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INTRODUCTION TO LIVING POLYMERIZATION. LIVING AND/OR
CONTROLLED POLYMERIZATION

KRZYSZTOF MATYJASZEWSKI
Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, Pennsylvania 15213, U.S.A.

The effects of various imperfections such as slow initiation, termination, transfer and slow exchange on
kinetics, molecular weights and polydispersities in chain growth polymerizations are simulated. The simulations
demonstrate that well defined polymers can be prepared in systems with chain-breaking reactions. Thus, under
carefully selected conditions, non-living polymerizations may provide controlled polymers. On the other hand,
polymers with unpredictable molecular weights and broad and even polymodal molecular weight distributions
can be formed in living systems without irreversible transfer and termination. In some living systems molecular
weights may stay constant or even decrease with conversion. Therefore, a clear distinction should be made

between living and controlled polymerizations.

INTRODUCTION

The term living polymerization was initially used to
describe a chain polymerization in which chain-breaking
reactions were absent.? In such an ideal system, after
initiation is completed, chains only propagate and do
not undergo transfer or termination. Thus, in the ideal
living polymerization each chain should retain its ability
to react with monomer infinitely. However, transfer and
termination often occur in real systems.

The number of papers describing living polymers,
living catalysts (?) and living polymerizations is grow-
ing exponentially. Some of these processes will be
discussed in other papers in this issue; some have been
summarized in a recent review? and will not be covered
in this paper. Moreover, new terms such as quasi-living,
semi-living, truly living, perfectly living, pseudo-living,
apparently living and immortal have been used, often
without defining the terms. Recently, some effort has
been made*” to classify these systems and to establish
criteria for living polymerizations. These criteria can be
generally separated into kinetic and synthetic.

The intention of this paper is not to review existing
and proclaimed living systems but to discuss the essence
of a living polymerizations and to demonstrate that
polymer properties are influenced by deviations from an
ideal system. The importance of kinetics is stressed here
and the effect of chain-breaking reactions and of slow
initiation and slow exchange between species of differ-
ent reactivities and lifetimes on rates, molecular weights
and polydispersities is described quantitatively. These
calculations show that well defined polymers can be
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prepared in the presence of chain-breaking reactions.
Thus, living polymerizations (no chain-breaking reac-
tions) and controlled polymerization (formation of well
defined polymers) are two separate and not necessarily
overlapping terms which should be distinguished and
should not be confused. (Scheme 1)

A controlled polymerization is defined here as a
synthetic method for preparing polymers with predeter-
mined molecular weights (DP,=A[M]/[1],), low
polydispersity and controlled functionality, and also
block copolymers. Transfer and termination are allowed
in a controlled polymerization if their contribution is
sufficiently reduced by the proper choice of the reaction
conditions such that polymer structure is not affected.

On the other hand, a living polymerization is defined
as a chain polymerization without irreversible transfer
and termination. Living polymerizations will lead to
well defined polymers only if the following additional
prerequisites are fulfilled: initiation is fast in compari-
son with propagation; exchange between species of
different reactivities is fast in comparison with propaga-
tion; the rate of depropagation is low in comparison
with propagation and the system is sufficiently homo-
geneous, in the sense of the availability of active
centers and mixing. If these specifications are not met,
living polymerizations will produce polymers with
broader polydispersities and degrees of polymerization
much higher than the A[M]/[I], ratio.

The proportion of chains affected by transfer and
termination increases with the chain length. As dis-
cussed later, this may not cause much deviation from
ideal behavior (linear increase in M, with conversion,
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Scheme 1. Comparison between living and controlled polymerization

very narrow polydispersities) if the chains are
sufficiently short. Such systems have often been called
living. However, if attempts at preparing higher mol-
ecular weight polymers under otherwise identical
conditions (initiator, additive, solvent, temperature,
etc.) are unsuccessful, and if chain-breaking reactions
are indicated by a non-linear evolution of molecular
weights with conversion, and by variation of polydis-
persities and polymerization kinetics, then such a
system should not be called living. The terms apparently
living or ‘living’ polymerization have been used pre-
viously to name systems which produced well defined
polymers of relatively low molecular weight but in
which either transfer or termination is unambiguously
present.®? The term controlled polymerization is a more
accurate description of these systems.

It has been proposed that the rate constants of trans-
fer and termination or their ratios to that of propagation
should be determined for polymerization systems which
produce well defined polymers.” This will allow repro-
ducible syntheses in which the limits for the preparation
of well defined high polymers are set. The
transfer/termination rate constants may be detectable
only by working under ‘difficult’ reaction conditions
which prevent preparation of well defined polymers
(higher temperatures, lower [I],, longer chains, etc.).
These results can then be extrapolated to the ‘usual
living’ conditions.

Systems with reversible transfer or reversible termina-
tion deserve special comment, since they have often been
called pseudo-living or quasi-living. The first living
systems were anionic polymerizations of non-polar
monomers such as styrene and dienes in some hydrocar-
bon solvents. They showed perfectly living behavior,
producing very high molecular weight polymers
(M, »100,000) with low polydispersities (M,,/M,<1-1)
providing that initiation and mixing were fast

enough.>'%-'2 Polymerization resumes with the same rate
after addition of a new portion of monomer with a linear
increase in molecular weight with conversion. In addi-
tion, block copolymers form by consecutive
polymerization of two comonomers. In these systems
various active species coexist, including ions, ion pairs of
various structures and reactivities and their aggregates.
Reactivities of ions are sometimes much higher than
those of ions pairs (k,”/k,*~10° in polymerization of
styrene with Li* counter ion in dioxane at 20°C),>10-12
and in some cases ionic aggregates are much less reactive
than ion pairs. Nevertheless, polymers with degrees of
polymerization determined by the ratio of the concentra-
tion of reacted monomer to the overall concentration of
active  species or of  introduced initiator
(DP,=A[M]/(1],) have been prepared with a narrow
molecular weight distribution (MWD). This observation
indicates that growing species with different reactivities
exchange rapidly enough to give the same probability of
growth for all chains. This also implies that the temporary
decrease in activity (or temporary deactivation) does not
interfere with the concept of a living polymerization.
Thus, temporary deactivation is not considered as termi-
nation. The same reasoning can be applied to reversible
transfer and it has been suggested that both systems can
be simply called living.’ The dynamics of the exchange
reactions and the chain lengths are very important in both
cases as discussed later.

DEVIATIONS FROM IDEAL SYSTEM

A general kinetic scheme for a typical chain polymeriz-
ation is shown in Scheme 2. Initiation (1) usually
proceeds by reaction of initiator (I) with monomer (M)
to produce the first growing species (P;). This species
propagates (2A) with a rate constant which may be
different from that of the macromolecular species (2B).
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Scheme 2. Kinetic scheme for chain polymerization

Reaction of the growing species with monomer may
also lead to transfer to monomer to generate new chains
(3A). Transfer (3B) may also occur with a transfer
agent (A). If the new species (A") have a similar or
higher reactivity than the growing species, there will be
no effect on the kinetics. If the reactivity of A" is lower
than P, then degradative transfer occurs with retarda-
tion of the polymerization.

Growing species may lose reactivity by spontaneous
unimolecular termination (4A) or by bimolecular
termination (4B) with a terminating agent (T). In
radical polymerization bimolecular termination occurs
by coupling (4C) or by disproportionation (4D). Grow-
ing species (P) may be in equilibrium (5A) with
species P* of different reactivity, which is also capable
of reacting with monomer (5B). The last reaction (5C)

is a degenerative transfer in which both the total number
of chains capable of growth (P,+P,—A) and the
concentration of active chains stay constant (P,). This
thermodynamically neutral process (K =1) may lead to
polymers with a narrow molecular weight distribution.

The simplest system which is both living and con-
trolled involves only reaction (2); reactions (3)-(5)
should be absent. As shown later, well defined polymers
still can be formed if the contribution of these reactions
is small and the degree of polymerization is limited.
However, living polymerization which involve slow
initiation (1) will increase polydispersities and produce
polymers of ‘too high’ molecular weights. If initiation
is faster or comparable to propagation, then reaction (1)
[and (2A)] can be omitted. Multiplicity of growing
species with various reactivities and various lifetimes
may produce polymers with broad and even polymodal
molecular weight distributions. However, Poisson
distributions result if exchange reactions (5A) are fast.

In the following sections, the quantitative deviations
of the kinetics, molecular weights and polydispersities
from those of ideal systems caused by reactions (1),
(3), (4) and (5) will be presented. The magnitude of
only one deviation will be varied at a time to demon-
strate clearly the effect of slow initiation, termination,
transfer and slow exchange on polymerization rates and
properties of the produced polymers.

Slow initiation

The effect of slow initiation on kinetics is shown in
Figure 1 for a hypothetical system in which only reac-
tions (1) and (2B) (Scheme 2) participate and with the
conditions [M]y=1moll™!, [1],=0-01 mol ' and
k,=1mol 's™".

The kinetics is first order in monomer and should
provide a straight line in semilogarithmic coordinates if
the concentration of active sites is constant (instan-
taneous initiation). The time-scale is defined by the
product of the concentration of the propagating species
and the rate constant of propagation, but the shape of
the plot depends on the ratio of the rate constants of
propagation to that of initiation. For the particular ratio
[M],/11],= 100, no detectable deviation from the ideal
law is found for R;= k,/k;=1. If R;= 10, the initiator is
nearly consumed at approximately 40% monomer
conversion. On the other hand, at R =30 and 100, the
unreacted initiator remains even at complete monomer
consumption. Thus, continuous acceleration in the
semilogarithmic coordinates is observed.

It is even easier to notice the effect of slow initiation
by analyzing the evolution of molecular weight with
conversion in Figures 2 and 3. The small increase in the
polymerization degree relative to the ideal case disap-
pears at approximately 40% conversion when R;=10.
However, it is necessary to add subsequent portions of
monomer (conversions >100%) for ratios R,=30 and
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Figure 3. Dependence of DP, on conversion for various ratios
R, = k,/k; during four consecutive monomer additions for slow
initiation

100 to approach asymptotically ideal M, values as
shown in Figure 3.

Polydispersities in systems with slow initiation
depend on the ratio [M}y/[I], and R, and are very
narrow for R,=1 and 10 (M,/M,<1-02) but approach
M, /M, =~1-15 for the ratio R;=100. The highest poly-
dispersity due to slow initiation is M, /M,~1-3."°. The
effect of slow initiation on kinetics, molecular weights
and polydispersities has been discussed before in detail

2,13-15

for general szlstems and for carbocationic
1

polymerization.

Termination

The effect of termination was studied for a hypothetical
system in which only reactions (2B) and (4A) (Scheme
2) participate. Termination has no effect on the final
number average molecular weights because it does not
change the total number of chains. Of course, termina-
tion may lead to incomplete polymerization if the
initiator concentration is too low. If termination is
unimolecular the final monomer conversion ([M].) is
set by

In([M]o/IM1..) = [T]o(k,/ k) 6)

Thus, the effect of termination is mostly kinetic, as
shown in Figure 4.

Figure 4 depicts the semilogarithmic plots for various
ratios R,=k,/k, taking arbitrary values of
k,=1mol'1s™!, [M],=1moll™, (I},=0.001 mol ™!
and assuming instantaneous initiation.

For the ratios R,=100,000 and 10,000 nearly no
deviation from the ideal behavior is observed and
complete conversions, predicted molecular weights and
polydispersities lower than M, /M, <1-03 are calculated.
On the other hand, if R,=1000, 63% conversion is
expected at infinite time. Calculations predict DP, =630
and M,/M,=1-45 for the final product. The effect of
termination on molecular weight distribution has been
discussed thoroughly.!’"** Bimolecular termination with
a terminating agent T obeys pseudo-first-order kinetics
if {T]»[P"].

Termination in radical polymerization

The growing species in radical polymerization terminate
by either disproportionation or coupling. Most radical
polymerization systems involve slow initiation and a
very low stationary concentration of radicals in order to
prepare polymers of sufficiently high molecular
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Figure 4. Effect of various ratios R, = k,/k, on kinetics
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weights. Therefore, in most systems only a small
fraction of the initiator is used, and the rate of initiation
is approximately constant (decomposition of the
initiator by light, heat or a redox process is usually the
rate determining step, r;= ky(I]o). The number-average
degree of polymerization depends on the ratio of the
rate of propagation to that of the initiation and termina-
tion. Both the propagation rate and the polymerization
degree decrease with conversion as shown in Figure 5.
The arbitrarily chosen conditions ([M],=10 moll™,
r;=10""mol '1s7!, k,=10% mol ~'Is™! and
k=10"mol"'1s"!) are close to those for the bulk
polymerization of styrene at 60°C initiated by azo-
bisisobutyronitrile (AIBN).

The polydispersity increase with conversion from the
value M, /M,=1.5 for termination by coupling to
M,/M_ =2.5 at 95% conversion. This is due to the
change in the ratio of the rate of propagation to that of
initiation, according to"’

2(IM], - [MDk,
In([M]o/[MD)(2rik)"*
3(IM]o + IMDk,

202rk)'"*

A similar dependence is predicted for termination by
disproportionation, although the initial polydispersities
are higher (M, /M, =2).

DP,

)

Transfer

Ideally, transfer has no effect on kinetics, but does have
a pronounced effect on molecular weights and polydis-
persities.'” % Figure 6 shows the effect of transfer to
monomer on the polymerization degree for various
ratios Ry = k,/k,, using arbitrary concentrations
{M1,=1 mélt™", [I],=0-01 moll~}, and assuming that
initiation is instantaneous and termination is absent.
Instead of the predicted final DP, = 100, smaller values
are computed (DP =91, 75 and 50) when R,,,=1000,
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conversion for termination by coupling in a radical
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Figure 6. Dependence of DP, on conversion for various ratios
Ry = ky/ ki for transfer to monomer

300 and 100, respectively. Note that the deviation from
A[M]/[1] is smaller at lower DP and increases at higher
DP range for each R, value.

As shown in Figure 7, this deviation depends not only
on R, but also on the ratio of the concentration of the
monomer to that of the initiator, which can be
expressed by the parameter a = (kyu/k,) [M1o/[1]0:

DP[DP“=1/{1 + (k/ky) Mo/ (1op} ®

The ratio of the degree of polymerization in the pre-
sence of transfer to that predicted for the ideal system
without transfer (DP“=A[M]/[1],) decreases with
conversion.’

For the initial conditions [M),=1moll™,
11=0-01 moll™' and R,y=k,/kop=1000, a 10%
deviation from ideal behavior is expected (case when
a=0 1). At complete conversion a decrease in the
initiator concentration to [I],=0-001 moll™ (a=1)
leads to a DP that is half of the ideally predicted value,
whereas [1],=0-0001 moll~' (a= 10) leads to one tenth
of that value. However, nearly ideal behavior can be
reached with [I],=0-1 moll~'. This shows that in
systems dominated by transfer it is possible to improve
polymerization control by simply manipulating (increas-
ing) the initiator concentration.
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Figure 7. Effect of parameter a= (k,/k)(AM]/{I];) on
deviation from ideal behavior for transfer to monomer
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Figure 8 depicts the predicted effect of the parame-
ter a on the polydispersities.” Using [M],=1 mol1™!
and [I],= G-0lmoll™!, a polydispersity of
M, /M,~1-06 is expected for the ratio k,/k,y=1000.
Decreasing  the  initiator  concentration  to
[1],=0-001 moll~' leads to M,/M,~1-5, whereas
increasing [1], to 0-1 mol1~! should provide polymers
with narrower polydispersities.

Figure 9 is similar to Figure 7, but it takes into
account deviations caused by unimolecular transfer (e.g.
transfer to counter ion). The plots in Figure 9 were
calculated using the following equation:**

DP/DP*=1/{1+In[1/(1 = p)(ke/k)/ U)o}  (9)

for various values of parameters b = (k,/k,)/[1];.
Because the rate of transfer to counter ion is
independent of monomer concentration, whereas the
rate of propagation decreases with conversion, lower
molecular weights and large increases in polydispers-
ity are expected at high conversion.®** This explains
the pronounced deviation at the end of the polymeriz-
ation. However, this is often experimentally
undetected if the precipitated polymer is analyzed
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Figure 8. Dependence of MWD on various ratios a for
transfer to monomer
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Figure 9. Effect of parameter b= (k,/k,)/[I], on deviation
from ideal behavior for unimolecular transfer (e.g. to counter
ion)

rather than the entire reaction mixture, which includes
oligomeric products.

Slow exchange

Exchange between ions and ion pairs of different
reactivities has been carefully analyzed in anionic
systems and small broadening of polydispersities was
used for the evaluation of the dynamics of the
exchange.'™” When exchange becomes slower, as in the
case of aggregation of ion pairs, then polydispersities
are higher and the distribution may become bimodal.*
Slow exchange is also one of the reasons for the high
polydispersities obtained in coordination polymeriz-
ations, especially heterogeneous systems.

Figure 10 presents the results of Monte Carlo simula-
tions for a binary system consisting of dynamically
exchanging active (P*) and dormant (P?) species
described by Scheme 3. Dormant species cannot react
directly with monomer (k% =0) and they are })resent ina
1000-fold excess over active species (K = 10°).

Figure 10 shows the effect of the dynamics of
exchange on molecular weights and molecular weight
distributions (the signal of the unreacted initiator was
deleted from the simulated traces). Values of the
equilibrium and rate constants were assumed to be equal
for the initiator and macromolecular species. If the rate
of conversion of active to dormant species is higher
than or comparable to that of Pro?agation [Figure
(10(A), k*=10°M™'s™!, k,=10"s""; Figure 10(B),
k2=10°"M"'s"", k,=10°s7'}, then narrow MWD and
degrees of polymerization defined by the ratio of the
reacted monomer to that of the introduced initiator are
obtained. Using M],=1 moll™* and
(11,=0-01 mol1™!, DP, =10, 50 and 90 are predicted at
10, 50 and 90% conversion, respectively. These values
are indeed observed in Figure 10(A) and (B). Polydis-
persities are  slightly broader. For example,
M, /M, =1-12, 1-02 and 1.01 in Figure 10(A) and 1-30,
1-05 and 1-025 in Figure 10(B) at 10, 50 and 90%
conversion, respectively.

On the other hand, if the temporary deactivation of the
growing species becomes slower than propagation [Figure
10(C), k*=10°M"'s™!, k,=10°s""; Figure 10(D),
k=10° M™'s™!, k,=10%s7"), the molecular weights are
higher than predicted (owing to incomplete initiation) and

K=k kg,

pa P |
P, . P,

Mok "‘M\/K kpd
'

pa }
P = Pl

Scheme 3. Polymerization in systems with active and dormant
species
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the polydispersities are also much broader. In Figure
10(C), DP,=110, 108 and 104 and M, /M, =1-99, 2-00
and 2-04 were calculated for 10, 50 and 90% conversion,
whereas in Figure 10(D), DP,=1040, 820 and 480 and
M, /M, =2-00, 2-08 and 2-73 were calculated for 10, 50
and 90% conversion, respectively.

This demonstrates the surprising result that molecular
weights can decrease with conversion in a living polym-
erization! That is, no irreversible transfer or termination
is present, and even the rate of initiation was considered
equal to that of propagation. This strange and unex-
pected result is due to the slow reversible deactivation
of the active species.

Figures 11 and 12 show the variation of MWD with
conversion and as a function of the final polymeriz-
ation degree for a system with exchanging active and
dormant species. This could happen in cationic,
anionic, radical, coordination and other polymerization
systems. The MWD is unimodal but its breadth
depends on the ratio of the rate constants of propaga-
tion and deactivation of active to dormant species
(k" o).

Polydispersities continuously decrease with conver-
sion and with increasing chain length, in contrast to
systems dominated by transfer. At faster exchange
(lower value of k/k, ) there is a higher number of
exchange events during chain growth, leading to a more
uniform distribution. Similarly, at lower concentration
of growing species ([I],— [I1), longer chains with more
narrow MWD are formed, according to

DP,/DP,=1+1/DP,+c(2-p)/p (10)

where ¢ = ([1]o— [I1) (k,*/k.a)-

Figure 12 demonstrates how the polymerization
degree affects polydispersity at complete conversion
according to

DP,/DP,=1+1/DP +d/DP, (11)

where d=[M], (k*/k,). For example, high polydis-
persity (DP,/DP,=3) is predicted for a system with
d=20 at DP =10, but is reduced to DP,/DP,=1-2 at
DP =100. This demonstrates that in order to obtain
lower polydispersities, longer chain lengths must be
reached in systems with slow deactivation. Of course,
transfer may become significant at such high molecular
weights and polydispersity may increase after its initial
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decrease. A typical feature of systems with slow
exchange is that polydispersities decrease with conver-
sion and with chain length in contrast to systems
dominated by transfer.

Slow exchange in carbocationic systems

Slow exchange, in addition to transfer, is the most
important parameter affecting polydispersity in carbo-
cationic polymerizations.”>* It is the main reason for
polymodal MWD. It is intuitively easy to imagine a
bimodal MWD when two species of different reactivi-
ties do not exchange or exchange slowly in comparison
with propagation, as clearly demonstrated for anionic
systems. Kinetic studies of model and macromolecular
systems show that the reactivities of ions and ion pairs
are similar in carbocationic polymerization and dormant
species are inactive.”"® The question remains, how-
ever, of whether or not a bimodal MWD is possible for
two species with the same reactivities. The answer is
‘yes’, if their lifetimes are different.?'"?

Figure 13 shows the evolution of molecular weights
with conversion for a hypothetical system (Scheme 4), in
which ions and ion pairs have the same reactivities
(k,* =k = 10° mol 15"}, covalent species are inactive
(k,°=0), the ionization equilibrium constant is
K;=10" mol™'1 and the dissociation constant is
K,=10"%moll"'. K; is defined by the ratio of the rate
constant of ionization of covalent species by Lewis acid
to that of recombination of ion pair (K;=k/k). Ky is
defined by the ratio of the rate constant of dissociation
of ion pair to that of association of free ions
(KD = kdis/kas)-

K; Kp
RX + LA R™,LAX" R* + LAX"

t,"i-‘f(l’c X! 1 k" @

Scheme 4. Equilibria in carbocationic polymerizations

The initial conditions are [M],=1moll™},
[1],=0-01 mol1™" and [LAJ,=0-1 moll~'. These condi-
tions, which are typical of the polymerization of styrene
and some other alkenes,™ should lead to average values
of DP,=10, 50 and 90 at conversions 10, 5, and 90%,
respectively, provided that initiation is quantitative.

Figure 13 clearly demonstrates that although ions and
ion pairs have the same reactivities, bimodal MWD is
obtained when no common anion [Figure 13(A)] or
when only a very small amount of the anion is added
[10°®M; Figure 13(B)]. The low molecular weight
(LMW) peak increases progressively with conversion.
The number-average degree of polymerization of the
LMW peak increases for the case (A) from 1-5 to 4.6

T 1 1
C
- 20%
A -
—__J K 10%
1 1 1
T T T
B
30%
50%
-
1 1 1 10%
1 ¥ Ly
A
90%
50%
10%
i 1 1
1 10 102 103 10+

Degree of polymerization

Figure 13. MWD in carbocationic polymerization as a

function of conversion in the presence of common anion;

Ml,=1M, Il,=0-01 M, [LAl4=0-1 M;

kt=kt=10°M"'s Kp=10"M; K=10"M7%;

k= IOfM“s"; k.=10" 571 (A) No salt; (B) [A~],=107 m:
(O [A]=10"M
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and to 9-8 and for case (B) from 5-1 to 25-8 and to 49-8
with conversion (10, 50 and 90%, respectively). The
polydispersity of the LMW peak stays fairly narrow
M, /M,=1-26, 1-21 and 1-09 for (A) and 1-20, 1-05
and 1-04 for (B)].

The high molecular weight (HMW) peak varies much
less than the LMW peak and its number average degree
of polymerization decreases for case (A) from 1020 to
750 and to 460 and for case (B) it increases with
conversion from 120 to 130 and 140. [The determina-
tion of DP, for case (B) is less precise owing to peak
overlap.] Polydispersities of the HMW peak increase
for case (A) from M,/M,=2-2 and 2-1 to 2-54, but
decrease for case (B) from M,/M,=1-74 and 1-43 to
1-32, respectively.

The overall number average degree of polymerization
increases with conversion from 17 for (A) [11 for(B)]
to 50 and 90 as expected for nearly complete initiation.
The overall polydispersities decrease for case (A) from
M, /M, =120 to 30 and to 12 and for case (B) from
M,/M,=11t02-5 and to 1-6, respectively.

On the other hand, when the concentration of the
common anion is increased tenfold to the concentration
[A"1=1073 mol1"}, a nearly perfectly behaved system
is found. This leads to degrees of polymerization
corresponding exactly to those for the quantitative
initiation (10, 50 and 90 at 10, 50 and 90% conversion,
respectively). The polydispersities are also low:
M,/M =12, 1-05 and 1-02, respectively.

The dramatic effect of adding a common ion shown in
Figure 13 is caused mainly by the reduction of the
lifetime of free ions, since the rate of unimolecular
deactivation of ion pairs is fast enough in this case
(k=107 s™") compared to propagation (k,=10°M~'s™").
On the other hand, deactivation of free carbocations is
bimolecular and depends on the concentration of the
anion. Under the conditions simulated in Figure 13(A),
the stationary concentration of ion pairs s
[Pt]=10"% moll~' and the stationary concentration of
free ions [P*]1=[A"]=10"" moll~". Thus,})roviding that
association is diffusion controlied (k,,~10° moll™"), the
lifetime of free cation is defined by

7t =1/(k,[A"])=10"2s (12)

During that time a free carbocation can propagate 1000
times and form high molecular weight polymer:

DP¥ =k *M]7* ~10’ (13)
The lifetime of an ion pair is much shorter:
*=1/(k)=10""s (14)

with less than one propagation step possible during one
ionization period at [M]=1 moll~". Hence the popula-
tion of ion pairs grows steadily and continuously,
providing a polymer with narrow MWD.

Figure 14 shows the effect of both ionization and
dissociation equilibria on the MWD of polymers

1 10 102 103 104 108
Degree of polymerization

Figure 14. MWD in carbocationic polymerization as a
function of the dissociation and ionization equilibrium
constants; [Mly=1M, [I1,=0-01 M, [LA},=0-1 ™m;
W =kr=100M"s"  k=10"s"" (1) Ky=107"Mm,
K=107"M" (2) Kp=10"%M, K;=10"M"; 3) Kp=10
M, K=10"M™; @) Kp=107"M, K=10"M"" (5)
Kp=10"%M, K;=10M"; (6) Kp =107 M, K;=10> M~

without added salts with common anions at 90% conver-
sion with a standard recombination rate constant
k,=10" mol™'1"'s™". The bottom three traces and top
three traces depict the change in K from 107° to
107" mol1™" for two different ionization equilibrium
constants, K;=10""mol™'1 (bottom) and 107 mol 'l
(top), respectively.

When ionization is weak, a clear bimodal MWD is
observed. The concentration of ion pairs is
[C*]1=10"% moll~!, whereas the concentration of free
ions changes from [C*]1=0-3x10""to 1x 1077 and to
3x107" moll~". This means that the proportion of
monomer consumed by ions increases from ca 76 to 90
and to 97%, respectively. This is seen in the relative
proportions of HMW and LMW peaks.

For the stronger ionization (K;=107>mol 'l), the
concentration of ion pairs is [C*]=10"° moll~}, and the
concentration of free ions varies from [C*]=0-3x 107°
to 1 x107® and to 3x 107° mol1~". This means that the
contribution of free ions increases from approximately
25 to 50 and then to 75%, respectively. In trace 4, the
25% contribution of free ions can hardly be seen without
magnification (broad MWD). In trace 5, nearly equal
proportions of both peaks are seen, whereas in trace 6,
free ions dominate but differences between polymeriz-
ation degrees are so small that peaks cannot be separated.

The fraction of the LMW peak is determined by the
proportion of ion pairs among all carbocations. How-
ever, if they exchange very rapidly with covalent
species, they cannot be distinguished from dormant
species and the average DP, of LMW is in that case
defined by the ratio of concentrations of the monomer
reacted with growing ion pairs to the concentration of
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Table 1. Effects of k, k, k, and k., on kinetics and molecular weights in comparison with an ideal living

system (ILS)

Rate MW MWD
Slow initiation Slower than ILS Initially higher, <13
(but with acceleration) but approaches ILS
Termination Slower than ILS No effect Broader than ILS
(with deceleration) (limited conversion)
Transfer No effect Lower than ILS Broader than ILS
Slow exchange No effect 7 (may be polymodal) Very broad,
may be polymodal

covalent species (approximately equal to that of the
initiator, provided that initiation is complete). Thus,
DP, of LMW is determined by

DP,"= AIM/([I]o— ID{ [C*1/(IC* 1+ [C* D} (15)

The molecular weight of this fraction grows progres-
sively with conversion and MWD is rather narrow
(Mw/M_,<1-2), but depends on the dynamics of
exchange as discussed previously.

DP, of the HMW fraction is more difficult to esti-
mate. DP formed during one activation period depends
on the relative rates of propagation and deactivation of
free ions (the association process)

DP,"=R,/R,{[CT]/(IC*]1+[C*D}
= kM/kJCTHICT/ACTI+ICD}  (16)
=k [M1/{k (IC* ]+ [C* ]}

Surprisingly, the DP, of the HMW peak does not
depend on the concentration of ions rather than on the
total amount of ionic species, as shown clearly in
Figure 14. The decrease in DP.Hin traces 1, 2 and 3 is
due to increasing total concentration of carbocations
from 4x107® to 1-1x1077 and to 3-3x 107" mol1~".
The values of DP.! in traces 1, 2 and 3 in Figure 14
agree well with those predicted from equation (16),
assuming a single activation process for this fraction:
DP H=1200, 500 and 200. On the other hand, the
values of DP,! in traces 4, 5 and 6 are in the range
100-200 and are much higher than those predicted for a
single activation process for this population: DP," = 80,
20 and 12, respectively. This indicates that this popula-
tion must grow with conversion, in contrast to the
changes shown in traces 1, 2 and 3. The repetitive
activation processes also lead to a narrower MWD for
this fraction which in traces 6 is M,,/M,=1-30 for both
free ions (75%}) and ion pairs (25%).

CONCLUSIONS

Table 1 summarizes the effects of various imperfections
such as slow initiation, termination, transfer-and slow

exchange on kinetics,
polydispersities.

The simulations presented in this paper demonstrate
that well defined polymers can be prepared in systems
with chain breaking reactions present. Thus, non-living
polymerizations may provide controlled polymers under
carefully selected conditions. On the other hand, poly-
mers with unpredictable molecular weights and broad or
even polymodal molecular weight distributions may
form in living systems without irreversible transfer and
termination. As shown in Figure 10, the molecular
weights may stay constant or even decrease with con-
version in some living systems. Therefore, the
differences between living and controlled polymeriz-
ation outlined in Scheme 1 must be stressed.

molecular weights and

ACKNOWLEDGMENTS

Financial support from the National Science Founda-
tion, the Office of Naval Research and the donors of the
Petroleum Research Foundation is highly appreciated.

REFERENCES

. M. Szwarc, Nature (London), 178, 1168 (1956).
2. M. Szwarc, Carbanions, Living Polymers and Electron
Transfer Processes. Wiley, New York (1968).
3. O. Webster, Science, 251, 887 (1991).
4. S. Penczek, P. Kubisa and R. Szymanski, Makromol.
Chem., Rapid Commun. 12, 77 (1991).
5. M. Szwarc, Makromol. Chem., Rapid Commun. 13, 141
(1992).
6. R. P. Quirk, B. Lee, Polym. Int. 27, 359 (1992).
7. K. Matyjaszewski, Macromolecules, 26, 1787 (1993).
8. K. Matyjaszewski and P. Sigwalt, Polym. Int. 35, 1
(1994).
9. K. Matyjaszewski, J. Macromol. Sci., Chem. A31, 989
(1994).
10. G. V. Schultz, Chem. Techn. 220 (1973).
11. S. Bywater, Adv. Polym. Sci. 4, 66 (1965).
12. M. Morton, Anionic Polymerization: Principles and
Practice. Academic Press, New York (1983).
13. L. Gold, J. Chem. Phys. 28, 91 (1958).

—



14.
15.

16.

17.
18.
19.
20.
21.
22.

23.
. D. Kunkel, A. H. E. Mueller, M. Janata and L. Lochman,

INTRODUCTION TO LIVING POLYMERIZATION

M. Litt, J. Polym. Sci. 58, 429 (1962).

V. S. Nanda and R. K. Jain, Trans. Faraday Soc. 60, 949
(1964).

J. P. Kennedy and B. Ivan, Designed Polymers by Carbo-
cationic Macromolecular Engineering, Theory and
Practice. Hanser, Munich (1993).

L. H. Peebles, Jr., Molecular Weight Distributions in
Polymers. Wiley, New York (1971).

R. Chiang, and J. J. Helmans, J. Polym. Sci., Part Al 4,
2843 (1966).

D. Yan and C. Yuan, J. Macromol. Sci., Chem., A23, 781
(1986).

C. Yuan and D. Yan. Makromol. Chem., 187, 2629
(1986).

D. Greszta, D. Mardare and K. Matyjaszewski, Macro-
molecules, 27, 638 (1994).

C. Yuan and D. Yan. Makromol. Chem., 188, 341 (1987).

R. V. Figini, Makromol. Chem. 107, 170 (1967).

Makromol. Chem., Macromol. Symp. 60, 315 (1992).

25

26.

217.
28.

29.
30.

3L
32.

33.
34.
35.

207

. K. Matyjaszewski, Makromol. Chem., Macromol. Symp.
47, 221 (1991).

J. E. Puskas, G. Kaszas and M. Litt, Macromolecules, 24,
5278 (1991).

H. Mayr, Angew. Chem. 29, 1371 (1990).

K. Matyjaszewski, Makromol. Chem. Macromol. Symp.
54/55, 51 (1992).

T. Kunitake and K. Takarabe, Macromolecules, 12, 1061
(1979).

J.-P. Vairon, A. Rives and C. Bunel, Makromol. Chem.,
Macromol. Symp. 60, 97 (1992).

K. Matyjaszewski, J. Polym. Sci., Chem. 31, 995 (1993).
K. Matyjaszewski, R. Szymanski and M. Teodorescu,
Macromolecules, 27, 7565 (1994).

T. Higashimura, Y. Ishihama and M. Sawamoto, Macro-
molecules, 26, 744 (1993).

C. H. Lin, J. S. Xiang and K. Matyjaszewski, Macro-
molecules, 26, 2785 (1993).

K. Matyjaszewski, C.H. Lin and C. Pugh, Macro-
molecules, 26, 2649 (1993).



