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ABSTRACT: The reversible addition—fragmentation chain transfer radical polymerization (RAFT) with branching/
cross-linking is theoretically investigated on the basis of the method of moments. The system considered consists
of the copolymerization of vinyl monomer in the presence of a small amount of divinyl comonomer. It is found
that the gel point is significantly postponed by increasing the RAFT agent concentration. Flory’s criterion, pry, o
= 1, is found to be satisfied at the gel point in the RAFT cross-linking process regardless of the unequal reactivities
of vinyl/divinyl monomers in the absence of cyclization. The gel conversion can be analytically expressed and
is determined by the polymerization recipe and the relative reactivities of various double bonds. The gel point is
postponed by the presence of intramolecular cyclization, and its effect becomes significant in a dilute polymerization
system. Branching distribution is found to be very broad with a large fraction of linear primary and slightly
branched chains. By the introduction of the dependence of the reactivity of the pendant double bond on the local
heterogeneity, the branching distribution becomes narrower and can be fine-tuned.

Introduction

Copolymerization of vinyl monomer with a small amount of
divinyl monomer causes cross-linking among different chains
and produces branched polymers. Branched polymers that have
high molecular weight and low viscosity are particularly useful
as lubricants and coating materials because of their good
mechanical properties and processing characteristics.' Successive
intermolecular cross-linking rapidly increases the branched
polymer molecular weight and yields gelation, that is, the
formation of an insoluble 3D network. This critical transition
from a highly branched polymer to a network is defined as the
gel point.” Gel materials are widely used as ion-exchange resins,
chromatography packings, and super absorbents.** In addition,
they are used in many biomedical applications, such as contact
lenses, drug delivery formulation, enzyme encapsulation, and
tissue engineering.>”’

Depending on the targeted structure of final products (i.e.,
branched or gel polymer), the prediction of the gel point is
critically important for determining polymerization recipes and
operation conditions. Flory and Stockmayer made pioneering
contributions to understanding the cross-linking process.”®*
Their mean field theory assumes a random distribution of
branching/cross-linking points and no intramolecular cyclization.
It thus treats gelation as a process in thermodynamic equilibrium.
According to Flory, the following simple relationship exists at
the gel point

Pryo=1 ()]

where p is the branching/cross-linking density defined as the
ratio of the number of branching points to that of the total
monomeric units in macromolecules, and ry is the weight-
average length of primary chains. (Note: In the vinyl/divinyl
copolymerization, one cross-linkage, that is, a bridge between
two primary chains, has two branching/cross-linking points; the
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terms branching point and cross-linking point are used inter-
changeably.) The physical meaning of eq 1 is that a gel molecule
emerges when, by the weight average, each primary chain bears
one branching/cross-linking point or half of a cross-linkage.
Following the work of Flory and Stockmayer, many statistical
models have been developed, such as those by Charlesby and
Pinner,'® Gordon,'" Saito,'> Macosko and Miller,'>'* Pearson
and Graessley,'’ Durand and Bruneau,'® and so on. However,
the branching/cross-linking process in free-radical polymeriza-
tion (FRP) is inherently kinetically controlled. The development
of polymer chain structural properties strongly depends on the
reaction path. Peppas et al.'” used a kinetic approach to take
into account the reaction path effect. In addition, Tobita and
Hamielec'® ?° made a rather comprehensive contribution to this
end. The key part of the Tobita—Hamielec model is that it
demonstrated the inherent inhomogeneity of polymer networks
formed in the free-radical copolymerization process. Further-
more, Zhu et al.>'~* employed the method of moments in
investigating the validity of the monoradical assumption (i.e.,
no polymer chain bears more than one radical center) and the
stationary-state hypothesis in modeling approaches. Although
the reaction path has been included in the above kinetics models,
there is no significant deviation from Flory’s theory found in
predicting the gel point when the intramolecular cyclization is
not involved in the mechanism.

However, a number of experimental studies showed that the
network formed in a conventional free-radical process is largely
deviated from Flory’s mean field theory.>*”® For example, the
occurrence of gelation that was observed in the experiment was
significantly postponed, and the critical numbers of branching/
cross-linking points at the gel point were typically one or two
orders of magnitude larger than those predicted by Flory’s
theory. This discrepancy is mainly attributed to intramolecular
cyclization neglected in the classical theory. Intramolecular
cyclization was observed at the beginning of polymerization,
which is related to chemical and physical characteristics of the
conventional free-radical process. Slow initiation and fast chain
propagation in the free-radical polymerization result in the
formation of polymer chains having high molecular weight and
bearing numerous pendant double bonds at low conversions.
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These long chains do not overlap each other in a dilute solution
because of the excluded volume effect. In addition, slow rates
of diffusion and relaxation of long polymer chains relative to
the fast propagation reduce the probability of sufficient contacts
between functional groups on different chains. These charac-
teristics promote intramolecular cyclization because the radical
center is surrounded by pendant double bonds belonging to the
same chain. Therefore, highly cross-linked domains (i.e.,
microgels) are formed at the low concentration of polymer
chains, which are further linked with each other through
intermolecular reactions and finally form networks on a
macroscopic scale. The network formed by the conventional
free-radical cross-linking process is therefore highly inhomo-
geneous.>"

The recently developed control/living radical polymerization
(CLRP) techniques, including nitroxide-mediated polymerization
(NMP), atom transfer radical polymerization (ATRP), and
reversible addition fragmentation chain transfer polymerization
(RAFT), have been widely used in controlling the molecular
weight distribution and architecture of polymer chains.>' —* In
CLRP, the growth of individual polymer chains is slow (in hours
in contrast to seconds in the conventional FRP) and can be
divided into numerous sections because of a rapid reversible
activation/deactivation process, which guarantees an equal
probability for each chain to grow.* The CLRP is also expected
to be advantageous in the cross-linking process. In CLRP, there
is a huge number of chains of low molecular weight in the
system. These short chains tend to penetrate each other. In
addition. the slow growth gives chains sufficient time for
relaxation and diffusion, which facilitates the functional groups
(i.e., radical centers and pendant double bonds) in the polym-
erization system to contact each other. This favors intermolecular
cross-linking and suppresses the formation of microgels.
Therefore, the CLRP cross-linking process provides a good
model for testing Flory’s mean field theory because the
assumptions are likely to be more satisfied. Recently, several
research groups have successfully synthesized branched poly-
mers or gels by NMP, ATRP, and RAFT techniques.*® "
Fukuda and coworkers®’ found that the critical cross-link density
at the gel point agrees with Flory’s theory by a factor of two in
an NMP cross-linking system. Matyjaszewski et al.** observed
similar results in an ATRP system. Zhu et al.* reported that
the copolymerization of MMA and EGDMA has the gel
conversions very close to the values predicted by the Flory’s
theory. Armes et al.** found that the gel point depends on the
structure of cross-linkers (the type of divinyl monomer). In
addition, by measuring the swelling ratio and the loss tangent
peak, respectively, Fukuda et al.*” and Zhu et al.** demonstrated
that the gels prepared by CLRP methods are more homogeneous
in terms of network microstructure than those by conventional
FRP processes.

Although significant progress has been achieved in under-
standing and applying CLRP cross-linking processes through
experimental approaches, there is still a lack of theoretical study
on the kinetics of these processes and the structure of the
network products. In this article, we develop a kinetic model
for describing the RAFT cross-linking process using the method
of moments. The effect of RAFT process on gelation is
investigated using the model. In addition, we provide an
analytical expression of the gel point, which is determined by
the initial copolymerization recipe. Moreover, the intramolecular
cyclization is taken into account in the cross-linking mechanism,
and its effect on the gelation process is studied. Finally, we
investigate the branching development and distribution in the
RAFT cross-linking process.
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Table 1. Elementary Reactions of Vinyl/Divinyl RAFT
Copolymerization
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Model Development for RAFT Branching/Cross-Linking
Process. This model is an extension of Zhu’s previous kinetic
work on the conventional vinyl/divinyl copolymerization.?' In
applying it to the RAFT process, we must distinguish the end
unit of a primary chain between the radical center and the RAFT
species. Here we use P,,. to denote the macromolecule
containing n monomeric units, r radical centers, and ¢ RAFT
moieties. The elementary reactions of the RAFT cross-linking
process are listed in Table 1, where I and M, represent thermal
initiator and monomer i, respectively (M, is vinyl monomer,
and M, is divinyl monomer).

It should be pointed out that for simplicity we employed two
approximations in the above mechanism. First, we neglected
the intermediate radicals and their cross-termination reac-
tions®> >* because they greatly increase the dimension of
variables and are difficult in mathematical manipulation. This
simplification is acceptable in the cross-linking process as far
as the gel conversion is concerned. We will clarify this point
in the following section. Second, we used the pseudokinetic
rate constant method that was suggested by Tobita and Hamielec
to treat the copolymerization.'® Strictly speaking, this assump-
tion is valid only when chains are long or when copolymer
composition is far from 0.5. In the RAFT cross-linking process,
the amount of divinyl monomer is small, and thus errors are
minor. Under this approximation, the rate constants in Table 1
are the functions of radical fractions, ¢;, which can be calculated
by the instantaneous monomer composition, f;, through a long-
chain assumption. The pseudo rate constants of propagation with
Mi; (ky,;), transfer to RAFT (ki), termination (k;), and propagation
with pendant double bond (kiner) are expressed as

koi = ko, (la)
J
k, = z ke (1b)
J
k=) D kit (1c)
i
Kinter = z ky @ Fy = C) (1d)

J
where F; is the divinyl density in the total copolymer and C is
the cross-linkage density, which equals half of the branching
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density p in Flory’s theory. On the basis of this mechanism,
the population balance for P, is
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We resort to the method of moments to avoid solving this set
of an indefinite number of ODEs. Let us define the moments
of Py, as

M

m
0

i z Snkp,interPn,r,ch,SJ (2)

s=1 d=0

© o

=222

n=0 r=0 ¢=0

n'r ckPnM. 3)

All sums in eq 3 are from 0 because we assume chain-structure-
independent kinetic parameters. After lengthy but straightfor-
ward algebra, eq 2 can be transformed to the moment equations
listed in Table 2. By solving these equations, we can track the
time evolution of each chain moment. More importantly, some
characteristics reflecting the process of cross-linking and the
evolution of the chain/network structure can be obtained by
the combination of these moments, as listed in Table 3. The
gel point is defined as the moment at which the weight-average
chain length, ry, approaches infinite.

The rate constant values used in this simulation are listed in
Table 4. They are approximated to those of the real polymer-
ization systems in order of magnitude.*>>>~® Here for simplicity,
we assume that their values are independent of the type of
radicals. In addition, we also assume equal reactivity of the
double bonds (i.e., k1 = 0.5k, > = k,*,). It should be pointed out
that the equal reactivity assumption does not mean that there is
random distribution of pendant double bonds along primary
chains because the priority of divinyl to be consumed causes
composition drifting.

The weight-average primary chain length (ry ) is required
for the comparison of our simulation results with the Flory—
Stockmayer theory. This quantity can be obtained through the
above model by simply setting ky;= 0. Finally, it should be
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Table 2. Moment Equations in the RAFT Cross-Linking Process

dYoe/dt = 2fka[1] — VokicY6.10 —
kp,imerYl,O,OYOJ 0

dYy00/dt = 3 kpiMiY100

dYo,10/dt = 2fka[l] — kY810 — kY810

dYOyovl/dl =0

dYa00/dt = 2% kpiMiY110 + Yi kpiMiYo 10
+ kY210 T 2kpinerY1.10Y2.00

dYo0/dt = 2fkall] — 2kaYo20Y01.0 +
kY10t 2kieY81.0 — 4kicYo20Y0,10 +
keY§2.0 — 2keYo20Y00.1 + 2keYo1.0Y001 +
2kiY0,1,1Y0,1,0 T 2kpinerY0.2,0Y 1,10

dYoeo/dt = kY811 — 2keYo02Y0,10 +
2k Y0,1.1Y0,0.1 + 2keYo,10Y00.1 +
2kpinterY0,1,1Y1,0,1

dYyo/dt = 3 kpiMiYo20 — kaV110Y0,10 +
kieY1.1.0Y020 — 2kieY1.1.0Y0.10 —
kaY1,10Y00,1 T kuY1.01Yo0.001 kpY200Y020
+ kpﬁimcrYf,l,O

dY100/dt = 3 kpiMiYo11 + kieY110Y011 +
kuY11.0Y001 + keY101Y010 +
kp.interY2,00Y0,1.1 + KpinterY1,1,0Y1,0.1

dYo11/dt = —kaYo,1.1Y0.1.0 + kieYo.1.1¥020 —
2kiY0,1.1Y0,10 + kuYo20Y00.1 +
kuY0,02Y01.0 = kuYo,1.1Y001 — kuY0,1,1¥0.10
— 2kuY0,1.0Y001 + KpinerYo.1.1 Y110 +
kip.interY0,2,0Y1,0.1

initiator: d[/]/dt = —kq[/]

monomer: d[M;]/dt = —ky;Yo,1.0[M;]

d[C]/dt = kp,interYI,O,OYO,l,O

zeroth-order moments

first-order moments

second-order moments

small molecules

intermolecular
cross-linkage

Table 3. Definition of Important Chain Structural Properties

chain property expression
number-average chain length = Y100/Y0,00
weight-average chain length rw=Y200/Y100
polydispersity index PDI = Fw/ry

radical distribution index
number-average branching density

RDI = Yo2,0/Y0,1,0
By = Y0,0.1/Yo00 — 1

weight-average branching density
density of intermolecular cross-links

Byw=Y101/Y100 — 1
C=I[ClY100

Table 4. Rate Constants Used in the Simulation

values”

initiator decomposition: kq 107371

initiator efficiency: f 0.5

propagating with monovinyl: &, ; 1 x 103 L+mol~!-s7!

propagating with divinyl: k;»; 2 x 103 Lemol™!+s7!

propagating with pendant double bond: kj; I x 10°L+mol!+s~!
transfer to RAFT agent: k. 1 x 10°L+mol~!+s7!
termination: ki, ku 1 x 107 Lemol~!+s7!

“ An approximate system is MMA/EGDMA copolymerization with
2-cyranoprop-2-yl dithiobenzoate (CPDB) as RAFT agent. ” The ki value
is adjusted when the effect of chain transfer coefficient on gelation is
investigated. Otherwise, it remains 1 x 10° L-mol'-s~.

kinetics constants

noted that we do not take the intramolecular cyclization into
consideration in the basic model presented here. However, this
side reaction can be easily included in this model, as discussed
in the following part.

Results and Discussion

Effect of RAFT Process on Cross-Linking Kinetics. At
first, we investigate the effect of RAFT agent concentration on
the cross-linking process. In the simulation, we set the initial
vinyl concentration [M;]o to 6 mol/L and keep the initial mole
ratios of M»/M and I/M, to 2 and 0.2%, respectively. It is evident
in Figure la that the occurrence of gel point is dramatically
postponed when the RAFT agent is added to the copolymeri-
zation system. For the cross-linking without RAFT agent,
gelation occurs at the very beginning of polymerization (i.e.,
<0.1% in monomer conversion). In contrast, when [RAFT]y/
[M;]o increases from 0.2 to 1 to 2, the gel conversion is
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Figure 1. Effect of RAFT agent concentration on cross-linking process:
(a) rw versus monomer conversion and (b) pryo versus monomer
conversion. (Flory’s criterion is noted as the dashed line.) [Mi]o = 6
mol/L, [M>]o = 2%[M,]o, and [I]o = 0.2%[M,]o.

postponed to 0.32, 0.71, and 0.99, respectively. For the system
of [RAFT]y/[M,]y = 4, gelation does not occur, even when all
of the monomers are consumed, and the average chain length
increases almost linearly with the monomer conversion.

Flory? suggested that pryo = 1 could be used as a criterion
for the gel point. It can be seen in Figure 1b that Flory’s criterion
is valid for predicting the gel point in the RAFT cross-linking
process if the intramolecular cyclization is absent. pry, o steadily
increases with monomer conversion and approaches unity at
the gel point. However, if pryo < 1 in the final stage of
polymerization (as in the case of [RAFT]o/[M:]o = 4), then no
gelation occurs. The postponed gel point caused by the RAFT
agent can be explained according to Flory’s criterion. The high
RAFT agent concentration yields more primary chains and thus
decreases their chain lengths, ryo, at the same monomer
conversion. Moreover, the branching density, p, is determined
by only the copolymerization and cross-linking kinetics and not
by the RAFT process. (See the Analytical Description.) As a
result, the value of pry o decreases as [RAFT] increases. The
postponed gel point in RAFT follows the same principle as the
addition of a large amount of initiator or chain-transfer agent
in conventional radical polymerization. However, the resulting
network is more homogeneous because primary chains are
formed gradually instead of instantaneously.

The chain transfer coefficient, C (= ki/kp), is an important
parameter in the RAFT process, which determines the chain
length distribution in linear chain systems.>” Here we investigate
the effect of Cy; on the cross-linking process (as shown in Figure
2). Figure 2a shows that the gel conversion increases as Cy
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Figure 2. Effect of RAFT chain transfer coefficient on cross-linking
process: (a) ry versus monomer conversion and (b) number-average
chain length and polydispersity of primary chain versus monomer
conversion. [M]](] =6 mol/L, [Mz](] = 2%[M]][), [RAFT]() = 2%[M1](),
and [I]O = 02%[M1]0

decreases, especially when Cy, is small. However, when its value
becomes adequately large (i.e., C > 10), its effect on the gel
point becomes minor. Figure 2b shows the effect of Ci; on the
primary chain length. With all of the C values, the number-
average chain length r, increases linearly with the monomer
conversion following the same theoretical line. However, Cy
has a significant effect on the polydispersity of primary chains
PDIy, as shown in Figure 2b. PDI, decreases as Cy increases,
and the effect becomes minor when C,, >10. This result is in
agreement with the previous work of Fukuda et al.*> and
Monteiro et al.>® The increase in Cy leads to the decrease in
rw,0 because ry o = (r,,0)(PDIp). The gel point is thus postponed
by increasing Ci; according to Flory’s criterion. Because different
Cyr values correspond to different types of RAFT agent, the
simulation results indicate that the gel point also depends on
the choice of RAFT agent type.

In Figure 3, we investigate the effect of initiator concentration
on the gel point by adjusting [/] by three orders of magnitude.
This adjustment of [/] in the simulation recipe brings about a
30-fold variation in the radical concentration, [R], because [R]
is proportional to [/]o*3. However, it is clearly seen in Figure 3
that there is no effect on gel conversion. This result will be
further confirmed in the Analytical Description. The insensitivity
of the gel point on [R] indirectly proves that it is reliable to
neglect intermediate radicals and their cross termination in
modeling the RAFT cross-linking process. The presence of
intermediate radicals can possibly facilitate cross termination
with propagating radicals, which significantly reduces [R].>*
However, the intermediate radicals cannot propagate with the
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Figure 3. Effect of initiator concentration on cross-linking process.
[M[]o =6 I‘IlOl/L, [Mz]() = 2%[M]](), and [RAFT]() = 2%[M]]().

monomer as well as the pendant double bond and do not produce
additional cross-links. Although cross termination yields ad-
ditional branch points, its rate is much lower than propagation
with pendant double bonds and is at the same level as
combination termination (i.e., ka[RI[Y] ~ kc[R]> << ky[R1[M>]
~ ;[R][Mp], where [Y]and [Mp] are the intermediate radical
and pendant double bond concentrations). The number of cross-
links produced by intermediate/propagating radical cross-
termination is thus negligible. The sole effect of cross termi-
nation on [R] does not change the gel point, as illustrated in
Figure 3. The present model is reliable as far as the gel
conversion is concerned. However, it could be erroneous in
predicting gel time, particularly, in the presence of rate
retardation.

Analytical Description. The consumption rate of vinyl and
divinyl monomers can be denoted as

dM,] dx;,

P = —k, [RI[M,] or mn =k [RI(1—x)  (d4a)
d[M,] dx,

da 2 RI[M,] or T koo[RI(1—x,)  (4b)

where x; and x; are the vinyl and divinyl monomer conversions,
respectively. By dividing eq 4b by eq 4a and then integrating,
we have

xn=1—(1-x)" )

where o is a group parameter defined as k,»/kp . From eq 5,
we can see that xo > x; when o > 1. This indicates that the
divinyl monomer consumes faster than the vinyl monomer does,
which causes a composition drifting along the primary chains.
In the absence of intramolecular cyclization, the formation of
the cross-link can be written as

A = iRl — 10 ©)

By inserting eqs 4a and 5 into eq 6 and integrating, we obtain

[C] _ op (l_xl)a_(l_xl)ﬁ_i_a_ﬂ
(Myl, a—p a B af

where 3 is another group parameter defined as kp/kp 1. It can be
clearly seen from eq 7 that the cross-link concentration is
determined by only the initial divinyl concentration, the
monomer conversion, and two group parameters, but it is
independent from the radical concentration. In addition, the
RAFT process has no effect on the formation of cross-links.

)
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In the RAFT cross-linking process, Flory’s criterion can be
transformed as

T 2[CIPDI,
2[C] )(rw,O)___ [C] 0_ ®)

Prao=2CT 0= (Y, 00 a0 ~ IRAFT],

7'n,O
where Y 00/7n0 represents the primary chain concentration, and
it can be approximated to [RAFT], because the fraction of
primary chains originated from the initiator is negligible
compared with that from the RAFT agent. In addition, we
assume that PDIy = 1 because of the narrow length distribution
of primary chains in the RAFT process (a large Cy; is assumed)
and further simplify eq 8 as

[ __1
[RAFT], 2 ©)

Equation 9 is equivalent to Flory’s criterion in the RAFT
cross-linking process, which indicates that the gel molecules
emerge when the number of cross-link points accumulates to
half of the RAFT agent concentration. By inserting the eq 7
into eq 9, we get an implicit expression of gel conversion

[M2]0 — 10.—ﬂ (1 _xl,gel)a_(] _'xl,gel)ﬁ+a—ﬁ !
[RAFT], 2 af o B o

(10)

where xj g is the vinyl monomer conversion at the gel point.
We compare this analytical result with the numerical solution
by adjusting the o and 3 values, respectively, as shown in Figure
4. It can be seen that for all of the combinations of o and f3, the
simple analytical solutions obtained from eq 10 are in good
agreement with the results from numerically solving the full
set of moment equations. Therefore, for the RAFT cross-linking
process without intramolecular cyclization, the gel point can
be readily predicted by eq 10 if we know the polymerization
recipe ([M>]o/[RAFT]p) and the relative reactivities of vinyl,
divinyl, and pendant double bond (o, f3).

Figure 4 also shows that for all of the o and f values, the
gel conversion monotonously decreases with the increase in
[M;]o/[RAFT]y, and all of the theoretical lines start at the point
of x1get = 1, [M2]o/[RAFT]o = 0.5. This result indicates that in
the absence of intramolecular cyclization gelation occurs only
if [M]o/[RAFT]o = 0.5. In addition, it can be seen in Figure
4a that gelation occurs at lower conversions with larger a values.
The large o value represents fast consumption of divinyl
monomer, which increases the cross-linking density and thus
makes xy g.| decrease. Moreover, Figure 4b shows that gelation
also occurs earlier with larger 5. The increase in 8 accelerates
the conversion of the pendant double bond to become a cross-
linkage, which results in an earlier gelation.

With the assumption of equal reactivity (i.e., « =2, f = 1),
eq 10 can be further simplified to

Xy g = (2[M,]o/ [RAFT]p) =12 (an

An examination of the equation derivation reveals that the
application of eqs 10 and 11 is not restricted to the RAFT cross-
linking process but can be readily extended to other controlled/
living radical cross-linking processes. We can simply replace
[RAFT]p in the equations by the initiator concentration in the
ATRP and NMP processes. Using these analytical equations,
we can readily estimate the gel point from the polymerization
recipe. In addition, it also allows us to optimize the cross-linking
recipe for a targeted structure (i.e., gel or highly branched
polymers). Finally, it should be pointed out that the presence
of intramolecular cyclization affects the validity of eqs 10 and
11. We discuss the influence of this side reaction in the next
section.
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Effect of Intramolecular Cyclization on Gel Point. In the
conventional radical cross-linking process, it is difficult for
different chains to penetrate each other, and thus a radical center
is surrounded by pendant double bonds belonging to the same
chain. As a result, significant intramolecular cyclization occurs,
which causes the deviation of gel conversion from the Flory’s
theory. In the cross-linking CLRP, the intramolecular reaction
is reduced because of sufficient chain diffusion and relaxation
and thus the uniform distribution of reactive species. However,
several groups observed that the number of cross-links per
primary chain in NMP, ATRP, and RAFT cross-linking
processes is still slightly higher than Flory’s prediction (i.e.,
0.5, as in eq 9).>”** Some intramolecular cyclization is present
in the CLRP systems. The effect of this side reaction on the
RAFT cross-linking is theoretically investigated in this work.
For simplicity, we neglect the configuration dependence of the
intramolecular cyclization and describe the reaction as a
monomolecular reaction.

rnkintra

P, —P (VIID)

n,r,c n,r,c

Because the numbers of monomeric units, radicals, and RAFT
moieties are not changed after the intramolecular cyclization,
this additional reaction has no influence on the moment
equations listed in Table 2. However, this side reaction produces
additional intramolecular cross-links and consumes pendant
double bonds. On the basis of reaction VIII, the number of
intramolecular cross-links, D, accumulates as

1 12)

=k

dr intra® 1,1,0 (12)

kintra 1s the pseudo rate constant of intramolecular cyclization,
which can be expressed as

kimra = z k?ﬂtra,jq)j(FZ - C - D) (133-)

J

where ki j 1s the rate coefficient of radical propagation with
intramolecular pendant double bond, and D is the intramolecular
cross-link density (i.e., D = [D]/Y} ). The pseudo rate constant
of intermolecular cross-linking, kiner, should also be modified
as

k= ) kyyi(F, = C=D) (13b)
J

Here we assume that iy, is independent from the type of
radical center and investigate its effect on the gel point (as shown
in Figure 5a). We also calculate the evolution of intermolecular
and intramolecular cross-links per primary chain in Figure 5b
to assist in understanding the mechanism. The simulation results
show that when iy j = 0, the gel conversion is ~50%, and
the number of intermolecular cross-links per primary chain
equals 0.5 at the gel point, which accords with Flory’s theory.
The gel conversion is postponed by only 2% when kipya; = 10
s~!. In addition, the fraction of intramolecular cross-links is very
small, which does not affect the increase in intermolecular cross-
links. Moreover, when kinr; increases to 50 s~ it is clearly
seen in Figure 5a that the evolution of r,, exhibits an inflection
after it rapidly increases to the 10* order of magnitude. These
highly branched macromolecules contain multiple radical centers
and pendant double bonds, which increase the probability of
undergoing intramolecular cyclization. Figure 5b shows that the
accumulation rate of intramolecular cross-links is much higher
than that of intermolecular cross-links after the inflection. The
increase in ry slows down, and thus the gel point is postponed
to 70% monomer conversion. Furthermore, this postponed
gelation becomes more obvious when ks j increases to 100
s~1. The gel conversion increases to almost 100%, and the final

Macromolecules, Vol. 42, No. 1, 2009

1,gel

g
=4

0 2 4 6 8 10
[M,]/[RAFT],

1,gel

0.0 T T T
0 2 4 6 8 10

[M,]/[RAFT],

Figure 4. Comparison between analytical results and numerical
solutions. [M;]o = 6 mol/L, [RAFT]y = 2%[M,]o, and [I]o = 0.2%[M]o.
(a) Set 5 = 1 and adjust a. (b) Set o. = 2 and adjust . The solid lines
are the analytical results of eq 10, and the symbols are the numerical
solutions of the moment equations.

number of intramolecular cross-links is almost three times as
many as that of intermolecular cross-links. Finally, when ki, J
increases to 200 s~!, the intramolecular cross-links accumulate
very fast; as a result, there are not enough pendant double bonds
for intermolecular cross-linking. No gelation occurs after all of
the monomers are consumed. The cross-linking process stays
in the stage of forming highly branched macromolecules.

Figure 6 is the gel diagram showing the dependence of xi gl
on [M>]o/[RAFT]y in the presence of intramolecular cyclization.
It is clearly seen that the gel points are postponed by the
intramolecular reaction for all of the values of [M;]o/[RAFT].
In addition, the gel conversion is more sensitive to the increase
in kinea When [M>]o/[RAFT]g is small because the number of
pendant double bonds is limited in this case. Moreover, this
gel diagram shows that the critical value of [M»]o/[RAFT] that
is required to cause gelation (i.e., its corresponding value at
X1get = 1) increases with Kinuaj. When kingaj = 0, [M2]o/[RAFT]y
> (.5 is sufficient for guaranteeing the occurrence of gelation.
However, when kiny; increases to 30, 50, 100, and 200 s™, the
values of [M;]o/[RAFT], should be at least 1, 1.35, 2, and 3.5,
respectively, to reach the gel point. This simulation result is in
good agreement with the recent experiment work of Armes et
al.** They used the RAFT technique to copolymerize 2-hy-
droxyisopropyl acrylate (HPA) and three kinds of diacrylate
cross-linkers (BEDA, DSDA, and EGDA). They found that
gelation occurs when [BEDA]y/[RAFT], = 1.35, [DSDA]y/
[RAFT]y = 1.5, and [EGDA]/[RAFT]y = 2.25, respectively.
This experimental result shows that the system with BEDA may
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Figure 5. Effect of intramolecular cyclization on gelation: (a) ry versus
monomer conversion and (b) the numbers of intermolecular and
intramolecular cross-links per primary chain versus monomer conver-
sion. [M]]() =6 mol/L, [RAFT]() = 2%[M1](), [Mz](] = 4%[M1](], and
[71o = 0.2%[M]o.

have the smallest value of kinr; because the structure of this
cross-linker is bulkier and less flexible than those of the other
two. Therefore, by measuring the gel conversion with different
copolymerization recipes and comparing the experimental data
with this gel diagram, one can effectively estimate the Kinga,
value.

Recently, Matyjaszewski and coworkers*> copolymerized MA
and EGDA by the ATRP technique and observed that the gel
point also depends on the initial concentration of MA. Here we
investigate the effect of the solvent on the gel conversion in
the RAFT cross-linking process by adjusting the initial vinyl
concentration, [Mi]o. Figure 7 shows that xj g is independent
of [M;]o when there is no intramolecular cyclization. In contrast,
when ki > 0, the gel point is postponed when the polymer-
ization system becomes dilute. The X, value is not very
sensitive to the variation in [M;]o in the concentrated region
(i.e., [Mi]o > 6 mol/L). However, the gel point is dramatically
postponed with the decrease in [M]o in the dilute region (i.e.,
[Mi]o < 4 mol/L). From the mechanism, we can see that the
intermolecular cross-linking is a bimolecular reaction, whereas
the intramolecular cyclization is a monomolecular reaction. The
intermolecular cross-linking is therefore more sensitive to the
variation in monomer concentration. The ratio of intramolecular
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Figure 6. Effect of intramolecular cyclization on the gel conversion at
different [M>]o/[RAFT]y levels. [M;]o = 6 mol/L and [I]o = 0.2%[M]o.
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Figure 7. Effect of solvent on the gel conversion. [RAFT]y = 2%([M,]o,
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cyclization and intermolecular cross-linking rates increases when
[Mi]o decreases. As a result, the effect of intramolecular
cyclization is more significant when the polymerization system
is dilute, which accords with the previous experimental observa-
tions.

Branching Development and Distribution. Recently, the
synthesis of highly branched macromolecules by controlled/
living radical cross-linking has attracted great interest. This kind
of macromolecule has a large number of functional groups,
which can be further modified for biological applications such
as drug delivery. However, it is rather difficult to estimate the
average number of branches and the branching distribution by
experiment. In this section, we theoretically investigate the
branching development and distribution to provide some
understanding of the branching process and guidance for the
design of hyperbranched materials.

Figure 8a shows the evolution of weight- and number-average
branching densities, By, and B, respectively. By and B, equal
zero if all of the macromolecules are linear primary chains. In
the case of [M>]o/[RAFT]y = 2, By, increases very quickly at
the vicinity of the gel point and finally diverges. This develop-
ment of By, indicates that the highly branched chains are formed
close to the gel point if gelation occurs. In contrast, in the
absence of gelation, By, increases significantly at only the end
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Figure 8. Branching development in the RAFT cross-linking process:
(a) number-average branching density (B,) and weight-average branch-
ing density (By,) versus monomer conversion and (b) B, and B, versus
[M>]o/[RAFT]y at the complete monomer conversion. [M;]o = 6 mol/
L, [RAFT]y = 2%[Milo, [Ilo = 0.2%[Mi]o, and Kipa; = O.

of polymerization and finally approaches 102 when [M;]/
[RAFT]y = 0.48 and 11 when [M;]o/[RAFT]y, = 0.45. This
indicates that the hyperbranched macromolecules are formed
in the final stage in the branching/cross-linking process when
gelation does not occur. Unlike the abrupt change in By, the
number-average branching density, By, steadily increases with
the monomer conversion. In addition, B, varies in the range of
0 to 1, which indicates that, as far as the number fraction is
concerned, the products contain most linear primary and slightly
branched chains. The effect of [M3]o/[RAFT], on By, and B, is
further illustrated in Figure 8b. It can be clearly seen that B, is
not sensitive to [M;]o/[RAFT]y when its value is small. However,
By, rapidly increases when [M,]o/[RAFT]y approaches its critical
value for gelation (i.e., 0.5). Highly branched macromolecules
with B, values larger than 100 can be produced by the use of
the recipe of [M»]o/[RAFT]y = 0.48. B, is maintained in the
range of 0 to 1 for all of the [M,]o/[RAFT]y values. More
importantly, through Figure 8b, one can find the recipe for the
product with a targeted degree of branching density.

The above model based on the method of moments can
provide only average information on branching. To get the full
branching distribution, a more sophisticated model must be
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Figure 9. Number and weight distributions of branching in the cross-
linking process at 100% monomer conversion. [RAFT]y = 2%[M,]o,
[Ma]lo/[RAFT]y = 0.48, [Ilo = 0.2%[M]o, and Kina; = O.

developed. First, we employ the monoradical assumption, the
validity of which in the RAFT cross-linking process is proved
in the Appendix. To reduce the dimension of variables further,
we assume the monodistribution of primary chain length because
of the nature of controlled/living radical polymerization. With
these simplifications, the population balance can be written as

d[Ry] >
5 = kRl Z [Ry] =

0

k(N+ DDy 11y [Ry

M=1

ky[Ry] z [R,]+

—ky[Ry] Z MID,] +
=1

N—1
D KM Dyl Ryl = Z KM, o[Dy]IR,) (142)

d[D ] N-1
G =2k Y (RullRu il kulRy) Z [Ry] +

kil Ry Z MIDy)
M=1

kNIDy1Y Ry =

M=

KWNT,o[Dy] Y[Ry (14D)
M=1

where Ry denotes the macromolecules with a radical center and
Dy stands for the macromolecules with RAFT moieties as their
chain ends. The subscript N denotes the number of primary
chains involved in the macromolecules. ky is the pseudo rate
constant of propagation with pendant double bonds in Dy. In
the case in which the reactivity of pendant double bonds is not
affected by branching, ky equals kiyer and does not depend on
N. Using the parameters listed in Table 4, we can solve the
above ODEs and obtain the full distribution of Ry and Dy. The
number and weight distribution of branching is illustrated in
Figure 9. We choose the recipe, [M>]o/[RAFT]y = 0.48 to avoid
gelation in the cross-linking process. It can be clearly seen in
Figure 9 that both number and weight distributions monoto-
nously decay with the increase in the number of branches.
Primary chains consist of 76% in the number fraction and 42%
in the weight fraction. The distribution of branched chains is
rather broad with a very small fraction of macromolecules
having a high number of branches. Highly branched macro-
molecules are more likely to contain radicals and a larger
number of pendant double bonds. The cross-linking reactions
between highly branched chains more readily occur. As a result,
a large number of primary chains remain in the final product,
and the branching distribution becomes broad.
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Figure 10. Weight distribution of branching in the RAFT cross-linking
process when the reactivity of the pendant double bond is diffusion
controlled. [M,]y = 6 mol/L, [RAFT]y = 2%[M, o, [M2]o/[RAFT], =
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100% monomer conversion.

However, in the real cross-linking process, pendant double
bonds are often trapped inside highly branched macromolecules,
which affects their access to radical centers and thus reduced
their apparent reactivity. This local heterogeneity is expected
to inhibit the further cross-linking of highly branched chains
and narrow the branching distribution. Here we consider this
local heterogeneity by assuming that k is diffusion controlled
and decreases with the number of branches in a power low form

k;V = kinte:rjvi;7 (15)
where 77 determines the dependence of ky on N. The simulation
results are shown in Figure 10. It can be clearly seen that
primary chains are effectively converted to branched chains
when 7 increases. In addition, the branching distribution
becomes narrower when > 2. This diffusion-controlled cross-
linking mechanism facilitates the control of the branching
process. This theoretical suggestion is practically feasible in
experiment. Recently, Matyjaszewski et al.>® have successfully
obtained branched macromolecules with very low polydispersity
by using an arm-first approach. The long arms that are
synthesized before the addition of a cross-linker serve as a shell,
which prevents pendant double bonds in the core area from
further cross-linking. Their experimental data agree with our
theoretical findings that the branching distribution can be fine-
tuned by enhancing the local heterogeneity of a cross-linking
system.

Conclusions

In this article, we develop a kinetics model on the basis of
the method of moments to investigate the RAFT branching/
cross-linking process. The following conclusions are reached:
(1) The RAFT process has significant effect on gelation. The
gel point is postponed by increasing the RAFT agent concentra-
tion in the initial recipe. The gel point also depends on the chain
transfer coefficient C,;. However, the gel conversion is inde-
pendent of the radical concentration in the RAFT process. In
all cases, Flory’s criterion, pryo = 1, is a good approximation
for predicting the gel point in the RAFT cross-linking process
if the intramolecular cyclization is absent. (2) On the basis of
Flory’s criterion, the gel conversion in the RAFT cross-linking
process can be analytically expressed as

[M,]/IRAFTIo = (1/2l(a = B/ @BI[((1 = %) yo)*/00) —
(1= x; o)/ B) + (.= Br/ap] !

The gel conversion decreases monotonously with [Ma]o/
[RAFT]y. Gelation occurs earlier when the relative reactivities
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of the divinyl and pendant double bond increase. Using this
equation, we can readily estimate the gel point and optimize
the cross-linking recipe. (3) The gel point is postponed when
intramolecular cyclization is involved. The accumulation of
intramolecular cross-links becomes significant after the forma-
tion of highly branched macromolecules and greatly suppresses
the combination of different chains. The critical value of [M;]o/
[RAFT]y that is required for gelation also increases when the
intramolecular cyclization becomes significant. The postpone-
ment of gel point becomes more obvious in dilute polymeri-
zation systems. (4) Highly branched polymer chains can be
formed in only the vicinity of the gel point (in the presence of
gelation) or in the final stage of the branching/cross-linking
process (in the absence of gelation). The branching distribution
is very broad with a large fraction of linear primary and slightly
branched chains. However, when the effect of local heterogene-
ity on the reactivity of the pendant double bond is taken into
account, the branching distribution becomes narrower and can
be fine-tuned.
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Appendix: Radical Distribution in the RAFT
Cross-Linking Process

It is well known that the monoradical assumption is often
employed in deriving cross-linking models; that is, no macromol-
ecules are allowed to have more than one radical center. Here we
investigate the radical distribution in the RAFT cross-linking process
and also show the results of the conventional radical cross-linking
process for comparison. The formation of polyradical macromol-
ecules is reflected by the radical distribution index (RDI), which is
defined as Y(20/Y0.10. The physical meaning of RDI is the broadness
of radical distribution, and it equals unity for a monoradical system.
It can be seen that for both conventional (Figure 11a) and RAFT
(Figure 11b) cross-linking processes, RDI is close to unity in the
early stage, indicating that the macromolecular radicals are mainly
monoradicals. Polyradical macromolecules accumulate in a rather
sudden manner at the vicinity of the gel point, implying that the
gel molecule is likely to have a large number of radical centers.
Therefore, it is fair to say that the gel formation in both conventional
and RAFT radical cross-linking processes is inherently linked to
the existence of polyradical macromolecules. Zhu et al.>' suggested
that in the conventional radical cross-linking process the radical
distribution is dependent on a group parameter, k/kj. k; affects the
radical concentration, whereas k;; determines the cross-linking rate
and the number of macromolecules. It is more probable for the
presence of polyradical chains when the k/k; value is small.
We adjust k/k; for four orders of magnitude, which covers the
possible range of its value in the real polymerization systems, and
we find that the dependence of radical distribution on k/k; shows
a significant difference between the conventional radical and the
RAFT cross-linking processes. Figure 11a shows that the evolution
of RDI in the conventional radical polymerization is affected by
the variation in k/ky. RDI remains unity until the vicinity of the
gel point if k/k;, is adequately large, whereas it deviates from unity
in a much earlier stage if kt/k;; < 10* These results are in good
agreement with Zhu’s previous work. However, in the RAFT system
(as shown in Figure 11b), the behavior of radical distribution is
not sensitive to the variation in k/kp. For all of the k/k; values, the
RDI diverges only when pryo = 1, indicating that the polyradical
macromolecules do not appear until the gel point. As a result, in
the RAFT cross-linking process, the monoradical assumption is
valid in the pregelation period. The different radical distribution
behaviors of the conventional and RAFT processes can be explained
by the fact that the concentrations of primary chains as well as
macromolecules in the RAFT polymerization are much higher than
those in the conventional system. It is thus more likely to form
polyradical macromolecules in the conventional radical cross-linking
process than in its RAFT counterpart.
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