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ABSTRACT: The kinetics of the bulk polymerization of styrene in the presence of a model w-polystyryl
iodide (M, &~ 2000, and M,,/M, ~ 1.26) as mediator and benzoyl peroxide as initiator was studied. The
rate of polymerization, Rp, was found to be independent of the iodide concentration, showing that the
stationary concentration of polymer radicals, [P*], is determined by the balance of initiation and
termination rates, as in the conventional (iodide-free) system. The pseudo-first-order activation rate
constant k.: of the model iodide was determined as a function of BPO concentration and temperature
(50—80 °C) by both the GPC curve-resolution and polydispersity-analysis methods. The results showed
that ka is directly proportional to [P*], which means that degenerative transfer (active species-exchanging
transfer) is the only important mechanism of activation in this system. The activation energy for the
transfer rate constant kex was found to be 27.8 kJ mol~2, somewhat smaller than the known activation
energy for the styrene propagation rate constant k; of 32.5 kJ mol~*. This indicates that lowering, rather
than raising, the reaction temperature will be more effective in preparing polystyrenes with a narrower
polydispersity by the iodide-mediated polymerization. This is because the most important parameter
for determining the polydispersity of a degenerative-transfer-type system is the ke./kp ratio, as has been
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known for some time.

Introduction

The past few years have witnessed explosive growth
of the synthesis of well-defined polymers by controlled
or “living” radical polymerization techniques.! Mecha-
nistically, these techniques are commonly characterized
by activation—deactivation reversible processes (Scheme
1). Namely, the active chain (P*) will, in the presence
of the monomer M, undergo polymerization with a mean
rate ky[M] until it is deactivated by a capping agent X.
Examples of X include sulfur compounds,? stable ni-
troxyls,3* halogens,>~° transition metal complexes,10-11
and others.>?2 The chain remains inactive, or dormant,
until it is decapped by thermal, photochemical, and/or
chemical activation. A number of such activation—
deactivation cycles and a low concentration of the active
species (relative to that of the dormant species) will
allow all the chains to grow slowly and simultaneously
with a minor effect of alkyl—alkyl bimolecular termina-
tion. This seems to be the most common understanding
of the basic mechanism by which well-defined polymers
are produced in radical polymerization systems.13.14

In this regard, the reversible activation process is the
“heart” of “living” radical polymerizations. Since the
frequency of deactivation is basically equal to that of
activation, the pseudo-first-order rate constant of acti-
vation, kat (in units of s71), is the essential parameter
that controls the polydispersity of a given polymeriza-
tion system. In previous publications,>16 we proposed
two mutually related but basically different methods for
determining Kact by the use of gel permeation chroma-
tography (GPC) and used them to show that the main
mechanism of activation in the TEMPO (2,2,6,6-tetra-
methylpiperidinyl-1-oxy) mediated polymerization of
styrene is the thermal dissociation of the polystyrene
(PS)—TEMPO adduct (Scheme 1b) rather than degen-
erative transfer’¢132 (Scheme 1c).

We have applied the GPC methods to the iodide-
mediated polymerization of styrene to examine its
activation process. According to Matyjaszewski et al.,”
the control of chain length and chain length distribution
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Scheme 1. (a) Reversible Activation, (b) Thermal
Dissociation, and (c) Degenerative Transfer
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is achieved by the mechanism of degenerative transfer,
but no direct experimental evidence for it has been
obtained as yet. In what follows, we will make a
detailed study on this problem by determining the
pseudo-first-order rate constant of activation, Ku, as a
function of polymerization rate and temperature and
discuss the possibility and limitation of the iodide-
mediated polymerization of styrene.

Experimental Section

Synthesis and Characterization of w-Polystyryl lo-
dide. 1-Phenylethyl iodide (PEI) was prepared as described
elsewhere’ and confirmed to be virtually 100% pure by H
NMR (proton nuclear magnetic resonance spectroscopy). A
styrene solution of PEI (0.20 mol L™1) and benzoyl peroxide
(BPO; 0.030 mol L) in a glass tube was degassed by several
freeze—thaw cycles, sealed off under vacuum, and heated at
80 °C for 70 min. After purification,'* there was obtained a
polymer which had number- and weight-average molecular
weights M, and M, of 1500 and 1890, respectively, according
to PS-calibrated GPC.** These values of M,, and M, are not
necessarily reliable on an absolute scale because of the
differences in the end groups between this sample and the
anionically prepared standard PSs used for the GPC calibra-
tion.
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Figure 1. 'H NMR spectrum of the model polystyryl iodide
P,—X. A, B, and C are the three major possible structures of
the chain ends, and a, b, and ¢ denote the assignments of the
signals.

'H NMR analysis may give more reliable results in this
particular case. The spectrum given in Figure 1 (taken at
ambient temperature with flip angle 45°, spectral width 3001
Hz, acquisition time 2.666 s, and pulse delay 2.0 s) clearly
shows the signals due to the methyl protons at the initiating
chain end (0.9—1.2 ppm; peak a), the methine proton at the
iodine end (4.5—4.8 ppm; peak b), and the ortho protons of
the benzoyloxy ring at the BPO-initiated chain end (7.9 ppm;
peak c). From the peak areas of the protons at the initiating
chain ends (peaks a and c) relative to that of the methylene
and methine protons in the main chain (1.2—2.8 ppm) and to
that of the terminal methine (peak b), we estimated the M, of
the PS moiety of the sample and the number fraction f, of the
iodine-capped chains to be 1900 and 0.98, respectively. Since
peak a is slightly overlapped by the tail part of the main-chain
protons, appropriate curve resolution was made in reference
to the spectrum of a free-radically prepared PS with a high
Mp (>105), which showed no detectable chain-end signals. We
also note that an elemental analysis showed that the sample
contained 6.16 wt % of iodine, which, along with the M,, value
of 1900, gives f; = 0.98, in agreement with the NMR value.
On the other hand, the number fraction of the chains with a
benzoyloxy chain end, fg, is about 0.04 according to the above-
mentioned NMR analysis. This value of fg is consistent with
the decomposition rate constant of BPO in styrene (see below)
and the experimental conditions given above. Since the
number of initiated chains is equal to that of the terminated
(dead) chains (see below), and since the rate of thermal
(spontaneous) initiation of styrene at this temperature (80 °C)
is negligibly small compared to that of the BPO initiation, we
can estimate that the fraction fg of chains were terminated
(mostly by combination in the case of styrene). This indicates
that the fraction of active chains (f;) does not exceed 1 — fg =
0.96, approximately.t’

From all these results, we may conclude that the prepared
polystyryl iodide sample, which will be designated P,—X, is
96—98% pure. In the following analysis, we will correct
experimental data assuming that P,—X includes 3 wt % of
inactive species (without an iodine moiety). This correction,
however, was generally small compared with other experi-
mental errors. Even though the absolute values of molecular
weights estimated by GPC may not be very accurate, as
suggested above, they can be used probably with less error
for the purpose of comparative studies such as are made in
the determination of the activation rate constant by polydis-
persity analysis (see below). For example, the My/M, ratio of
1.26 for P,—X estimated by GPC should be a good approxima-
tion.

Kinetic Analysis of Polymerization. A fixed amount of
P,—X (1.7 x 1072 mol L) and a variable amount of BPO ((0—
3.0) x 1072 mol L) were dissolved in styrene, degassed, sealed
off under vacuum, and heated at 80 °C for a prescribed time
t. The mixture was then quenched to room temperature,
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Figure 2. Examples of GPC chromatograms of the raw
polymerization products: [P,—X]o = 17 mmol L™%; [BPO], as
indicated in the figure (80 °C).
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Figure 3. Plot of In([M]o/[M]) vs t: [Po—X]o =17 mmol L%;
[BPO]o as indicated in the figure (80 °C).

diluted by tetrahydrofuran (THF) to a known concentration,
and directly analyzed by GPC with THF as eluent (40 °C).14-16

Results and Discussion

Polymerization Rates. We first examine the rate
of polymerization, Rp, of this system. Figure 2 shows
examples of the GPC curves of the reaction mixtures
obtained after 20 min of heat treatment of the system
with [Po—X]o = 1.7 x 1072 mol L~ and varying values
of [BPQO]Jo, where the subscript 0 denotes the initial state
(t = 0). (The actual chromatograms have a huge
monomer peak at around 40 counts, which, being
irrelevant to the present analysis, is not included in the
figure.) Since a constant amount of each reaction
solution was injected to the column system, the total
area under each curve relative to that of the t = 0 curve
shows how much monomer was converted to polymer.
By independent experiments, it was confirmed that the
RI (refractive index) detector response of polystyryl
iodides does not depend on chain length (for M, > 2000),
being the same as that of standard PSs within 1 or 2%.
Figure 3 gives the first-order plot of the monomer
concentration [M]. In these relatively small conversion
ranges, the plot is approximately linear, indicating that
the system is in a stationary state with respect to the
ratio Rp/[M] (the slope of the In([M]o/[M]) vs t) or the
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Figure 4. Plot of (Ry/[M])? vs [BPO], for the polymerization
of styrene at 80 °C in the presence of P,—X ([Po—X]o = 17 mmol
L1, filled circles) and the absence of it (open circles).

polymer radical concentration [P*]
[P*] =k, "(Ry/[MI]) (1)

where k; is the rate constant of propagation.

Figure 4 gives the values of (Rp/[M])? as a function of
[BPO]o, indicating that [P*]? is linear in [BPO]o. The
open circles in the figure for the conventional system
(without the iodide P,—X) fall on the same straight line
as for the iodide system. This means that the iodide
has no effect on the stationary rate of polymerization,
and Ry, whether the iodide exists or not, may be given
by the relations

(RY/IM1)? = (k,2/k)R; )

Ri = R 1 2f 'Kgpo[BPO] 3)

1
with Rith = 2.2 x 107° mol L™t s, and 2f 'kgpo = 7.2 x
1075 s71. In egs 2 and 3, k¢ is the termination rate
constant and R; is the total rate of initiation, which is
the sum of the thermal initiation R; of styrene and
the initiation due to the decomposition of BPO with a
rate constant kgpo and an efficiency f'. The values of
Riwn and 2f kgpo obtained here are reasonably compa-
rable to the literature values: Rjy = 2.5 x 107 mol
L1 s7118 and kgpo = 3.5 x 1075 s71.19 |n this work,
use is made of the k, value recommended by IUPAC?0
and the ky?/k; value due to Hui and Hamielec'® (k, =
660 and kp?/k; = 1.71 x 102 L mol~ s™1, respectively).

Determination of kyct by GPC Peak Resolution.
The GPC curves given in Figure 2 are composed of two
peaks. Clearly, the first, lower-molecular-weight (larger-
elution-count) component corresponds to the undisso-
ciated P,—X.'> This peak was observed to become
smaller with an increase in BPO concentration when t
was fixed (Figure 2) and with an increase in t when
[BPO], was fixed (not shown in the figure). The second,
higher-molecular-weight component is ascribed mainly
to the activated, grown chains. This component can also
include those species, albeit small in fraction, that
originate from BPO, thermal initiation, and/or a further
activation of P;-X, where P;-X is the polystyryl iodide
produced from P,—X after one cycle of activation—
propagation—deactivation (cf. Scheme 1a). Actually, the
number density of polymer chains, [Np], estimated by
the GPC curves such as given in Figure 2 is nearly
constant and equal to [P,—X]o within +10% in the
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Figure 5. Plot of the number density [Np]cec of polymer vs t:
[Po—X]o = 17 mmol L% [BPO]p as indicated in the figure (80
°C). [Nplerc denotes the value of [Np] estimated by GPC.
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Figure 6. Plot of In(Se/S) vs t (80 °C): [Po—X]o = 17 mmol
L~%; [BPO]Jo as indicated in the figure.

studied ranges of [BPQO]o and t (Figure 5). This means
that the cumulative number of BPO- (and thermally)
originating chains is small compared with the number
of P,—X molecules. These details, however, are not
required, since we are concerned here with the time
evolution of [P,—X] or the intensity S of the first peak.
As was the case with the polystyryl nitroxide system,®
the resolution of the bimodal GPC curves into the two
components could be accurately made, which is the basic
requirement of this analysis, and the quasi-first-order
activation rate constant ks was determined from the
slope of the plot of In(Sy/S) vs t:

IN(Sy/S) = Katl (4)

Figure 6 shows this plot for various values of [BPO]o.
The plot is linear in all cases, giving a well-defined value
Of kact.

Determination of k. by Polydispersity Analy-
sis. The above-described method for determining Kact
is free from any kinetic details, other than the existence
of activation and propagation processes, and it was
termed the “direct” method. The alternative approach,
the “indirect” method, is based on the analysis of the
evolution of polydispersities at an early stage of polym-
erization by using the relations?®

Y = w, Y, + wgPYg (5)
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Figure 7. Plot of 2[Yg — (1/%ng)] " VS teorr (80 °C): [Po—X]o =
17 mmol L% [BPO]o = 3.3 mmol L™ (O) and 30 mmol L
(@)

2[Yg — (1/Xn,B)] t= Kaert (6)
Here the polymerization product at time t is viewed as
an A—B diblock copolymer with subchains A and B
referring to P,—X and the incremental part of the
molecule, respectively: Y = (xw/Xn) — 1, Yk = (Xw,k/Xn.K)
— 1, wa=1—wg = XpalXn, Xn = Xna + Xn,g, and x, and
Xw are the number- and weight-average degrees of
polymerization with K = A or B. Since we know the
overall degrees of polymerization (x, and x,,) and those
of the subchain A or P,—X (Xha and xwa), we can
estimate Yg and xng according to eq 5. Among the
important conditions for this method to be valid!® are
the constancy of the number of polymers, Ny, and the
constancy of the rate of polymerization, R,. For a batch
system with a constant Rp/[M], t in eq 6 should be
replaced by ter, a function of conversion C:21.22

oo = 2CU[(C — 2) In(1 — O)] @

The constancy of both Ry/[M] and [N,] is approximately
met in the present systems, as Figures 3 and 5 show.23

Two examples of the plot of 2[Yg — Xng™1] 71 VS teorr
are presented in Figure 7. The values of ky.t estimated
from the initial slopes of these curves are 7.1 x 107°
and 2.3 x 1074 s71 for [BPOJ]p = 3.0 x 1072 and 3.3 x
1073 mol L1, respectively, which well agree with the
values 7.2 x 107® and 2.2 x 107 s™%, respectively,
obtained by the direct method (Figure 6).

Mechanism of Activation. The activation, i.e., the
cleavage of the C—1I bond in this system, can possibly
occur by a thermal (or photochemical) stimulus (ho-
molytic cleavage: Scheme 1b) and/or a chemical stimu-
lus by a propagating radical P* (degenerative transfer:
Scheme 1c). Since the former reaction is first order and
the latter is second order, the pseudo-first-order coef-
ficient k. defined by eq 4 takes the form?®

kact = kd + kex[P*] (8)

Thus the plot of kyer against [P*] will make a straight
line with its intercept at [P*] = 0 and slope giving kg
and key, respectively.

This plot is shown in Figure 8. It is evident that the
data points obtained by the direct (curve-resolution)
method (filled circles) form a straight line passing
through the origin, showing that ky = 0 (within the
accuracy of the present analysis) and kex = 2400 L mol—?!
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Figure 8. Plot of kaet Vs [P*] (80 °C): (@) by the direct (curve-
resolution) method, and (O) by the indirect (polydispersity-
analysis) method.
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Figure 9. Plot of In(ke) vs 1/T for the iodide-mediated
polymerization of styrene.

s™1. The values of k,t obtained by the indirect method
(open circles) are somewhat more scattered but give
almost the same results. These experiments have
established that degenerative transfer is virtually the
only mechanism of activation in the iodide/styrene
system.

Temperature Dependence of kex. Figure 9 shows
the rate constant of degenerative transfer, key, deter-
mined by the direct method at various temperatures.
The result can be represented by the Arrhenius formula

Ke/s ' = 3.1 x 10" exp(—27.8 kI mol "/RT) (9)

ex

The activation energy of 27.8 kJ mol~! obtained here is
very small compared with those of homolytic bond-
cleavage reactions, e.g., the PS—TEMPO dissociation
reaction (124 kJ mol=1),1%0 put it seems reasonable in
the order of magnitude for a transfer reaction. An
increase in temperature does not give the iodide system
such a large increase in activation rate as it gives the
TEMPO system. The iodide-mediated polymerization
at high temperatures (=100 °C) is not recommended
because of the possible isolation of iodine molecules.
Comments on the Narrowest Possible Polydis-
persity. Inanideal living system where side reactions



Macromolecules, Vol. 31, No. 9, 1998

0.6 T T T T T T
| (a)slope =k, /k, =3.6
- 04r .A e
e .
>I<: .. A {BPO], / mol L"
@ & 4z & 0030
> 02} % -
- 2 ) A 0010
":‘ W 00033
J. : g.ooog
0_0."" . L . L . 1
0.00 0.04 0.08 0.12
C/(2-C)
10 T T T T T
| (b)slope =k_/k =3.6
osl (b) slope =k, /k, A
=
L & ]
UA) 0.6 :‘ B
s 04l J A ]
= L 4
j=y L 4
02| .'"‘ _
v W
00—+ . v o
0.00 005 010 015 020 025

IN[1/(1-C)]}
Figure 10. (a) Plot of 2[Ys — (1/xng)] 1 vs C/(2 — C) and (b)
of In(So/S) vs In[1/(1 — C)] for the iodide-mediated polymeri-

zation with varying values of [BPO]o, as indicated in Figure
10a (80 °C).

such as initiation, termination, and transfer reactions
(other than degenerative one) have negligible effects on
polydispersity, the polydispersity factor Yg of the incre-
mental portion of the chain in a batch system (with
constant Ry/[M]) is given by eq 6 with t replaced by teorr
ineq7:

[Yg — (1/x,)] * = (Ctk,)/[(C — 2) In(1 — C)] (10)

In a nitroxide/styrene system, for example, Kaet = kg =
constant at a given temperature, and therefore Yg can
be manipulated by changing t for a given value of C.
The smallest possible value of Yg, which is equal to
Xn,g" %, is expected for t = « for any value of C < 1. Even
though this limiting value of Yg is difficult to realize
due to side reactions, we have demonstrated in a
previous paperlt that qualitatively the Yg of a nitroxide/
styrene system became smaller as t was increased while
C was fixed.

The behavior of an iodide/styrene system is expected
to be quite different from this, since Kact = Kex[P*] in
this system. In reference to egs 1 and 10, we have

[Ye — (Ux,e)] = (ke/KpIC/2 — C)]  (11)

Namely, the polydispersity of this system is a function
of C only (if side reactions are not considered). Simi-
larly, eq 4 with kaet = kex[P*] reads

IN(Sy/S) = (Keylk,) IN[L/(L — C)] (12)

Again, this is a function of C only. Equations 11 and
12 are tested in Figure 10a,b, respectively. In both
cases, experimental points differing in BPO concentra-
tion and hence P* concentration fall on a straight line,
whose slope (Kex/kp) is 3.6 in both cases. With the
aforementioned value of k, of 660 L mol~! s~ we
recover the kex value of 2400 L mol—1 s71,
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As this discussion suggests, the polydispersity of the
iodide system is determined essentially by conversion,
and the smallest possible value of Yg is expected for full
conversion (C = 1), where eq 11 gives

Yp=X,5 '+ (k/k,) (@atC=1) (13)
When the “initiating” A subchain and the x,g™! term
are negligibly small, eq 5 with eq 13 simplifies to Y =
Kp/kex (at C = 1).135:21 At 80 °C, kex/'kp, = 3.6 (See above),
and therefore the smallest value of My/M, possibly
achievable at 80 °C would be 1.28.24 More generally,
combination of the Arrhenius equations for kex (eq 9)
and ky?° gives

Ky/Ke = 1.38 exp(—4.7 kI mol //RT)  (14)

The value of —4.7 kJ mol~! may be subject to a
considerable error, but it makes a striking contrast to,
e.g., the large activation energy of the dissociation rate
constant of a PS-TEMPO adduct (124 kJ mol~1).15b
Taking eq 14 at its face value, it suggests that with
respect to polydispersities, the iodide system would
somewhat benefit from lowering the reaction tempera-
ture. At 20 °C, for example, the smallest possible value
of Mw/M;, would be 1.20. Of course, side reactions would
inevitably broaden the polydispersity over these limiting
values. At lower temperatures, Ry is smaller and it
takes more time to achieve the desired conversion.
Optimization of experimental conditions based on the
detailed kinetic information obtained here and else-
where will be primarily important.

Conclusions

The bulk polymerization of styrene in the presence
of a model polystyryl iodide as mediator and BPO as
initiator was Kinetically studied with respect to the rate
of polymerization, the rate of activation of the mediator,
and the evolution of polydispersity of the polymerization
product. It was found that (1) as in the conventional
(iodide-free) system, the rate of polymerization, Ry, is
determined by the balance of initiation and termination
rates. In other words, the iodide has no direct effect on
the stationary concentration [P*] of the polymer radical.
(However, as in a nitroxide-mediated polymerization,*
the iodide can have some indirect effect on [P*] by, for
example, lowering the average molecular weight of the
product, which may be reflected on k¢ and hence on [P*]
through the stationary-state relation [P*] = (Ri/ky)¥2.)
(2) Both the GPC curve-resolution and polydispersity-
analysis methods allowed us to determine the pseudo-
first-order activation rate constant Ky of the polystyryl
iodide accurately, showing that ka is directly propor-
tional to [P*], namely, degenerative transfer is the only
important mechanism of activation in this system. (3)
The fact that the kae in the iodide system is proportional
to [P*] hence R, means that the polydispersity of this
system is determined by conversion only (if effects of
side reactions are disregarded), which is a unique
feature that is not a characteristic of, e.g., a nitroxide
system. (4) The minimum possible value of the M/Mp
ratio, achievable in a degenerative-type system with a
high M, at a full conversion, and with negligible effects
of side reaction, is equal to 1 + (Kp/kex),:3?2 which, for
the iodide/styrene system, has turned out to be 1.28 at
80 °C. This limiting value becomes somewhat smaller
by lowering the temperature. Since details of elemen-
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tary reactions including the activation (deactivation),
initiation, and termination processes are known, details
of the evolution of the chain length and its distribution
of the polymers produced in the iodide system can now
be predicted.
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