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ABSTRACT: The validity of simplifying the reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
tion as a degenerative chain transfer process was verified
in this work. The simplified chain transfer mechanism
enabled the direct modeling investigation of chain transfer
coefficient in the RAFT polymerization. It also gave the an-
alytical expressions for concentration, chain length, and
polydispersity of various chain species. The comparison
between the simulations based on chain transfer mecha-
nism and those from general RAFT mechanism showed
that this simplified mechanism can accurately predict
RAFT polymerization in the absence of side reactions to
adduct radicals other than fragmentation. However, signif-
icant errors are introduced at high conversion when side

reactions to adduct are present. The chain transfer coeffi-
cient of RAFT agent is the key factor in RAFT polymeriza-
tion. The polydispersity is more sensitive to chain transfer
coefficient at low conversion. At high conversion, how-
ever, the polydispersity is mainly determined by termina-
tion, which can be controlled by RAFT agent concentration
and the selection of initiator. At last, an analytical equation
is derived to directly estimate chain transfer coefficient
of RAFT agent from the experimental data. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 497-508, 2011
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INTRODUCTION

Living radical polymerization techniques, as power-
ful routes to synthesize well-defined polymer mate-
rials with narrow polydispersity or designed struc-
tures, attract more and more attention in the recent
years. In these polymerization systems, a reversible
activation—deactivation process exists and ensures
the system living. As shown in Scheme 1(a), the dor-
mant species P-X is activated to generate the reac-
tive radicals P°, which react with monomers. Propa-
gation continues until the radicals are deactivated by
deactivators to form dormant chains. This reversible
activation and deactivation process is so fast that
only few monomer molecules can be added to poly-
mer chains in a single cycle. As a result, all polymer-
ization chains in the system grow simultaneously
during the whole reaction. This accounts for the low
polydispersity of polymer chains. Three major cap-
ping techniques have been developed to achieve
living radical polymerization: Stable free-radical po-
lymerization using nitroxide radical,' atom transfer
radical polymerization (ATRP) using halogen atom,?
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and reversible addition-fragmentation chain transfer
(RAFT) polymerization using thiocarbonylthio.>*

The RAFT polymerization using dithio com-
pounds was discovered by Rizzardo and coworkers®
A RAFT [Scheme 1(b)] process serves the activation
and deactivation that are required for a living poly-
merization and the addition of radical P}, to the dor-
mant chain TP, forms the intermediate radicals,
which are not stable. Fragmentation occurs and
releases either P; or P;. This reversible process can
be viewed as a degenerative chain transfer process
as shown in Scheme 1(c), where k. is the rate con-
stant of the exchange reaction. The use of highly re-
active thiocarbonylthio RAFT agents with high chain
transfer rate is the key to obtain polymers with nar-
row molecular weight distribution.

Modeling studies on RAFT polymerization have
been carried out widely with different methods.®*
Using the method of moment, Wang and Zhu devel-
oped a kinetic model for RAFT polymerization pre-
dicting the monomer conversion, average molecular
weight, and polydispersity of polymer chains.*** Tt
provided detailed information about the effect of
each rate constant and recipe, giving a clear picture
of RAFT process. The effects of the diffusion-con-
trolled reactions on RAFT polymerization kinetics
and molecular weight development were also inves-
tigated through a modeling approach.?’ Monteiro
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Scheme 1 Reversible activation and deactivation proc-
esses in living polymerization systems.

gave a detailed description of RAFT process in
which all possible reactions from initiation to four-
arm star formation were included, to provide a com-
prehensive analysis of influencing factors on the
chain growth and polydispersity.'®* Besides the
method of moment, a program package PREDICI®
was also employed for the simulation of RAFT pro-
cess.” 131719232627 Nonte Carlo method, a popular
method for polymerization simulation, has also been
employed for the modeling research on RAFT
polymerization.®'!!8

In all the previous modeling studies, the RAFT
polymerization mechanism was described in great
details. In this way, RAFT polymerization could be
investigated thoroughly. However, it also contained
too many differential equations in the models. So-
phisticated mathematic tools were always employed
to resolve these equations. Therefore, these models
have seldom been used by others who are not famil-
iar with these modeling tools to provide guidance
for experiment work. Simple solutions, especially
analytical equations, are desired for the guidance of
experimental work. Therefore, RAFT polymerization
is always viewed as a degenerative chain transfer
process in experimental studies. A high chain trans-
fer coefficient, C+ (=ki/ky), is the key factor for the
RAFT polymerization. The corresponding kinetic
research is mainly on the chain transfer rate in
RAFT system and its effect on polydispersity. The
effect of substituents of RAFT agents on their chain
transfer coefficient has been investigated comprehen-
sively in many studies.”®** Unfortunately, up to
now no modeling supports have been given based
on the degenerative chain transfer mechanism in a
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RAFT system. As a result, no direct discussion on
the effect of chain transfer coefficient, C,,, has been
carried out through modeling study. Mueller studied
the degenerative chain transfer in general living rad-
ical polymerization.”! As the only modeling sup-
port for this degenerative chain transfer mechanism,
this model has been used in some RAFT studies to
guide the experimental work. However, the equa-
tions were derived without the initiator decomposi-
tion. The radical termination was neglected as well.
As a result, suitable models for RAFT based on the
degenerative chain transfer mechanism are desired.
The effect of chain transfer coefficient can therefore
be better understood.

A direct method to estimate the chain transfer
coefficient of RAFT agent from experimental data is
also expected from the model development. As men-
tioned above, the chain transfer coefficient is the
most important factor in RAFT polymerization. The
performance of RAFT agents is evaluated by their
chain transfer coefficients. Numerous experimental
studies have been carried out on the chain transfer
coefficient of various RAFT agents. The Mayo
method, a conventional method for estimate of chain
transfer rate constant, is employed in the special
cases where the consumption of RAFT agent is slow
at low conversion.?®® However, when the chain
transfer coefficient of RAFT agent is high, this
method is not valid. Another method based on the
conversion of initial RAFT agents to polymer chains
has also been employed.”®* C, can be estimated
from a simplified equation.

_dLu[CTA]
tr ~ W (1)

In this method, the concentration of initial RAFT
agent must be monitored. However, if the chain
transfer coefficient is high (>150), most initial RAFT
agents will grow into polymer chains at a very low
conversion (<2%), which makes it impossible to
measure the concentration of remnant dithioester by
NMR even after a very short period of time.?*?’

The calculation of C from polydispersity data is
more accurate considering the polydispersity of
polymer chains is more sensitive to Cy, than the con-
version or chain length. Especially when chain trans-
fer rate is very high, both methods are invalid.
Chong et al. employed the equations derived by
Mueller to estimate C, from polydispersity data.”
Since the model by Mueller ignored termination and
initiator decomposition, Chong et al. added initiation
and radical-radical termination to their calculation.
Ci was estimated by fitting the model to experimen-
tal data. Due to the complexity of resolving numer-
ous numerical differential equations, this method
has not been employed by other researchers to
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Scheme 2 Mechanism of RAFT Polymerization.

estimate C,, from experimental data. As a result, a
simpler method to estimate C from experimental
data is needed, especially by many chemists who
work on designing new RAFT agents.

The objective of this work is to investigate the ac-
curacy in treating the complex RAFT polymerization
as a simple degenerative chain transfer polymeriza-
tion. We made an effort to derive analytical equa-
tions to calculate the concentration, chain length,
and polydispersity of various chain species in RAFT
system, and proposed a direct method to estimate
chain transfer coefficient of RAFT agent from experi-
mental data. The analytical equations can be used
directly by other researchers for a quantitative analy-
sis of experiment data.

MODEL DEVELOPMENT
Polymerization scheme

The model is developed based on the polymeriza-
tion mechanism as illustrated in Scheme 2. Radicals
are generated as in conventional radical polymeriza-
tion with k; as the decomposition rate constant and f
as the initiator efficiency, respectively. Conventional
radical initiators, for example, azo compound or per-
oxide, are used in RAFT polymerization. One initia-
tor molecule decomposes into two radicals, so a fac-
tor of 2 appeared on the right side of Scheme 2(a).
Scheme 2(b) is the transfer reaction between living
and dormant chains. The subscript i and j stand for
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the number of monomeric units incorporated to the
polymer chain. The range of i and j is between 0
and infinite. T represents the chain transfer agent in
RAFT. TP; is the dormant chain. When i = 0, TP,
represents initial RAFT transfer agent with its initial
concentration shown in Table VI or indicated other-
wise. The initial concentrations of radicals (P§) and
dead chains (Py) are both zero. In RAFT polymeriza-
tion, the reversible chain transfer between active and
dormant chains is accomplished through the addi-
tion and fragmentation reactions. The overall chain
transfer rate constant, ki, is determined by the rate
coefficients in the equilibrium. The efficiency of this
step determines living character of the polymeriza-
tion. As a result, the RAFT process is considered as
a chain transfer process, in which the chain transfer
coefficient, Cy,, has been given great attention. Short
radical chains, especially the primary radicals (i =
0), may have different chain transfer rate. In this
work, however, a single chain transfer reaction rate
coefficient is employed to represent the total chain
transfer ability of RAFT agent. Scheme 2(c) is the
propagation of polymer chains. The bimolecular rad-
ical terminations by disproportionation (k) and
combination (ki) are also taken into consideration in
this work [Scheme 2(d,e)].

Derivation

There are three types of chain species involved in
RAFT system: propagating radical chains (P;7), dor-
mant chains (TP;), and dead chains (P;). As shown in
Table I, the mass balance equations for these chains,
as well as initiator and monomer, are derived

TABLE I
Mass Balance for Various Types of Chain Species,
Initiator, and Monomer

Species Mass balance equations
Propagatin, d[P; . . .
opagating A _ . tbr M) + ke [TP S [P7] — Ky [PIIM]
chain - =0 -
—ku[P;] D (TP = k(P}] D [P]] (2)
=0 i=0
Dormant d[TP; - SN
mant AR ey SR~ kelTPIY P )

Dead chain d[Pz] — ktd [Pz.] i [Pz.} + lktc XI: [P].”Pz.—]] (4)
dt i=0 2 j=0

. dr
nitiator = = —k4[1] ®)
Monomer M __ S P (6)
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TABLE I1
Definition of Various Chain Moments
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TABLE IV
Expressions for Three Types of Moments

Type of chain Definition of moment

Chain species Zero moments

Propagating radical chain e NS e
preTne Q=3 i1Pi
i=0
Dormant chain TQ, = Z 7P
=y
Dead chain =~
Q= Zl [P i]

assuming a batch reactor with negligible volume
change. The method of moment is applied to
achieve the expressions of molecular weight and
molecular weight distribution. The corresponding
moments are defined as in Table II. The number—
average chain length, weight-average chain length,
and polydispersity for the propagating radical
chain, dormant chain, and dead chain can be calcu-
lated from the previously defined moments accord-
ing to Table III. Mathematical manipulations yield
equations for the zero moments (i.e., molar concen-
trations of chains), the first moments (i.e., molar
concentrations of monomeric units), and the second
moments for three types of polymer chains as in
Table IV. When x = 0, TQq is the concentration of
initial RAFT agent. Qj and Qg are both zero. All the
initial values of upper moments are zero based on
their definitions shown in Table II.

In RAFT system, initiation and radical-radical ter-
mination occur as in conventional radical polymer-
ization. The fast build-up of radicals allows the use
of stationary state hypothesis (SSH) for radical
moments. Applying SSH to eqs (10) and (13), the
expressions for the first and second moments of rad-
icals are obtained

i " at” = ¥hll - K ”
Dormant chain  d[TQo] _
% = 0 (8)
Deadchain Ay pieq) +ykelilicsl )
First moments
RPN T [OIM) + kel QIITQ
~ kel QITQ0] ~ KIQTIQS] (10)
Dormant chain d[];?]] — keQ3][TQ0] — ke [Q3(TQ1) (11)
Dead chain Al _ 1 romyy) (12)
Second moments
Propagating 8 (o8)M) + 28, 011M) + kil
~ kel Q3ITQ0] - KIQSIQS] (1)
Dormant chain  d [Yl;th] — ke[Q3]ITQ0] - ku[Q3)[TQ:) (14)
Dead chain Al _ 1 rory0) + kelotlio] (15)
o _ M1 —x) + ka[TQ1] .,
= 16
Q3]

_ plQp] My (1 — x) + 2k, [QT)IM]p(1 — %) + ke[ Q[T Q2]
kee[TQo] + ke [Qg]

17)

TABLE III

Relationships Between Chain Moments with Number-Average Chain Length,
Weight-Average Chain Length, and Polydispersity

Number-average Weight-average

Type of chain chain length chain length Polydispersity
Propagating radical chain o — QA P — 91 PD = ™w
; ; =
Dormant chain o= T W= LQZ PD = w
TQo TO: N
Dead chain _ O _ D W
N =~ w=—>- PD =—
N Qo " Q1 N
Total chain o AT+ O o B HTQ+ D
Q5+ TQo + Qo QI +TQ1 + s N

Journal of Applied Polymer Science DOI 10.1002/app
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The relationship between conversion and time is as
follows:

dx

= kIQH(1 — %) (18)

Replacing Q3 in eq. (11) by eq. (16) and the time by
conversion as a variable based on eq. (18) gives

d[TQl] _ 1—x+ Ctr[TQl]/[M]o CtrTO _ Ctr[TQ]]
dx  t+PB+CeTo/M, 1—-x 1-—

(19)

kO kee[OF .
where 1 = k;[[l\%"j, B= kp[[—l%’i, and Ty, = [CTA]o. Solving

this differential equation with the initial condition of
[TQ:1] = 0 at x = 0 yields

C (r+B)
— x) T B+Cer Tp/ Mg

CuTo|1—x— (1
[TQ:1] =

CtrT =+ CtrB — T — B — CtrTO/[M]O (20)

It should be noted that the above integration
employed the assumption of constant rate coeffi-
cient. Therefore, these equations cannot be applied
for the cases where the rate coefficients vary signifi-
cantly with the conversion, for example, in some
cases the termination rate coefficient may be chain-
length dependent.*®

In RAFT polymerization, the chain transfer reac-
tion rate is much higher than that of termination,
especially when a low polydispersity is targeted:

ke[ Q511Q5] < ker[TQo[ Q5] 21)

Therefore
T+ B << CyTo/[M], (22)

This simplification is applied to achieve analytical
equations. A comparison of the analytical results
based on this simplification to the numerical solution
of the differential equations in Table IV shows that
the error is smaller than 1% when C;, T/ [M]o > 0.02.
The analytical solution for [TQ4] is then obtained

O

where A = w and B = [M]o 1 + [M]o B — To.

Replacing [Q3] by eq. (17) and solving differential
eq. (14) with the initial condition of [TQ:]p = 0 at
x = 0 yield the analytical expression for [TQ,] as
shown in Table V. With the initial conditions of [Qglg
=0, [Q1lo =0, [Q]o = 0 at x = 0, the differential
equations for dead chains can all be solved and the
final analytical expressions are shown in Table V.

From egs. (5), (7), and (18), the expression of [QF]
as a function of conversion is obtained
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2kily kg
hgwwmfm (24)

Q0] =

The analytical expressions for the three types of
moments shown in Table V are obtained. The num-
ber-average chain length, weight-average chain
length, and polydispersity for the propagating radi-
cal chains, dormant chains, and dead chains can all
be calculated from these expressions.

RESULTS AND DISCUSSION
Model parameters

In this work, the kinetic parameters employed in our
previous studies, as shown in Table VI, were
selected for simulation.'”*** Some parameters are
varied to investigate their effect on the RAFT poly-
merization while all the others remain unchanged.

Difference between two mechanisms

Although the addition-fragmentation reaction has
been always viewed as an exchanging or degenera-
tive chain transfer process, no investigation has been
given to examine the possible difference caused by
this simplification. To examine the validity of this
simplification, our previous modeling work of RAFT
polymerization, in which the general RAFT mecha-
nism including addition and fragmentation reactions
was studied, is selected to make the comparison.*’

When the chain transfer mechanism is applied to
study the RAFT process, an overall chain transfer
rate constant ki, is employed. It is given by the fol-
lowing expression,*

kfrag

— 25
k_aad + kfrag ( )

ktr = kadd X

where Kerag/(k_ada + kerag) represents the probability
for the intermediate in Scheme 1(b) to be fragmented
into P}, and TP,,. Since P, and P, are both polymer
chains, the probability to become P; or P; is
assumed to be the same, which gives the equation of

ktr = 0-5kadd (26)

The relationship between ki and k,q4, as shown in eq.
(26), was verified in this work through comparing the
analytical solutions based on the chain transfer mecha-
nism and numerical results from the general RAFT
mechanism.” Same kinetic parameters are used in both
calculations. The cross-termination rate constant, k., is
set zero because it is assumed that no other reactions
happening to adduct radicals other than fragmentation.

From Figure 1, it can be seen that when k, =
0.5 kaqa, the analytical results from chain transfer

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Analytical Expressions for Three Types of Moments

Chain species

Zero moments

Propagating radical chain

Dormant chain [TQo] =Ty

Dead chain

o [2fkalo | ka
Q3] = A +%ln(l —X)

(Qly =~ In(1 ~ x)e{M], — 5 In(1 — x)B{M],

First moments

Propagating radical chain

kMo (1 = x) + ke [TQ1]

[QH - ktrTO + kt[Qa] [QB}
Dormant chain TQ] = [Mg)TO 1—x—(1-x
. 2
Dead chain Q1] = [M]o% (1- x)A (4 B)(Ce— 1) [é\fgx B [M]BOTO
Second moments
Propagating radical chain 03] = Ky [QB][M]o (1 — x) + 2k, [QF][M]o (1 — x) + ke [QF][TQ2]
5] =

Dormant chain

keTo — ki [QF)]

(1—x)2—%(1—x)

2—A CuToB

Ty = (2[M1§ CoTo 45, M _ zm;]é ) (1o AMECaTo B

A—2 CyToB 1-A

Dead chain 2MPA (B B+ CyTo | (B+ CyTo) BIM], 1,
QI=crple, a2 " CcTB 24 (xfix )
1-A- My, 2MI(ABTo + BCulMloTo + BIMIoB) () s
1-A CiToB2(A+1)
2(Ax+1)[MJ§  2M[iB+CyTo  [M], (-2 - [M]3B (1 — 0
B(A+1) 2-A C,T)B 1-A 2AB?
| 2[MJj ABTo + BB[M], + CuB[M]oTo + BCwTo  2M|gB+CyTo (M),  [MJ3B
(A+1)B BC,,To 2-A C,ToB 1-A 24B?

mechanism are close to the numerical solutions from
general RAFT process. It proves the validity of the
assumption concerning the relationship between k,qq
and ki [eq. (26)]. The effect of the fragmentation
reaction needs to be investigated, because it is
ignored in the chain transfer mechanism. The com-
parison between the analytical calculations based on
chain transfer mechanism and the numerical results
from general RAFT process with different values of
kerag is given in Figure 2.

It can be seen that the fragmentation rate has no
effect on chain length and polydispersity when side
reactions of adduct are neglected. In RAFT polymeriza-
tion, although the fragmentation rate determines the
concentration of adduct radicals in the system and
affects the polymerization rate, the chain transfer equi-
librium [Scheme 1(b)] is established quickly and the
concentration of adduct radicals varies little. The neglect

Journal of Applied Polymer Science DOI 10.1002/app

of kiag in the chain transfer mechanism does not affect
its validity for representing general RAFT process.

TABLE VI
Reactant Concentrations and Rate Constants Employed
in the Simulation

Reactant Reactant concentration
Monomer [M]op =5 mol L'
Initiator [o=5 x 10 mol L}
RAFT agent [CTA]ly = 1072 mol L™*

Rate Rate constant

Initiator decomposition ki=10"7"s"
Initiator efficiency f=05
Propagation k,=10°mol L' s}
Termination kg = kie = 10" mol L™t s71
Chain transfer ke =5 % 10° mol L' s7!
Addition Kagq = 10° mol L™! 57!
Fragmentation ktrag = K-aga = 10* mol L™t st
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Figure 1 The relationship between k;, and k,qq.

In the calculations, it was assumed that no side
reactions other than fragmentation happening to
adduct radicals. However, side reactions to the
adduct radicals including cross-termination between
adduct and propagating radicals may exist as shown
in Scheme 1(d). Possible errors caused by neglecting
adduct termination in the chain transfer mechanism
are shown in Figure 3.

It can be seen that significant adduct termination
can cause big errors at high conversion. However,
the errors are small at most of the time, especially at
the beginning, which is the most important stage for
investigating Cy, because polydispersity is most sen-
sitive to the parameter in the early stage. Further-
more, since the termination rate of adduct radicals is
normally smaller than that of propagating radicals,
the influence of adduct radical termination is minor
in most cases.

If the adduct termination rate is large, however,
the simplification of general RAFT process to chain
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Figure 2 Effect of the fragmentation on the chain length
and polydispersity with kag= 10° and 10* mol L™ s~ .
Other parameters are given in Table 6.
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Figure 3 Effect of the adduct termination on the chain
lenlgth and polydispersity with k. = 10%, 10°, and 10”7 mol
L "s ' Other parameters are given in Table 6.

transfer mechanism will be invalid. It has been
claimed that slow fragmentation or significant adduct
termination exist in many RAFT reactions.’*® The
debate on the fate of the RAFT adduct radicals is still
not settled. This model is limited to RAFT polymer-
izations with fast fragmentation rate and negligible
side reactions to the intermediate radicals. In practical
view only these RAFT polymerization processes are
desired to achieve fast polymerization rate and good
control.

Kinetic study of RAFT polymerization

The kinetics of RAFT polymerization is studied
based on the chain transfer mechanism in this work.
The zero, first, and second moments from the analyt-
ical solution are developed first.

The zero moments, shown in Figure 4(a), repre-
sent the concentration of three types of polymer
chains. The dormant chains are the majority in the
system. The concentration of propagating radical
chains is ~ 107®-107 mol/L. The concentration of
dead chains increases with conversion because of
radical termination in RAFT polymerization. This
indicates that in RAFT polymerization the termina-
tion must be taken into consideration in the model
development. The concentrations of monomeric
units for the three types of polymer chains are
approximately two orders of magnitude higher than
those of polymer chains. The concentrations of the
second moments are also about two orders of mag-
nitude higher than those of the first moments.

Figure 4(b) gives the number-average chain
lengths of the polymer chains. The chain lengths of
dormant, propagating, and total chains are almost
the same during the whole polymerization, which
indicates sufficient chain transfer reaction. The dead
chains are shorter, because they do not participate in

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Development of (a) zero moments, (b) chain
length and (c) polydispersity of various types of chains in
RAFT system. The parameters are [M]; = 5 mol L7 U =
5 x 102 mol L™}, [CTA]p = 10> mol L™}, k; = 107> 571,
f=05k =10 mol L' s}, kg = ke = 10" mol L' s
and ky =5 x 10° mol L™t s7 L.
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further propagation. At high conversion, however,
their chain length becomes longer than that of total
chains. It is because at high conversion the propagat-
ing rate decreases due to monomer depletion while
the termination rate is little influenced. The dead
polymer chains formed by combination have chain
lengths doubled. At the end of reaction, the total
chain length reaches 430, smaller than the theoretical
value, 500, from the recipe. It is caused by signifi-
cant radical termination in RAFT polymerization,
which also demonstrates the importance of the radi-
cal termination in RAFT process.

Figure 4(c) gives the polydispersity indexes of var-
ious types of polymer chains. The curves for propa-
gating radicals and dormant chains overlap. This
suggests sufficient chain transfer between propagat-
ing radicals and dormant chains, which enables all
the chains have equal opportunity to grow. The pol-
ydispersity of total chains is close to that of dormant
chains, because most of the chains in the system are
dormant, especially at the beginning. However, the
polydispersity of dead chains is much higher than
others. It decreases with the conversion despite of
the fact that the chain length of dead chains
increases with the conversion. As shown in Figure
4(a), the concentration of dead chains increases by
orders of magnitude with the conversion. As a
result, the dead chains generated at low conversion
contribute little to the cumulative polydispersity
value due to their small population. Therefore, the
cumulative polydispersity of dead chains has the
same trend as that of dormant chains, decreasing
with the conversion.

The most important kinetic parameter in RAFT
polymerization is C,. RAFT agent with high Ci is
believed to be the key to obtain polymers with low
polydispersity. Figure 5 shows the effect of Ci on
chain length development and polydispersity.

From Figure 5(a), it can be seen that C, has no
effect on molecular weight development. It is
because the radicals are neither formed nor
destroyed in the chain transfer process. However,
Ci influences the polydispersity of polymer chains
significantly as shown in Figure 5(b). When C, is
adequately high (>500), the polydispersity of poly-
mer chains reaches a low level at low conversion
because of a fast chain transfer between propagating
radical and dormant chains. In contrast, if the chain
transfer rate is low, it costs longer time for all the
initial RAFT agents to undergo chain transfer reac-
tion and grow into polymer chains. Therefore, the
polydispersity of polymer chains decreases in a
slower manner when C,, is smaller, as shown in Fig-
ure 5(b). The result in Figure 5 shows that the poly-
dispersity is more sensitive to Cy at low conversion,
which may help to determine C, more accurately
from experimental data in this area. When the chain
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Figure 5 Effect of the transfer coefficient on (a) the chain
length and (b) polydispersity with C, = 10, 50, 100, 500,
1000, and 5000. Other parameters are given in Table 6.

transfer becomes sufficient, the difference between
the polydispersity curves with different Cy values
becomes smaller. When C,, is adequately high, the
curves overlap at high conversion. For a targeted
polydispersity at high conversion, there exists a cer-
tain C,, value. RAFT agent with higher chain transfer
gives little further advantage. The polydispersity of
polymer chains at high conversion is mainly deter-
mined by termination, which can be controlled by
selection of proper initiator. If a low polydispersity
of polymer chains (<2) is targeted, a RAFT agent
with the chain transfer coefficient larger than 50
must be selected.

In additional to Cy, radical termination is another
important factor, which determines the polydisper-
sity at high conversion. The initiator concentration
and decomposition rate determine the concentration
of radicals, which affect the propagating and termi-
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nation rate. Figure 6 gives three RAFT systems with
different initiator concentrations.

It can be seen the concentration of initiator influ-
ences both chain length and polydispersity signifi-
cantly, especially at high conversion. When the
initiator concentration increases, there are more
propagating radicals in the RAFT system. As a
result, the termination reaction becomes significant,
which causes a loss of control over the RAFT pro-
cess. From Figure 6, it can be seen when the concen-
tration of initiator is high (0.05 mol/L), the chain
length development deviates from the theoretical lin-
ear growth in living polymerization. Large amount
of propagating radicals terminate before undergoing
many chain transfer and propagating circles, which
gives small chain length leading to the deviation.
These dead chains also cause the increase of polydis-
persity as shown in Figure 6. A low initiator concen-
tration can decrease the concentration of radicals
and avoid radical termination. When the initiator
concentration is 0.0005 mol/L, the termination is
very low and the polydispersity remains low up to
high conversion. However, low radical concentration
also means low polymerization rate. As a result, an
appropriate initiator concentration is important in
the RAFT system. High initiator concentration,
which gives high polydispersity, should be avoided.

It is noticed that the termination mainly influences
the polydispersity at high conversions. At low con-
version, the curves of polydispersity from different
initiator concentrations overlap because in this area
the influence of termination is not significant. The
main influencing factor is C, as discussed above. At
high conversion, however, the effect of C. becomes
minor and the termination dominates. Comparison
between Figure 5 and 6 shows that the selection of
initiator is as important as the selection of RAFT
agent with high chain transfer coefficient.
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Figure 6 Effect of the initiator concentration on the chain
length and polydispersity with [I], = 0.0005, 0.005, and
0.05 mol L™". Other parameters are given in Table 6.
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Figure 7 Effect of the initiator decomposition rate con-
stant on the chain length and polydispersity with k; =
107°, 107%, and 107* s~ '. Other parameters are given in
Table 6.

Figure 7 shows the effect of decomposition rate con-
stant, k;, on chain length development and polydisper-
sity. Similar to the effect of initiator concentration,
increasing initiator decomposition rate increases the
concentration of radicals. As a result, the increasing
termination rate makes the molecular weight devel-
opment less controlled, with the final molecular
weight deviating from the theoretical value. Similar
effect also happens to the polydispersity of polymer
chains as shown in Figure 7.

Figure 8 gives the influence of RAFT agent con-
centration on chain length development and polydis-
persity. RAFT agent concentration is the determining
factor for chain length. A higher RAFT agent concen-
tration gives a lower molecular weight with the the-
oretical value of [M]y/[CTA]y. The effect of RAFT
agent concentration on polydispersity varies at dif-
ferent stages of polymerization. At low conversion, a
higher RAFT agent concentration leads to a higher
polydispersity because it costs longer time for all the
RAFT agent molecules to complete chain transfer
with radicals. This is similar to the system in which
the RAFT agent has a low chain transfer rate. At
high conversion, however, a higher RAFT agent con-
centration decreases polydispersity greatly due to
the good control of termination. A high concentra-
tion of RAFT agent increases the concentration of
dormant chains and decreases radical termination at
the same time.

Analytical solutions of the moment equations

Analytical solutions are always desired by research-
ers for the quantitative analysis of experimental
data. In the RAFT system, the majority of chains are
dormant, as shown in Figure 4(a). The chain length
is mainly determined by that of dormant chains,
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which was also demonstrated in the above simula-
tion. From Figure 4(c), it can be seen that the poly-
dispersity of total chains is very close to that of dor-
mant chains. It is therefore reasonable to use chain
length and polydispersity of the dormant chains to
represent those of total chains. Based on this simpli-
fication, analytical equations to estimate number-av-
erage chain length and polydispersity can be derived
as in Table VII. Please note all these equations are
only valid to RAFT polymerizations with fast frag-
mentation rate and negligible side reactions to the
intermediate radicals.

Figure 9 gives the comparison between the simula-
tion results from these analytical equations and the
results obtained by Wang and Zhu based on the gen-
eral RAFT mechanism.” It can be seen that these ana-
lytical equations provide a simple and accurate way
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Figure 8 Effect of the RAFT agent concentration on (a)
the chain length and (b) polydispersity with [CTA], =
0.05, 0.01 and 0.02 mol L% Other parameters are given in
Table 6.
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TABLE VII
Simple Equations to Guide Experimental Work and Calculate C, from Polydispersity Data
Chain length:
=My (27)
Polydispersity:
AP (127 = (1= + e (1= 2) = (L= 0" = 221 - 0)*
PD = 2 — (28)
[(1—x) = (1-x)7]
Transfer coefficient:
2 2 A
C, = 2B*[(1—x)" = (1 —x)"] (29)

(A =2)T2PD[(1 — x) — (1 — )*]* 4+ 2B(A — 2)Tpx(1 — x)*

—GEARE 11 = 0) = (1= 0)"] = 2BTo[(1 - x)* = (1 - )]

for the calculation of chain length and polydispersity
in the RAFT system, especially at low conversion.

Equation 28 also makes it possible to obtain a
direct method to estimate C;, from experimental data.
The equation is derived and shown in Table VII. This
equation allows one to calculate C,, from polydisper-
sity data. The use of polydispersity data is more
accurate in the estimate of Cy. It is a much simpler
method considering that there is no numerical fitting
and no need to measure the concentration of RAFT
agent. However, it should be noted the polydisper-
sity measurement of polymer chains with low mo-
lecular weight requires appropriate GPC column set.

In RAFT polymerization, the initiator decomposi-
tion, radical termination, and chain propagation are
the same as those in conventional radical polymeriza-
tion. The kinetic parameters required in eq. 29 to esti-
mate Cy, are readily obtained. The experimental data
at low conversion are recommended for the estimate
of Cy. As discussed above, the polydispersity is very
sensitive to C,, at low conversion, while other factors
have little effect on polydispersity in this area.
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Figure 9 The accuracy of equation 27 and 28 for the cal-
culating of chain length and polydispersity in general
RAFT system. The parameters are given in Table 6.

CONCLUSIONS

Based on the chain transfer mechanism, analytical
expressions for concentration, chain length, and poly-
dispersity of various types of chain species in RAFT
polymerization were derived. The comparison
between the simulation results from these analytical
equations and those from the model based on gen-
eral RAFT mechanism demonstrated the validity of
applying degenerative chain transfer mechanism to
RAFT polymerization. The fragmentation rate of
adduct radicals has little influence on chain length
development and polydispersity in the absence of
side reactions. However, large errors emerge at high
conversions when side reactions are significant. Sim-
ulation based on chain transfer mechanism enabled
the discussion about the effect of C. on RAFT poly-
merization. The kinetic analysis showed that the
chain transfer coefficient is the key factor in RAFT
polymerization. The polydispersity is most sensitive
to Cy at low conversion. Cy, should be larger than 50
for a low polydispersity. At high conversion, how-
ever, the polydispersity is mainly determined by ter-
mination, which can be controlled by RAFT agent
concentration and the selection of initiator. The accu-
racy of the simple equations to estimate chain length
and polydispersity were confirmed. When the direct
method derived in this work is employed to estimate
Ci from experimental data, the selection of polydis-
persity data at low conversion is recommended.
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