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ABSTRACT: The propagation and termination processes of the bulk copolymerization of styrene (1) and
diethyl fumarate (2) at 40 °C were examined on the basis of a complete set of experimental data obtained
by rotating sector and other experiments. The composition curve conformed to the terminal model with
a standard deviation of about 1.5%. However, an exceptionally strong penultimate-unit effect (PUE) for
the propagation of the terminal radical 1 (s1 ) k211/k111 ) 0.055) was observed. The measured termination
rate constants were describable by the penultimate termination model with a geometric mean
approximation, showing that a strong PUE exists also on the termination of the terminal radical 1 (δ1 )
(kt21‚21/kt11‚11)1/2 ) 0.067). The geometric mean approximation was justified by the shielding effect
arguments. These analyses suggest that the frequency factors of the propagation and termination rate
constants are somehow correlated with each other. On the basis of these results, a general, yet simple
two-parameter rate-of-copolymerization equation with PUEs on both propagation and termination was
proposed, which described the experiments extremely well. This new rate equation includes the classical
Russo-Munari equation as a special case.

1. Introduction

Since our 1985 rotating-sector (RS) work on a styrene
(S)/methyl methacrylate (MMA) system,1a a number of
free radical copolymerizations1-8 have been studied with
respect to the rate constants of propagation khp and
termination kht by RS, ESR (electron spin resonance),
and PLP (pulsed laser polymerization), establishing that
the penultimate-unit effect (PUE) on khp is a general rule
rather than an exception.9 The origin of this PUE has
been an issue of extensive discussion.9-11

More than 3 decades ago, the PUE on the termination
step was modeled by Russo and Munari,13 who claimed
the necessity of considering at least the last two
monomer units at the active chain end to interpret rate
of copolymerization (Rp) vs composition curves. In most
cases, it is only the propagation step that needs to be
interpreted by the penultimate model. However, in a
recent review,9b we examined the kht vs f curves of
various copolymerizations in light of several termination
models and suggested the importance of the PUE
termination model. More recently, Buback and Kowol-
lik8 also noted a good fit of the kt data of some acrylate/
(meth)acrylate copolymerizations by this model.

In this paper, we present full details of a RS study
on the bulk copolymerization of S and diethyl fumarate
(DEF: Scheme 1) at 40 °C, whose preliminary result
was briefly highlighted in the previous review.9b This
system is particularly interesting because it exhibits an
exceptionally strong PUE on kht as well as on khp. The
termination rate constant of DEF14 is more than 3
orders of magnitude smaller than that of S, which has

allowed us to determine the propriety of termination
models with little ambiguity. A new two-parameter Rp
equation will be proposed, which takes account of PUEs
on both khp and kht.

2. Propagation and Termination Models

In this section, we give a brief summary of the models
to be discussed in this paper. For more details, see refs
9a,b.

The Penultimate Propagation Model. The pen-
ultimate propagation model is characterized by four
kinds of propagating radicals ij (i, j ) 1 or 2), where i
and j denote the penultimate and the terminal unit,
respectively. This model defines eight propagation rate
constants kijm, where kijm is the rate constant for the
radical ij to add to monomer m (i, j, m ) 1 or 2); the
four monomer reactivity ratios r11, r21, r22, and r12 and
the two radical reactivity ratios s1 are s2 are defined by

The copolymer composition F1 () 1 - F2) and the* To whom correspondence should be addressed.

Scheme 1. Diethyl Fumarate (DEF)

rii ) kiii/kiij (i, j ) 1 or 2; i * j) (1)

rji ) kjii/kjij (i, j ) 1 or 2; i * j) (2)

si ) kjii/kiii (i, j ) 1 or 2; i * j) (3)
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propagation rate constan khp are given by

where f1 () 1 - f2) is the feed monomer composition and

To obtain rj2 and kh22, exchange 1 and 2 in eqs 6 or 7.
The relative concentration pi of the terminal radical

i is given by

whereas the relative concentration pij of the radical ij
is given by

To obtain p22 and p12, exchange 1 and 2 in eq 9.
The corresponding expressions for the terminal model

are obtained by setting r11 ) r21 ) rj1 ) r1, r22 ) r12 ) rj2
) r2, and s1 ) s2 ) 1; hence kh11 ) k111 ) k11, etc.

Termination Models. The termination rate constant
kht of copolymerization should generally be a function of
certain mean properties of the growing chains. The
“ideal diffusion” model of Atherton and North15 gives
kht as a linear combination of the kti’s (i ) 1 or 2) of the
two homopolymerizations:

where F1 () 1 - F2) is the copolymer composition.
However, if diffusion is rate-controlling, it may be
physically more reasonable to assume that kht is in-
versely proportional to the friction coefficient ê of the
chain.16 With other conditions being assumed to be the
same, averaging ê with respect to copolymer composition
gives17

In models 1 and 2, the diffusional motion of the whole
chain or a sufficiently long portion of the chain end
whose mean property is representable by Fi is assumed
to be important to determine kht.

In the other extreme is the model in which only the
terminal unit of the growing chain is assumed to play
the main role. This model generally reads

where p1 () 1 - p2) is given by eq 8, and kti‚j is the
termination rate constant between radicals i and j (i, j
) 1 or 2). The Walling cross-termination factor φ is
defined by φ ) kt1‚2/(kt1‚1kt2‚2)1/2.18 However, the intro-

duction of this “adjustable” parameter has often ren-
dered the involved physics obscure.9a If “chemistry” or
a certain energetic interaction is important, one would
expect the approximate relation kt1‚2 ) (kt1‚1kt2‚2)1/2 or φ
) 1 to hold. With this geometric mean approximation,
eq 12 is simplified to

If, on the other hand, the diffusional motion of the
terminal unit is rate-controlling, it should approxi-
mately hold that kt1‚2 ) (kt1‚1 + kt2‚2)/2 (the algebraic
mean approximation), and we have

Between these two extremes (models 1 and 2) can
there be a vast number of models in which the physical/
chemical details of growing copolymer chains are taken
into account to different degrees. In light of the current
consensus (in homopolymerizations) that termination
in the dilute regime is controlled by segmental, rather
than translational, diffusivity,19 the first simplest model
to be considered would be the penultimate termination
model. The general form of this model reads

ln eq 15, pij is the relative concentration of type ij
radicals (eq 9), and ktij‚kl is the kt between radicals ij
and kl. This model defines 16 different rate constants,
but application of the geometric mean approximation,
viz., ktA‚B ) (ktA‚AktB‚B)1/2, simplifies eq 15 to9b,13

Application of the algebraic mean approximation, viz.,
ktA‚B ) (ktA‚A + ktB‚B)/2, simplifies eq 15 to9b

with δi as defined by eqs 17 and 18.

3. Experimental Section
Commercially obtained monomers S and DEF, initiators

2,2′-azobis(isobutyronitrile) (AIBN) and 2,2′-azobis(cyclohex-
ane-1-carbonitrile) (ACN; Nacalai Tesque, Japan), and inhibi-
tor 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-1-oxy (HTMPO;
Eastman Kodak Co., Rochester, NY) were purified as described
previously.1a

The rate of polymerization initiated by AIBN at 40 °C was
determined by the dilatometric method. After polymerization
for a given time, the content of the dilatometer was poured
into a cold mixture of benzene and petroleum ether (30 wt %
benzene for 0.2 < f1 < 0.8 and 10 wt % benzene for other values
of f1, where f1 is the S mole fraction in the feed monomer
mixture). The polymers were further purified by precipitation
from a benzene solution into the above-specified solvent

F1 )
f1(rj1f1 + f2)

f1(rj1f1 + f2) + f2(rj2f2 + f1)
(4)

khp )
rj1f1

2 + rj2f2
2 + 2f1f2

(rj1f1/kh11) + (rj2f2/kh22)
(5)

rj1 ) r21(r11f1 + f2)/(r21f1 + f2) (6)

kh11 ) k111(r11f1 + f2)/(r11f1 + s1
-1 f2) (7)

p1 ) 1 - p2 )
(rj1f1/kh11)

(rj1f1/kh11) + (rj2f2/kh22)
(8)

p11 ) p1 - p21 ) (r11f1p1)/(r11f1 + s1
-1 f2) (9)

model 1a: kht ) F1kt1 + F2kt2 (10)

model 1b: kht
-1 ) F1kt1

-1 + F2kt2
-1 (11)

model 2a: kht ) ∑
i
∑

j

pipjkti‚j (i, j ) 1 or 2)

) p1
2kt1‚1 + p2

2kt2‚2 + 2p1p2kt1‚2 (12)

model 2b: kht
1/2 ) p1kt1‚1

1/2 + p2kt2‚2
1/2 (13)

model 2c: kht ) p1kt1‚1 + p2kt2‚2 (14)

model 3a: kht ) ∑
i
∑

j
∑

k
∑

l

pijpklktij‚kl

(i, j, k, l ) 1 or 2) (15)

model 3b:
kht

1/2 ) kt11‚11
1/2(p11 + δ1p21) + kt22‚22

1/2(p22 + δ2p12)
(16)

δ1 ) (kt21‚21/kt11‚11)
1/2 (17)

δ2 ) (kt12‚12/kt22‚22)
1/2 (18)

model 3c:
kht ) kt11‚11(p11 + δ1

2p21) + kt22‚22(p22 + δ2
2p12) (19)
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mixture of benzene and petroleum ether. Copolymer composi-
tions were determined by combustion analysis for carbon.

Other experiments performed involved determining at 40
°C the initiation rate, the volume contraction factor, and the
radical lifetime as a function of feed monomer composition.
Details of all these experiments were described elsewhere.1a

All copolymerization runs were carried out at conversions low
enough (<3 wt %) that composition drift with conversion could
be neglected.

4. Results
Volume Contraction Factor. The volume contrac-

tion factor Γ° for incipient copolymerization was evalu-
ated on the basis of the previously proposed equation.1a

Values of the relevant parameters were determined by
density measurements. As Figure 1 shows, the values
of Γ° thus estimated exhibit large negative deviations
from the prediction of the linear combination theory.

Initiation Rate. The effective initiator decomposition
rate constant 2f ′kdec was determined by the inhibition
method using HTMPO. A well-defined inhibition time
was obtained for all monomer compositions. The ob-
tained data were fitted to a parabolic function of f1 by a
least-squares method to yield

Steady-State Polymerization. The rate of copolym-
erization Rp can formally be expressed by the same
equation as for homopolymerization:

In this expressions, Ri is the rate of initiation, [M] and
[I] are the concentrations of monomers and initiator,
respectively, and khp and kht are the propagation and
termination rate constants of copolymerization, which
generally are a function of composition.9a The propor-
tionality of Rp to [I]1/2 was confirmed for f1 ) 0 and 0.500.

Figure 2 demonstrates the plot of khp/kht
1/2 vs f1. It can

be seen that khp/kht
1/2 has a maximum value at about f1 )

0.5 and that the khp/kht
1/2 value of S is about 5 times larger

than that of DEF. These results are similar to those
reported by Horie et al.20 but differ from those reported
by Walling and McElhill21 and by Otsu et al.,22,23 in
which Rp increases monotonically with increasing f1, and
the Rp of S is more than 8 times larger than that of DEF.
This difference, as commented by Horie et al.,20 may be
due to the difference of the techniques used for the
determination of Rp. (While Horie et al. determined the
Rp by differential scanning calorimetry, Walling and
McElhill21 and Otsu et al.22,23 determined the Rp by
weighing the polymers isolated from a benzene-
petroleum ether mixture and hexane, respectively. Since
the molecular weights of DEF homopolymer and DEF-
rich copolymers are usually small, oligomeric portions
of the samples, particularly those with a high DEF
composition, might have been lost without being pre-
cipitated, thus causing underestimation of Rp for a
relevant range of f1.20) The solid curve in Figure 2 is
the best-fit representation of the data to the equation
proposed later (eq 27, see below), which will be used for
the following analysis. Incidentally, if we analyze these
data according to the Walling equation,18 we obtain f1-
dependent values of the cross-termination factor φ

ranging from about 4 to about 30. These values have
no physical significance, since the Walling equation is
based on the terminal propagation model, which is
inapplicable to this system (see below).

Radical Lifetime. The radical lifetime τ was deter-
mined by the rotating-sector method with ACN as a
photosensitizer (for the details of experiments, see ref
1a). Figure 3 shows typical examples of the Rh p/RpL vs
log tL plot, where Rh p is the average rate of polymeriza-
tion under intermittent illumination of light time tL and
dark time tD (tD/tL ) 2, in this case), and RpL is the rate
under steady illumination. A well-defined τ could be
determined for all values of f1 examined.

Figure 1. Plot of contraction factor Γ° vs copolymer composi-
tion F1 for the incipient bulk copolymerization of S and DEF
at 40 °C (the solid curve, calculated with eq 24 in ref 1a and
the volumetric data in Table 1 in this paper). The broken line
represents the linear combination.

2f ′kdec × 106 ) 0.335 - 0.020f1 + 0.406f1
2 (in s-1)

(20)

Rp ) (khp/kht
1/2)Ri

1/2[M] (21)

Ri ) 2f ′kdec[I] (22)

Figure 2. Plot of khp/kht
1/2 vs f1 for the S/DEF/AIBN 40 °C

system. The solid curve represents eq 27 with λ1 ) 0.97 and
λ2 ) 2.9.
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5. Discussion

Composition Curve. The composition data were
fitted to the Mayo-Lewis equation (Figure 4).24 An
optimum fit was obtained for r1 ) 0.220 and r2 ) 0.021
with a standard deviation of 1.45%. This deviation is
about what would be expectable from the analytical
uncertainly (about (1.5%), which means that the com-
position of this system conforms to the terminal model
within the present experimental error. In agreement with
previous results,23,25,26 the r1r2 product is very small,
showing a highly alternating tendency.

Propagation Process. The values of khp and kht
obtained by combining the khp/khp

1/2 and khp/kht data are
listed in Table 1. As f1 decreases from 1, khp monotoni-
cally decreases in a characteristic fashion, approaching

the very small value for pure DEF, which is smaller
than the S value by a factor about 400.

The broken curve in Figure 5 was calculated with the
terminal model (eq 5 with s1 ) s2 ) 1, and rj1 ) r1, etc.),
which exhibits large deviations from the experimental
values (note the logarithmic ordinate scale). As in many
other copolymerization systems, this failure of the
terminal model may be ascribed to a PUE. The solid
curve in the figure shows the penultimate model with
s1 ) 0.055 and s2 ) 0.32. Thus, the rate constant for a
polystyryl radical to add to S is reduced by a factor about
1/20 when the penultimate S unit is replaced by a DEF
unit. This is one of the strongest PUEs in propagation
that have been reported so far: similarly small values
of s1 were reported by Sato et al., who made ESR studies
on the copolymerizations of p-tert-butoxystyrene with
dibutyl fumarate5c and with dibutyl maleate.5d

Termination Process. Figure 6 shows the plot of
log kht against f1. As f1 decreases from 1, kht decreases
drastically at first and then rather gradually. Notably,
the DEF kt value is smaller than the S value by a factor

Figure 3. Plot of Rh p/RpL vs log tL for the S/DEF/AIBN/40 °C
system: (a) f1 ) 0, [ACN] ) 2.670 × 10-3 mol L-1, and RpD/RpL
) 0.089 (τ ) 102.2 s, the solid curve); (b) f1 ) 0.259, [ACN] )
3.430 × 10-3 mol L-1, and RpD/RpL ) 0.302 (τ ) 168.5 s), where
RpD is the polymerization rate in the dark.

Figure 4. (a) Plot of F1 vs f1 for S/DEF copolymers: the filled
circles were measured. The solid curve was calculated with
the Mayo-Lewis equation24 with r11 ) r21 ) r1 ) 0.220, and
r22 ) r12 ) r2 ) 0.021; (b) ∆F ) F1,obsd - F1,calcd vs f1, where
F1,obsd is the observed composition and F1,calcd is that calculated
with Mayo-Lewis equation with the optimum r1 and r2 values.

Table 1. Values of khp and kh t for the S(1)/DEF(2)/40 °C
System

f1

102khp/kht
1/2 a

(L mol-1 s-1)1/2 105khp/kht
b

khp
(L mol-1 s-1)

10-4kht
(L mol-1 s-1)

0.000 0.241 1.89 0.308 1.63
1.98 0.294 1.49

0.259 1.87 16.9 2.08 1.23
0.406 2.48 17.5 3.50 2.00
0.515 2.74 12.6 5.96 4.73
0.580 2.81 16.0 4.92 3.08
0.656 2.80 12.0 6.50 5.40
0.749 2.64 9.60 7.27 7.57
0.843 2.31 6.09 8.76 14.4
0.910 1.95 3.59 10.6 29.5
0.951 1.68 1.52 18.5 110
0.983 1.43 0.795 25.8 325
1.000c 1.29 1.40 120 8600

a Value read from the solid curve in Figure 3. b From rotaing-
sector experiments. c From ref 1a.

Figure 5. Plot of log khp vs f1 for the S/DEF/40 °C system: the
circles were measured, and the solid curve shows the penul-
timate model with r11 ) r21 ) r1 ) 0.220 and r22 ) r12 ) r2 )
0.021, k111 ) 120 L mol-1 s-1, k222 ) 0.301 L mol-1 s-1, s1 )
0.055, and s2 ) 0.32; the broken curve shows the terminal
model (s1 ) s2 ) 1).
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of about 5000. Such a large difference in kt between the
two homopolymerizations is inconsistent with the notion
of translational diffusion-controlled termination, since
translational diffusion constants of polymers do not
usually differ so largely (in dilute solution). The excep-
tionally small value of kt should be ascribed to the
conformational rigidity14 or the low segmental mobility
of PDEF. This interpretation conforms to the current
consensus that the termination in the dilute regime is
controlled by segmental diffusivity.19,27-29 However, the
term “diffusivity” used here is still not clear enough
physically, and we wish to know more details by
comparison of model and experiment. The propriety of
a reaction model should be tested with respect to both
reproducibility of experimental data and physical ac-
ceptability of the parameters deduced by the compari-
son. One should also be careful enough about the
limitation possibly imposed by experimental accuracy.
Now we examine the termination models given in
section 2 in light of the present kht data.

The two broken curves in Figure 6 show models 1a
and 1b, respectively, either of which includes no adjust-
able parameter. For the reason mentioned above, these
models should be understood as representing the dif-
fusional property, not of the center of mass of the whole
chain but of a certain portion of the chain including the
active chain end. As the figure shows, model 1a is
utterly incapable of describing the experiment, while
model 1b reproduces the main qualitative feature of the
experimental curve. The reason why model 1b is physi-
cally more realistic than model 1a was pointed out
above. This, in fact, has been justified by the present
experiment. However, the significant deviations still
existing between the model and experiment indicate
that more details of the chain-end properties should be
taken into the model.

The terminal termination models (models 2a-2c), in
which only the terminal unit is considered, obviously
fail to describe the experiment (see the dot-dash cure
in Figure 6, which shows model 2a with kt1‚2 ) 0 or φ )

0, i.e., the smallest physically meaningful limit). This
means that at least the last two (or even more) units of
the active chain-end should be considered. Model 3a is
the general form of the penultimate termination models,
and it includes 16 rate constants, while models 3b and
3c are its approximate forms, both of which include the
only two parameters δ1 and δ2 in common. The failure
of model 3c becomes at once clear upon observing that
the model with δ1 ) δ2 ) 0 (the best-fit and smallest
physically possible value) gives kht that far deviates from
the experimental points (see the dotted curve in Figure
6). On the other hand, model 3b closely fits the experi-
ment in the whole range of f1 when δ1 ) 0.067 and δ2 )
0.81 (the solid curve in Figure 6; for a 95% confidence
ellipsis, see Figure 7). If this analysis is accepted at face
value, the penultimate DEF unit has a strong rate-
reducing effect on the terminal S radical undergoing
radical-radical reactions, while the penultimate S unit
has a rather minor effect on the terminal DEF unit.

Mechanistic Consideration on Termination and
Propagation Reactions. The above-mentioned success
of model 3b seems to provide a new insight into the
termination reaction in polymer systems. According to
the traditional notion of diffusion-controlled termina-
tion, two radicals (or radical sites) in close proximity to
each other will necessarily undergo the reaction, its rate
constant being determined by the diffusivities of the
radicals. Let us assume that type A radicals have a large
diffusivity, while those of type B have little diffusivity.
The reaction between A’s will be fast, while that
between B’s will be slow. On the other hand, the
reaction between A and B will occur still at a high rate,
since A can diffuse to B, even when B is fixed in space.
In the simplest model in which radicals are modeled by
spheres undergoing a Brownian motion, the algebraic
mean law holds, i.e., ktA‚B ) (ktA‚A + ktB‚B)/2. This defines
one of the idealized limits of radical-radical reactions.
In the actual polymer system, the terminal radical will
hardly be represented by such a simple model but will
be more or less sterically hindered from reacting with
other radicals by the atoms, side chains, and main chain
of the polymer that it belongs to. Again let us consider
the limiting case in which radical B is completely
shielded by a steric effect. Then there will be no B-B
reaction, or A-B reaction, even if radical A is mobile
and unshielded. In this case, the algebraic mean law
obviously fails, but the geometric mean law, ktA‚B )
(ktA‚AktB‚B)1/2, gives the correct answer of ktA‚B ) 0. More
generally, we expect that as the shielding effect in-
creases, and the magnitude of kt becomes smaller, the
radical-radical reaction will look more like an activa-
tion-controlled reaction rather than a diffusion-con-
trolled one, even though the reaction may not involve a
substantial activation energy. In the limit of strong
shield, the frequency factor of kt will, like those of
common chemical (activation-controlled) reactions, little
depend on the diffusivities of the chains (or chain
segments) but will be determined by the strengths of
the shielding effects on the two radicals. These effects
on the radical-radical reaction may be cooperative to
some extent but, as the first-step approximation, they
may be assumed to be independent of each other. This
is equivalent to writing kht between radicals A and B in
the form khtA‚B ) qAqB, where qA and qB denotes the
contributions to the frequency factor from the (shielded)
radicals A and B, respectively.

Figure 6. Plot of log kht vs f1 for the S/DEF/40 °C system. The
circles were measured, and the curves show the models; the
broken curves: models 1a (eq 10) and 1b (eq 11); the dot-
dash curve: model 2a (eq 12) with φ ) 0; the dotted curve:
model 3c with δ1 ) δ2 ) 0 (eq 19); the solid curve: model 3b
(eq 16) with δ1 ) 0.067 and δ2 ) 0.81.
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Since the S/DEF system may be understood as being
a highly shielded one, the above discussion suggests that
ktij‚kl may be approximated by the two independent
factors qij and qkl relevant to radicals ij and kl, respec-
tively:

In eq 23, we have neglected the energy factor, as
radical-radical reactions are believed to involve es-
sentially no or little energy barrier. It may be easily
confirmed that this model gives equivalent results to
model 3b, and δ1, for example, is given simply by

The merit of the model given by eq 23 is that it allows
to describe otherwise complicated termination reactions
simply in terms of the properties of the individual
radicals only. This approximation may also be valid, at
least to a limited extent, for the frequency factor of the
propagation rate constant, and we tentatively write kijm
in the form9b

where qij′ and qm′ are the factors relevant to radical ij
and monomer m, respectively, and Eijm is the activation
energy with R and T being the gas constant and
temperature. This model gives, for example,

We previously discussed the origin of PUE on propa-
gation in terms of the “stabilization energy model”,
which specifically refers to the energy term in eq
25.9a,b,10 The very small value of s1 observed for the
present system is ascribed to either the frequency term
or the energy term or both, but no details can a priori
be known. However, the above observation that the
values of δ1 ()0.067) and s1 ()0.055) are both exception-
ally small and similar in order of magnitude suggests
that the factors q21′/q11′ and q21/q11 are somehow cor-
related with each other and that the main parts of the
strong PUEs observed for the propagation and termina-
tion processes in the S/DEF system are entropic in
origin. The energy term and other factors9c may also
play a role in the propagation step, however, so that
the close agreement of s1 and δ1 should be fortuitous.
The importance of the effect of steric shielding on the
termination step was also stressed by Buback and co-
workers,8,19 who, however, observed no correlation
between kt and kp in acrylate and methacrylate poly-
merizations. In this regard, the S/DEF system may be
rather exceptional for the extremely strong shielding
effect. Last but not least, there is even the possibility
that this system is governed by the “reaction-diffusion-
controlled termination”19a for the extremely low diffu-
sivities of the radicals. By this model, too, the correlation
between δi and si may be interpretable. More experi-
mental and theoretical work is needed before we get a
definite general picture of termination and propagation
processes.

New Rate-of-Copolymerization Equation. If we
combine the general penultimate-propagation eq 5 with
the penultimate-termination eq 16 (or eq 15 with eq 23),
we obtain, after a somewhat complicated but straight-

Figure 7. 95% confidence ellipses for (a) λi, (b) ri, (c) si, and (d) δi.

ktij‚kl ) qijqkl (23)

δ1 ) (kt21‚21/kt11‚11)
1/2 ) q21/q11 (24)

kijm ) qij′qm′ exp(-Eijm/RT) (25)

s1 ) k211/k111 ) (q21′/q11′) exp[-(E211 - E111)/RT]
(26)
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forward calculation using eqs 6-9, the following simple
expression for the copolymerization rate coefficient ωj
) khp/kht

1/2:

with

Note that eq 27 is remarkably simple including the
only two new parameters λ1 and λ2, which are the ratios
of the termination and propagation PUE parameters δi
and si. When rji ) rii ) ri, eq 27 becomes formally
identical with the Russo-Munari equation13 in which
only the termination PUE was considered in the geo-
metric mean approximation. In other words, eq 27
includes their equation as the special case with si ) 1
or λi ) δi (and rji ) rii ) ri) and is expected to have the
widest possible applicability of all the rate equations
proposed so far.9b Actually, eq 27 describes the rate data
of the present system extremely well (see the solid curve
in Figure 2: λ1 ) 0.97 and λ2 ) 2.9). These best-fit values
of λi are close, but not exactly equal, to the ratios of the
δi and si values separately estimated (δ1/s1 ) 1.22 and
δ2/s2 ) 2.5) because of subtle differences in statistical
weight to treat different sets of experimental data in
the best-fit calculations. In any case, despite the strong
PUEs on the individual propagation and termination
processes, the PUE on the rate of copolymerization Rp
or ωj appears only modestly because of the cancellation
of the two effects.

As has been described, eq 27 is based on eq 23 (or
model 3b), which is valid for strongly shielded systems.
When the shielding effects on both radicals A and B are
small, the system will be better represented by the
diffusion model, and eq 23 (or model 3b) will be no more
valid. We expect, however, that both of the homopolym-
erization kt’s in such a system will be large and similar
in magnitude so that numerical differences between
models 3b and 3c will be rather trivial. In effect, eq 27
will work, at least as a good approximation, for every
system.

6. Conclusions
Very strong PUEs on both the propagation and

termination steps of S/DEF copolymerization were
observed. The penultimate termination model with a
geometric mean approximation was successfully applied
to the experimental data, and this model, combined with
the general penultimate propagation model, gave a new
two-parameter rate-of-copolymerization equation with
a wide possible applicability. The geometric mean
approximation was justified by the shielding effect
arguments. The frequency factors of the propagation
and termination rate constants of the S/DEF system
were suggested to be correlated with each other, in this
particular system.

It is pleasing to observe that the ESR results reported
by Sato et al. for the similar copolymerization systems5c,d

are essentially consistent with these conclusions.

Finally, it should be stressed that the fact that
penultimate units affect termination is additional evi-
dence for termination being controlled by segmental
diffusion in dilute solution.19,20,27-29
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