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SYNOPSIS

The kinetics of bulk styrene polymerization catalyzed by a binary mixture of symmetrical
bifunctional initiators has been investigated. When the bifunctional initiators having dif-
ferent thermal stabilities are mixed, an unsymmetry in the initiator functions is formed in
situ via propagation, chain transfer, and termination reactions. For the quantification of
the polymerization kinetics, a kinetic model has been developed using the molecular species
modeling technique. For various polymerization conditions, good agreements between the
model predictions and experimental data have been obtained. It is shown that polymerization
rate and molecular weight can be easily regulated under isothermal reaction condition by
changing the initiator composition. A comparison of the detailed kinetic model with a
simple kinetic model for monofunctional initiators has also been made to illustrate the
molecular weight increasing effect of the bifunctional initiator system. © 1992 John Wiley

& Sons, Inc.

INTRODUCTION

Bifunctional initiators containing two labile groups
of equal or unequal thermal stabilities are frequently
used in the polymer industry for the synthesis of
vinyl polymers. In our previous reports, we have
presented the kinetic models for styrene polymer-
ization with a single symmetrical bifunctional ini-
tiator and with a single unsymmetrical bifunctional
initiator.! Although these models were developed
for styrene polymerization, they can be used for
other vinyl monomer polymerizations with minor
modifications. One of the potential advantages of
using bifunctional initiators, in particular unsym-
metrical ones, in free-radical polymerization is that
high polymerization rate and high polymer molec-
ular weight can be readily obtained simultaneously
by employing appropriate reactor temperature pro-
gramming. In other words, one can have a better
control of radical concentration even at high reac-
tion temperature without undesired initiator burn-
outs (e.g., dead-end polymerization). Another ad-
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vantage of using unsymmetrical bifunctional initi-
ator is that little or no modification of reactor
equipment is required to use them in the existing
polymerization facility. For example, when un-
symmetrical bifunctional initiators are used in sus-
pension polymerization, controlled initiation can be
easily obtained without adding the second initiator
to the reactor where the efficient initiator migration
from the agueous phase to viscous or hardening
polymer particles is difficult to achieve.

Since there are a few symmetrical bifunctional
initiators available in commercial quantity, it is of
practical interest to form in situ unsymmetry of ini-
tiator functions by mixing more than one symmet-
rical bifunctional initiators of different thermal sta-
bilities. Quite obviously, one can expect that the re-
sulting reaction kinetics will be quite complicated
because there are repeated reinitiation, propagation,
chain transfer, and chain termination reactions due
to the presence of undecomposed labile groups re-
siding in the polymer chain ends. Here, we need a
model that can provide an accurate prediction of
polymerization rate and resulting polymer molecular
weight properties. In this paper, we shall present a
kinetic model for free-radical styrene polymerization
with a binary mixture of symmetrical bifunctional
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initiators. Polymerization experiments have also
been carried out under various reaction conditions
in order to validate the proposed kinetic model.

REACTION KINETICS

The symmetrical bifunctional initiators to be con-
sidered in this study have two peroxide groups of
equal thermal stability and they are represented by
the following general form:

0 o
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X;— C— 00— X;— 00— C —X; (1)

where X; and X, are hydrocarbon ligands. The spe-
cific bifunctional initiators of the above structure
used in our experimental study are 2,5-dimethyl-
2,5-bis (benzoyl peroxy)hexane [ Luperox 118; Ini-
tiator I, ] and 2,5-dimethyl-2,5-bis (2-ethyl hexanoyl
peroxy ) hexane [ Lupersol 256; Initiator Ip]:
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Since the peroxide groups in each initiator are
separated by a fairly long hydrocarbon bridge for an
inductive effect being negligible, the thermal sta-
bilities of the peroxides are assumed not affected by
whether or not the neighboring peroxide group has
decomposed. Also notice that the hydrocarbon li-
gands between the two peroxide groups in both ini-
tiators are identical. The peroxide group in Luperox
118 has a half-life of 9.9 h at 100°C, whereas the
peroxide group in Lupersol 256 has a half-life of 21
min at 100°C. Thus, Luperox 118 is a relatively slow
bifunctional initiator and Lupersol 256 is a fast ini-
tiator. Primary radicals are generated by homolytic
scission reactions as follows:
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Note that when the primary radicals R, and Rg de-
compose further, diradical species R’ is generated.
The primary radicals R; and R, may also undergo
decarboxylation reactions, but there will be no net
change in radical concentrations.

When styrene is polymerized by these radicals,
undecomposed peroxides will be redistributed in the
polymers via propagation, chain transfer, and ter-
mination reactions. Thus, for the quantification of
the polymerization kinetics, we need to develop a
kinetic model capable of predicting the polymeriza-
tion rate and resulting polymer molecular weight.
For the modeling of the polymerization kinetics, we
shall use a molecular species modeling approach
wherein polymer molecules are identified by the type
of their end units. Table I shows 10 polymeric species
present in the reaction mixture. The formation of
these species is due to the presence of two different
peroxide groups that are redistributed in the polymer
chains through chain transfer and termination re-
actions. Note that there are two polymeric radical
species (&, and S,) containing an undecomposed
peroxide and five inactive polymer species contain-
ing either one or two undecomposed peroxides (U,,,
V., W,, U, and V). Table II shows various re-
actions occurring in the reactor. We assume that
the thermal stability of the peroxide in the polymer
chains is independent of the polymer chain length
and that the combination termination rate constants
for the macroradical species are identical. Here, we
also assume that no combination reactions occur
between the primary radicals and that cyclization
reaction is absent. The kinetic scheme shown in Ta-
ble I is very similar to that with a single unsym-
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Table I Polymeric Species Table II A Kinetic Model with a Binary
Mixture of Symmetrical Bifunctional Initiators
Symbols Note — :
Decorildposmon of peroxides
2 A
P [ ® Live polymer without I, > R + R,
peroxides Ip %f,"‘ R, + Rs
Q: A ® Live polymer with ka, ,
undecomposed peroxide A Ry Z R, +R
S,, B———— @ Live polymer with Rg—> R, + R’
undecomposed peroxide B ke
> R+ T, (n=1
T, @——— @ Polymeric diradical Q ke, ! (n )
M, [——————] Dead polymer S, ‘: Ry + Th(n=1)
U,: | A Inactive polymer with U, i R +P,(n=2
undecomposed peroxide A Eay
Voo | B Inactive polymer with Va _k: Ry + Pun=2)
undecomposed peroxide B W,—> R, + @, (n = 2)
W.: A B Inactive polymer with W f’; R, +S,(n=2)
undecomposed peroxides " 2k,
Aand B U;;R1+Qn(n22)
U.: A A Inactive polymer with two Vi, >R+ 8. (n=2)
undecomposed peroxides Initiation
A ki
RR+M—>P
V. B B Inactive polymer with two ! _,: !
undecomposed peroxides R, + M ‘: P,
B Ri+M—>Q
ki
RB + M e S’_
2k;
. - . e e . . . . R+ M Ei" T,
metrical bifunctional initiator, implying that in situ 3M =5 2P, (thermal initiation)

initiator unsymmetry is readily obtained by mixing
the two symmetrical bifunctional initiators.
With the kinetic scheme shown in Table 11, we

Propagation (n = 1)
k,
P.+M— P,

kp
can write the rate equations for each species present @t M g Qr1
in the reaction mixture as follows: S, + M — Spu

2k,

Tn + M - Tn.+l
Chain transfer (n = 1)
Rfm
P+ M3 M, +P,

For Initiator and Primary Radicals:

1d
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s
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Termination (n, m > 1)
1d oM
= (Rav) = 2fakg,Is — hyBa — RRaM  (9) Fot Pu s Moen
d A A ke
v t Pn + Qm"" Un+m
1 d Pn+ Sm—k; Vn+m

o (Rpv) = 2fpkaslp — kayRp — kiRpM  (10) 2k,
Pn + Tm - PrH-m

k
Qn + Qm _; U;H-m
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;d—t (RU) = fR[2deIA + deBIB + deRA + kdBRB Qn + Sm _k; Wn+m

2k,
+ ko (Q+ U+ V+2U") Q@+ T~ Quin
+ kg (S+ V+W+2V)] —kKRM (11) Sut Sn = Vaem

1 d Sn + Tm ik; Sn+m
2 (R) = fur(ka, Ry + kyyRo) — 26R'M  (12) T+ T, T,...
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Table II1 Numerical Values of
Kinetic Parameters

Ref.
kg, = 4.267 X 10"exp(—36,800/RT), min™* 6
kg, = 1.251 X 10"exp (—31,700/RT), min™* 6
kam = 1.314 X 10%exp(—27,440/RT), min~! 7
k, = 6.306 X 10%xp(—7,060/ET), L/mol min 8
ko = 7.530 X 10%%xp(—1,680/RT), L/mol min 8
k; =~ k,
ks = 2.319 X 10%xp(—10,790/RT), L/mol min 5
M, = 8.728 mol/L
e = —0.147 9
&= L3 = kin = exp[—2(Bx + Cx* + Dx%)) 3,10

ko kfo

B = 2.5882 — 3.4852 X 107° T (K)
C = 4.3108 — 1.2635 X 1072 T (K)
D = —4.6488 + 1.9026 X 1072 T (K)

For Growing Polymers:
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v dt
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— kyMP, + k(P — P1+ Q+ S + 2T + 2T)
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—kRQ(P+Q+S+2T)
1d ,
; E (an) = deQn + kdBWn + zdeUn

+ kpM(Qn—l - Qn) - kmeQn
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v dt
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n—1
2k 2 TrhonTw (n=2) (20)
m=1
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Figure 1 Effect of initiator mixture composition on

monomer conversion (I, = 0.01 mol/L, 100°C).
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Figure 2 Concentration profiles of initiators and undecomposed peroxides in polymers
(I, = 0.01 mol/L, y4 = 0.5) [ model simulation].



1358 YOON AND CHOI

1d

-— (M, v) = k,,MP,

vdt (M:o) ?

(n=2) (29)
where P, Q, S, T,U, V, W, U, and V' are the total

concentrations of the corresponding polymeric spe-
cies, i.e.,
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Figure 3 Monomer conversion profiles for initiator
mixture and single initiators: (¢) I, = 0.02 mol/L, y4
= 0.5; (@) [Luperox 118] = 0.01 mol/L; (A) [Lupersol
256] = 0.01 mol /L.
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Figure4 Effect of polymerization temperature (1, = 0.01
mol/L, y4 = 0.5).

In the above equations, v is the volume of the
reaction mixture. The volume change is described

by

1d__ ¢ au 1)
vdt My + eM dt

where M, is the initial monomer concentration, and
¢, the volume contraction factor. The gel effect cor-
relation used in our previous works is used here to
account for the diffusion-controlled termination re-
actions at high monomer conversion. In the above
kinetic model, R = R; + R, and it is assumed that
the reactivities of R, and R, are same.

In describing the polymerization kinetics, we
should consider some loss of primary radicals due
to side reactions. Thus, the initiator efficiency factor
is used to account for the loss of primary radicals
that are not used for chain initiation reactions. In
our previous works,*® it was observed that the ini-
tiator efficiency factor was a linear function of per-
oxide group concentrations. We used the following
empirical correlation obtained in Ref. 5 to estimate
the initiator efhiciency factor:

f; = 0.633 — 4.929[— 00— (32)

where [ — OO — ], is the initial peroxide group con-
centration in the reactor. We assumed that each
peroxide group has identical initiation efficiency and
that the efficiency is constant throughout the po-



lymerization process. The numerical values of var-
ious kinetic parameters used in our model simula-
tions are listed in Table III. The molecular weight
moment equations used to calculate the polymer
molecular weight averages are shown in the Appen-
dix. These moment equations are solved simulta-
neously with the kinetic modeling equations shown
above by using the fourth-order Runge-Kutta
method.

EXPERIMENTAL

Polymerization experiments were carried out using
Pyrex ampules (0.d. 5 mm). Styrene (Aldrich) was
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passed through an Amberlyst-27 column (Rohm and
Haas) to remove inhibitors. The bifunctional ini-
tiators (Luperox 118 and Lupersol 256, ATO-
CHEM) were used as supplied. Each ampule con-
taining the monomer and initiator mixture was
purged with nitrogen and degassed by many succes-
sive freeze-thaw cycles in acetone and a dry-ice mix-
ture until no bubbles could be seen. When the bath
temperature reached the desired reaction tempera-
ture, all the ampules were dipped into the bath. After
the polymerization, the polymer samples were dis-
solved in toluene and precipitated by adding excess
methanol. This procedure was repeated several times
to ensure that unreacted monomer was completely

T=100°C
4 y.=0.0
3t
M
2.
Lod
1t o M
Y et —~—
yA=O.25 Mw
3' OJ
2} 4
1F
T=110°C 0 L
v,=0.5 ¥.=0.5
o 3 M, ¢
‘>_<3
s 2r + o
s 1t M, +
0 —~ . . .
00 02 04 06 08 02 04 06 08 10
0

0.0 02 04 06 08 1.0

MONOMER CONVERSION

Figure 5 Effect of temperature and initiator composition on polymer molecular weight.
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removed from the polymer. The samples were dried
in vacuo, and the monomer conversion was measured
by the gravimetric method. Some experiments were
duplicated and excellent reproducibility was ob-
tained. To confirm the isothermal reaction condi-
tions, several test experiments were conducted by
inserting a thermocouple into the ampule and mon-
itoring the reaction temperature. For the reaction
temperatures and initiator concentrations employed
in this work, the maximum temperature difference
between the oil bath and the reaction mixture was
less than 1°C. The polymer molecular weight and
molecular weight distribution were determined by
gel permeation chromatography with four Ultra-
styragel columns (Waters: 10%, 10, 500 A, and lin-
ear) and tetrahydrofuran as a solvent.

RESULTS AND DISCUSSION

When the two symmetrical bifunctional initiators
are mixed, the initiator mixture composition is a
new free parameter one can use to regulate the po-
lymerization rate. With the total initiator concen-
tration fixed at 0.01 mol /L, the polymerization ex-
periments were carried out at 100°C for five different
initiator compositions. Figure 1 shows the monomer
conversion profiles where y, is the mol fraction of
Luperox 118 (slow initiator). Here, solid lines rep-
resent the model simulations. As shown, excellent
agreements between the model predictions and the
experimental data have been obtained for all the
cases studied. It is seen that when pure Lupersol
256 is used (i.e., y4 = 0.0) at 100°C, dead-end po-
lymerization occurs, limiting the final monomer
conversion to 90%. When the slow initiator (Lu-
perox 118) is used alone (i.e.,, y4 = 1.0), higher
monomer conversion is obtained, but a quite longer
reaction time is required. As Luperox 118 is added
to Lupersol 256, the polymerization rate decreases
to some extent, but no dead-end polymerization oc-
curs and higher monomer conversion is obtained in
less reaction time than with Luperox 118 alone. The
reason for the disappearance of dead-end polymer-
ization is that after the depletion of less stable per-
oxide B in Lupersol 256 there is a continuing supply
of radicals by the slowly decomposing Luperox 118.

In Figure 1, we can observe a break in the mono-
mer conversion curve for y, = 0.25, 0.5, and 0.75,
indicating that as the peroxide group B in Lupersol
256 is depleted the other peroxide A in Luperox 118
decomposes further to drive the reaction to higher
conversion. A similar phenomenon has also been

observed in the styrene polymerization initiated by
unsymmetrical bifunctional initiators* and poly-
functional initiators.'**? In general, the greater the
dissimilarity in the thermal stabilities of the per-
oxide groups, the more pronounced is the break on
the monomer conversion curves. Figure 2 shows the
concentration profiles of peroxide groups A and B
in the primary initiators and in the polymers. Notice
that even after the complete decomposition of pri-
mary initiator B some peroxide groups are still pres-
ent in the polymers.

The effect of initiator composition is more clearly
seen in Figure 3 where a 50 /50 (mol ratio) mixture
of the symmetrical bifunctional initiators is used at
fixed total initiator concentration (0.02 mol/L).
Also shown are the monomer conversion profiles
with a single symmetrical bifunctional initiator. At
90°C, the monomer conversion with the mixture is
almost the same as that with pure Lupersol 256,
because at this temperature, Luperox 118 (slow ini-
tiator) decomposes only a little. As the reaction
temperature is increased (e.g., 110°C), the initiator
mixture clearly shows its effect. For example, during
the initial reaction period, the rate of polymerization
is the same as that with Lupersol 256 alone, but
after about 55% conversion, the overall polymeriza-
tion rate becomes very close to that with pure Lu-
perox 118. Thus, one can obtain the monomer con-
version of 0.6-1.0 in much reduced reaction time by
using a mixture of these symmetrical bifunctional
initiators. Notice that with Lupersol 256 alone at

2.0

1.0

M, x 10°

05

0.0 " PR R L P
0.00 0.05 .10 0.15
R, { mol/L min}
Figure 6 M, vs. R, curves (I, = 0.01 mol/L, 100°C)
[model simulation].




110°C the final monomer conversion is limited to
only 65% because of the occurrence of dead-end po-
lymerization.

The effect of reaction temperature was investi-
gated by carrying out the polymerization experi-
ments for y, = 0.5 with the total initiator concen-
tration of 0.01 mol/L at three different tempera-
tures, i.e., 90, 100, and 110°C. Figure 4 shows that
very high monomer conversion is obtainable by using
the initiator mixture at high temperatures and that
the agreement between the model predictions and
experimental data is again very satisfactory. A break
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in the monomer conversion curve is also more pro-
nounced at higher temperatures.

The number-average molecular weight (M,,) and
the weight-average molecular weight (M,,) of poly-
styrene are shown in Figure 5 for different initiator
compositions at different temperatures (for y,
= 0.5). As shown, the overall model predictions are
very accurate. It should be noted that no bimodal
molecular weight distribution was observed in all
the polymer samples we analyzed. Figure 5 also in-
dicates that the polydispersity (M,,/M,) tends to
increase at high monomer conversion with a mixed
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8l 1 i
6} ly L + 1
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41 {. + E
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.4 L } :
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- - +— r .
%E) 8 1 + \..
- 6 4 4 4
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| i I Q ‘
E 2t P 4 p W
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[&]
Z g i I
Q ] A
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[0} - — — —
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8 Q y=1.0
4} 1
2r 1
0 o]

Q 100 200 300 0
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Figure 7 Effect of initiator composition and reaction temperature on live polymer con-

centrations [ model simulation].
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initiator system. Figure 6 shows M, vs. R, (poly-
merization rate) for five different initiator compo-
sitions at 100°C. The arrows in the curves indicate
the direction of reaction progress in time. With Lu-
perox 118 alone (y4 = 1.0), the polymerization rate
is very low and almost constant until high conver-
sion is reached but highest molecular weight is ob-
tained. Contrarily, when Lupersol 256 is used alone
(y4 = 0.0), the highest polymerization rate is ob-
tained but the resulting polymer molecular weight
is the lowest. When these initiators are mixed, the
intermediate reaction rate and molecular weight are
obtainable. This is important because now one can
better optimize the polymerization process to obtain
desired polymer molecular weight in reduced reac-
tion time by simply changing the initiator compo-
sition even under isothermal reaction conditions.
The concentrations of live polymers during the
course of polymerization are illustrated in Figure 7
for varying reaction temperatures and initiator
compositions (Note: P = 2 P,, @ = 2 Q,,
S =2 S,). The concentration of diradical species
(T,) is so low that it is not shown in the figure. It
is seen that for a given initiator composition reaction
temperature has a strong effect on the formation of
various live polymers. It is interesting to observe
that at 90°C the concentration of P, species in-

T=80°C

T=100°C

creases as y 4 1s decreased (i.e., more Lupersol 256),
whereas at higher temperatures (e.g., 110°C), the
concentration of P, species decreases as y, is de-
creased. The weight fraction and number-averages
degree of polymerization at 90, 100, and 110°C for
inactive polymer species are shown in Figure 8 with
ya = 0.5. At relatively low temperature {(e.g., 90°C),
the concentrations of inactive polymers capped by
either A or B peroxide (i.e., U, and V, species) are
both high; however, as the reaction temperature is
increased, the peroxide B decomposes rapidly to re-
sult in much lower concentration of V, species.
V.. polymers that contain two undecomposed B
peroxides on both chain ends have the largest chain
length. Among the five inactive polymers containing
at least one undecomposed peroxide, W, species has
the lowest concentration.

In the foregoing discussion, we showed that the
proposed kinetic model provides an adequate pre-
diction of both polymerization rate and polymer
molecular weight. At this point, it would be of in-
terest to evaluate the need for the detailed kinetic
model as proposed in this paper from a different
angle. To do so, let us assume that we view the mix-
ture of the symmetrical bifunctional initiators as
simply a mixture of two types of peroxide A and B
in hypothetical monofunctional initiators. Since the

T=110°C
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Figure 8 Weight fractions and number-average chain length of inactive polymeric species
(I, = 0.01 mol/L, y4 = 0.5) [ model simulation].
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decomposition of these peroxides is solely due to
thermal activation, we may expect that the monomer
conversion or the polymerization rate could be pre-
dicted with a simple kinetic model.2 Thus, we carried
out the simulations of the kinetic model for a binary
mixture of hypothetical monofunctional initiators.
Figure 9(a) shows the predicted monomer conver-
sion profiles at [— 00— ]4 = 0.01 mol/L and
[— 00— 15 = 0.01 mol/L at three different tem-
peratures. Figure 9(b) shows the resulting polymer
molecular weight predictions. The experimental data
are for a 50 /50 mixture of Luperox 118 and Lupersol
256. Although the monomer conversion predictions
are not as good as shown in Figure 4, the overall
accuracy of the simplified model is reasonably good.
However, Figure 9(b) shows that the predicted mo-
lecular weight values, in particular M, values, are
significantly lower than the experimental values.
Quite obviously, this is because in real polymeriza-
tion systems there is an additional chain length ex-
tension mechanism due to the combination termi-
nation of growing polymer radicals containing un-
decomposed peroxide. When such peroxides in the
polymer chains are decomposed and engaged in
propagation and termination reactions, much larger
polymer molecules are produced. Contrarily, no such
chain-length extension mechanism is present in the
mixture of the hypothetical monofunctional initia-
tors. Thus, Figure 9(b) clearly illustrates the effect
of in situ unsymmetry of the initiator functions on
the increase in the polymer molecular weight as the
mixture of symmetrical bifunctional initiators of dif-
ferent thermal stabilities is used in free-radical sty-
rene polymerization.

CONCLUDING REMARKS

In this paper, we have presented a kinetic model for
styrene polymerization with a binary mixture of
symmetrical bifunctional initiators. The model was
validated experimentally by using two commercially
available symmetrical bifunctional initiators. An
excellent agreement between the model predictions
and the experimental data was obtained for all the
cases studied. It was shown that polymerization rate
and polymer molecular weight can be regulated by
employing the appropriate initiator composition and
reaction temperature. Even at fixed reaction tem-
perature, one can obtain a broad range of molecular
weight values by simply varying the initiator com-
position. It has also been shown that using a simple
model for the mixture of monofunctional initiators



1364 YOON AND CHOI

is not adequate in predicting the polymer molecular
weight.
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APPENDIX

A. Definition of Polymer Molecular Weights and
Average Chain Length

Polymer Molecular Weight Moments

)‘E,kEznkgn [£:P1 sty Ty U, V(le),

W, U, vi(j=2)] (A1)

M= 2 n'M, (A2)

n=2

where A, and A\{ denote the k-th moment of polymeric
species £ and dead polymers, respectively.

Number (X,) and Weight (X,,) Average Chain
Length

Z Ay F A
Xo= e
DD VRS ¥
£
(¢=P,Q,S,T,U,V, W, U, V') (A3)
DY
__ ¢
Xo =S5 TN
&

(£=P,Q,8,T,U,V,W,U, V") (A4)

B. Molecular Weight Moment Equations

Polymeric Species, P,

1d _1d _ ,
- (xp,ov)[— 7 (Pv)} = 2%kynM?® + k,RM
+ ke, U + kypV + ki M(Q + S + 47)
- kP(P+Q+5S) (A5)

1d
;E} (AP,IU) = 2kde3 + k,RM + deXU.l + kdBAV,I

+ k,MP + kg, M(P — Ap; + @+ S + 2T + 2\r,)
+ R[2PApy — (P + Q+ S)Ap1] (A6)

1d
" d—t (}\p,zl}) = demMs + klRM + de)\U,Z + kdBAV,‘Z
+ ko M(22p, + P) + ke M(P — Xp + @+ S

+ 2T + 2Mr2) + R [2PApos + 4R ApiAr;

~(P+@Q+S)hs] (AT)

Polymeric Species, Q,

—l—i()\ v)—li(Q =kR.M — & k
v dt Q.0 —z)dt v) | = kiR, dAQ+ dBW
+ 2k U — kpmMQ — kQ(P+ Q@+ S) (A8)

1d

l) E (AQ'IU) = kiRAM— de)\Q,l + kdaxw,x + deAAU’,l

+ kR, MQ — kpu MNgy + R [20QM7, — (P + @ + S)Aq,]
(A.9)
1d
;EZ (AQ,QU) = k,‘RAM - deAQ)Q + kdg)\W,Z + zdeAUr,z

+ kpM(2)\Q,1 + Q) - k/mMAQ,Q
+ B [2QA72 + dhg i Ar1 — (P + @ + S)hge] (A10)

Polymeric Species, S,

1d 1d
;a ()\Svov)[z ;a (SU):I = kgRBM - kdBS + deW

+ 2k V' — kmMS — kS(P+Q+S) (A.11)

1d
o dt (Asav) = RiRgM — kgghg1 + Ry, Aw,; + 2kg Ay
+ Ry MS — Ry MAgy + R[28Ar; — (P + Q@ + S) s ]
(A.12)
1d
B (As20) = RRgM — kg g2 + Ry, Aw gz + 2kahvia

+ kpM(Q)\S,l + S) - k/mMAS,g
+ R [28Np2 + 4 Ay — (P + @+ S)hs2] (A.13)



Polymeric Species, T,

1d 1d
. (Arov)| = o (T0) | = 2kR'M + ko, Q + kS

vde
~ kmMT ~ 2k(P+ Q + S+ T)T (A.14)

1d
;E ()\T,IU) = 2k,R’M + de)‘Q,l + kdBAS,l + 2kpMT
= Ry MAT, 1 — 2R(P + Q + S)\r; (A.15)
1d ,
;d—t ()\rmv) = 2k,R M + de )‘Q,2 + kdBAS,‘Z
+ 2k M(2hgs + T) — kpMArs
+ Zkl[Z)\%v,I -{(P+Q+ S)rr2] (A.16)
Polymeric Species, U,
1d 1d
T (>\U,(>U){‘ L (UU)}
=~k U+ kpuMQ + BPQ  (A17)
1d
Sdt (Apav) = —Rg Auy + ki MAg
+ Rk (PAy1 + Ap Q) (A.18)
1d
~—(Ap20) = —kg,Aus + RmMAg o
vdt
+ kA Ap2Q + 2Xhp1 g1 + PAga) (A19)
Polymeric Species, V,
1d 1d
ot (Av,ov)[* od (VU):I = —ky,V
+ kpMS + k,PS  (A.20)
1d
;d_t ()\v,w) = *kdBAv,l
+ kmMhss + k(Phs1 + \p2S)  (A21)
1d
o (Avov) = —kgAvae + kpnMAs
+ k(Ap2S + 2Apihss + Phss)  (A.22)

Polymeric Species, W,

1d 1d
o dt (Xw,ov)[— vt (WU)} = —(ky, + Ry, )W + R, QS

(A.23)
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1d
o dr (Aw0) = —(ka, T Rgg) Aw 1 + Re(Xg1S + Qs 1)
(A.24)
l1d
;5 (Aw,zv) = —(de + kdB)XW,Z
+ k(Ng2S + 2hgaAs1 + Qrs2) (A25)

Polymeric Species, U/,

1d 1d
ot (Au',ov)[= T3 (U’v)} = =2k, U + 1k, Q" (A.26)
1d
o di (Ayaav) = —2kg, Ayy + k@M, (A.27)
1d ,
sdt (Aygv) = —2kg Ayrg + Re(@Ag2 + A51)  (A.28)
Polymeric Species, V,,
1d 1d
S ()\Vr,ov)[= oar (V'U)} = —2kg, V' + 1kS* (A29)
1d
;d_t ()\V’,l l)) = “2kd3)\v',1 + k,S)\S,l (A.30)
1d ,
S d@ (Avigv) = —2RaAvre + ki(Shsp + A51)  (A31)
Polymeric Species, M,
1 d d i 2
=2 (M) = kM (P = Py) + JkP (A.32)
1d
;a (Mv) = kme()\P,l - Pl) + k¢P>\P,1 (A.33)

1d
= (N80) = kM (Xpz = P1) + ki(Phps + 2y)

(A.34)
C. Primary Radical Concentrations
2faka,da
= If TA S A.35
R ky, + kM (A.35)
2 fgkag 1,
R = __fB;"B_B_ (A.36)

kg, + kM
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fa:

B = onM

(ky,Ra + ke, Rp) (A.37)

p=_1I7

T M [2kg,Is + 2kayIp + ke, (Q + U + W+ 2U")

+ k(S + V + W+ 2V') + ky,Rs + kyyRy]
(A.38)

D. Concentrations of Primary Live Polymers

__2kgM® + RRM + R, Uy + ke, Vi
' (B + k)M + k(P +Q+ S +2T)

kmM(P + Q + S + 2T + 2T))

A.
(ky + kp)M + k(P + Q+ S +2T) (A-39)
ER.M
= A,
@ de+(kp+k,m)M+kt(P+Q+s+2T)( 40)
ERgM
S, = A4l
! kd5+(kp+k/m)M+k,(P+Q+S+2T)( )
ER'M + k + &, S
T, M dAQl kdgl (A.42)

T 2[(ky + k)M + k(P + @+ S + 2T)]

E. Zeroth Moments of Live Polymers

Zeroth moments of live polymers are calculated by solving
the following equations:

kP’ +k(Q+S)P—A; =0 (A.43)
keQ® + [ka, + kM + R (P + 8)]Q — By =0 (A44)
kS? + [Ryy + kpuM + k(P + Q)]1S —Co =0 (A.45)
RT?+ [k(P+Q+S)+ kuM]T—Dy=0 (A46)

where

A() = 2kde3 + deU + kdBV + (kadA + kme)Q

+ (frka, + kiM)S + 4k, MT + k;:MR (A.47)
Bo = kiRAM + zdeU’ + kdBW (A48)
Co = kiRgM + kg, W + 2ky, V' (A.49)
Do = %[deQ + kdBS + 2k,RIM] (A50)
F. First Moments of Live Polymers
kM + B P)Ar1 + A
Apy = 2k P) A + A (A.51)

kM + k(P + @+ S)

B
Noa = 2k, + By (A52)
ko, + kM + k(P +Q+ S)
2k, SAp, + C
As1 = b ELFRL (A.53)
Y kgt kMY R(P+Q+S)
_ DIA
Ara =5 Dr. (A.54)

where

Ay = 2k M® + RBM + kg Ay, + Baghvy + k,MP

+ kp, M(P +Q+ S+ 2T) (A.55)
B1 = kl‘RAM + 2kd,q>\(/’,l + kdB)\WJ + kpMQ (A.56)
Cl = kiRBM + deAW,I + 2kd5)\V',I + kpMS (A57)

kq, B,

Dy, = 2k,R'M +
Ha ko, + kM + B (P + Q+ S)

. ey
kay + kM + k(P + Q + S)

+ 2k, MT (A.58)

Dy, = kmM + k(P + Q + S)

g k@
kg, + kM + k(P + Q + S)

~ Ragk:S (A59)
kgy + kM + k(P + Q + S) '
G. Second Moments of Liver Polymers
2( kM + kP)Aps + A,
Aps = : A.60
P2 kM + R(P+Q+S) (A60)
2k,QArs + By
Aoz = ' 61
P Ry + kM + E(P+Q+S) (A-61)
2k, Shrs 4 Cy
Aso = '
52 kgy + kM + k(P + Q + S) (A.62)
_ D2A
Arp = 5o Do (A63)

where

A2 = demM3 + k,RM + de >\U,2 + kd3>\V2
+ kR, M(2)py + P) + b M(P+ &+ S+ 2T)
+ 4k Aparry  (A64)



32 - kiRAM + 2de )\U’,2 + kd3>\W,2
+ B, M(2\g, + Q) + 4k AgiAr; (A65)

Cg = kiRBM + de)\Wﬂ + deaxvl_z
+ kyM(2\s, + S) + 4k s Ay (A66)

ka,Bo
ky, + kM + k(P + Q+ S)

DgA = 2k,R’M +

. k4,Co
oy + kM + k(P + Q+ S)
+ 2k, M(2\py + T) + 4R\, (A.67)
Dyy = kM + E(P + Q + S)
~ kik,@
g, + BpM + k(P + Q@ + S)
ky k.S
- s (A.68)

ko, + ke M + E(P+Q+ S)
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