
- 10-3
1K)

Figure 10. Arrhenius plot for GTP of n-BuA with MTS, Hgl,,
and TMSI in toluene (assuming linear time—conversion plots).
The curved line was calculated with the fitted parameters in
Scheme 3.

rate of polymerization and strongly support the inter-
pretation for the higher external reaction order with
respect to the concentration of monomer, confirming
that charge separation in the transition state is involved
in the polymerization. Due to the very high conversions,
the determination of k; is not reliable.

It can be also seen from Table 7 and Figure 9 that in
the experimental temperature range from +20 to —20
°C the rate of polymerization increases with decreasing
temperature; the apparent activation energy is negative
(Eaapp = —17.6 kJ/mol). This effect might be attributed
in part to the increase of the dielectric constant of the
reaction medium, but it also occurs in pure toluene and
is discussed below.

Dependence of Rates of Polymerization and
Termination on Temperature. The dependence of
the polymerization rate on temperature was studied in
the temperature range from —84 to +35 °C in pure
toluene. Table 5 shows the experimental conditions and
kinetic results, and Figure 10 shows an Arrhenius plot
of the apparent rate constants. In consideration of the
change of volume with temperature the apparent rate
constants were recalculated to standard concentrations
at 20 °C according to the reaction orders

o [1]00.67[M]00.52[c]01.12[S]O (11)

Rapp
The Arrhenius plot shows a distinct maximum at T =
—60 °C. Above ca. —40 °C the activation energy is
apparently negative (Eaapp ~ —17.6 = 0.7 kJ/mol)
similar to that in the toluene/methylene chloride mix-
ture; i.e. the rate of polymerization increases with
decreasing temperature. Only at temperatures below
ca. —70 °C does the rate of the polymerization decrease

with decreasing temperature; the activation energy is
Eaapp 2 120 kJ/mol (in the absence of TMSL: E,pp =

Table 8. Experimental Conditions and Kinetic Results
for Group Transfer Polymerization of n-BuA with MTS,
Hgl,, and TMSI in Toluene for Different Temperatures
(Initial Concentrations (at 20 °C): [Mlo = 0.83 mol/L, [Clo
= 5.2 x 107 mol/L, [Il, = 8.1 x 1072 moVL, [S]y = 2.2 x
1073 mol/L)

10%app®  10%app®  10%app?  10%.¢

run T,°C s~1 s1 st s7V kkapp
k138 -—83.8 3.84 3.84

k136 -76.2 6.28 6.28

k135 -65.6 8.28 8.28

k137 -53.9 8.91 8.91

ki30 —-51.0 12.11 9.20

k131 —43.0 9.99 7.86

ki32 -—34.5 7.54 6.13 7.79 1.48 0.019
k133 -25.7 5.35 4.50 5.64 2.43 0.043
k134 -16.5 4.03 3.50 4.48 3.91 0.087
k111 5.0 1.80 1.70 2.00 2.98 0.15
k112 12.5 1.46 1.42 1.51 2.34 0.16
k98 20.0 1.17 1.23 1.33 1.90 0.14
k109 27.5 0.975 1.00 1.06 3.84 0.36
k110 35.0 0.835 0.884 0.96 6.08 0.63

@ Considering time—conversion plots as linear. ® Calculated to
standard concentrations according to eq 11 in order to consider
the volume changes with the temperature. ¢ Fitted according to
eq 1.

46 kJ/mol). This value is comparable to those found in
many anionic polymerizations.5

In order to explain these results, one has to consider
that the apparent rate constant of polymerization, app,
is equal to the product of the rate constant, kp, and the
concentration of active species, [P*]:

Eapp = k,[P*] (12)
The rate constant of polymerization, kp, must decrease
with decreasing temperature according to the Arrhenius
relation. The concentration of active species will also
depend on temperature if the active species are formed
in an equilibrium. Ifthis reaction is exothermic, it will
lead to a decrease of concentration of active species with
increasing temperature. The rate of polymerization
depending on the activation energy of monomer addition
and on the enthalpy of active species formation can lead
to a curved Arrhenius plot including an apparent
negative activation energy. A similar phenomenon was
found in the anionic polymerization of styrene in THF.”
If the temperature is low enough to allow for a complete
shift of the equilibrium to the side of the active species,
only the activation energy will determine the temper-
ature dependence.

The rate constants of termination show a large
scatter. The activation energy can be estimated to E,
~ 6.0 + 3.6 kJ/mol, which is higher than that of
propagation by ca. 24 kJ/mol. In the anionic polymer-
ization of MMA with the Na™ conterion the activation
energy of termination was found to be higher than that
of propagation by 30 kJ/mol.?

As discussed above, if Ky and K» are not very great,
the concentration of active species [P*] can be ap-
proximately expressed by eq 8 and, because &, =
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Table 9. Fitting Results for Activation and -
Thermodynamic Parameters of GTP of n-BuA

Ea, AHl, ASl, AHz, ASZ:
logA kdJmol! kJmol! Jmol !K! kJmol! JmoltK-!
6.73 20.8 -23.5 -81.7 -15.6 -23.5

10~ 2ky, K, 102K,

T,°C Lmolls! Lmol-! Lmol! [P*¥/[Cly,% [P*V(Ilo, %
40 18.2 0.446 0.240 0.0778 0.00128
20 10.5 0.825 0.362 0.216 0.00356

0 5.64 1.67 0.580 0.691 0.0114

—60 0.427 30.7 4.04 41.0 0.676

-90 0.0622 270 17.2 77.6 1.28

30?

=4
a

20 -
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Figure 11. Plot of number-average degree of polymerization,
P., vs monomer conversion, x,, for the group transfer polym-
erization of n-BuA with MTS and Hgl,/TMSI in toluene for
different TMSI concentrations in toluene at 20 °C: (—)
theoretical line.

A exp(—E/RT) and —RT In K = AH — TAS, we can fit
K, Ky, and k, to the Arrhenius data in Table 8. A
possible combination of parameters and the correspond-
ing values of {P*] given as an example in Table 9. Other
combinations are possible.

Molecular Weight and Molecular Weight Distri-
bution. In the absence of TMSI we obtained a good
molecular weight control and narrow molecular weight
distributions. The presence of TMSI changes neither
the molecular weight control nor the molecular weight
distribution. The molecular weights of the polymers
increase with increasing monomer conversion, as theo-
retically expected (Figure 11). The molecular weight
distribution is also very narrow, generally, the polydis-
persity index M/M, < 1.15, similar to the case without
TMSI, and a maximum of polydispersity index can also
be observed at low monomer conversions (Figure 12).
The deviation of the experimental points from the
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Figure 12. Plot of polydispersity index versus monomer
conversion for the group transfer polymerization of n-BuA with
MTS and HgI/TMSI in toluene for different TMSI concentra-
tions in toluene at 20 °C. (—) calculated with [M}o/[I]o = 25.5
according to the modified Poisson distribution.!

modified Poisson distribution! can be attributed to
termination, the products of which lead to a small UV
signal at 4 = 260 nm (cf. part 1).

The good control of molecular weight by the ratio
[n-BuA]y/[MTS]; and the narrow molecular weight
distributions indicate that the polymer chains are
initiated by MTS molecules and not by TMSI and, in
conjunction with the linear first-order time—conversion
plots, confirm that this polymerization system can be
considered as living.
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