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’ INTRODUCTION

Since living anionic polymerization was discovered in 1956,1,2

a variety of controlled/living polymerization methods have been
developed to prepare well-defined (co)polymers.3�9 The devel-
opment of controlled/living polymerization opened new ways to
precisely design polymers with complex architecture.10�12 Re-
cently, controlled/living radical polymerization (CRP) has
evolved into one of the most powerful controlled/living poly-
merizationmethods and attracted increasing levels of attention in
different areas of chemistry and materials science.5 CRP has been
successfully used to synthesize polymers with controlled molec-
ular weight (MW), molecular weight distribution (MWD),
topology, composition, and functionality.

Three fundamental CRP systems (Scheme 1) have attracted the
most attention: stable free radical polymerization (SFRP),13,14

atom transfer radical polymerization (ATRP),15�21 and degen-
erative chain transfer polymerization (DT).22�26 In these proce-
dures control is achieved through a dynamic equilibration between
a predominant fraction of dormant species and a low concentra-
tion of propagating radicals.27�30

SFRP utilizes stable free radicals (X•) which neither directly
react with monomer nor itself, but only act as reversible trapping
agents for the propagating radical.13,14 ATRP employs a rever-
sible transition metal mediated catalytic redox process. The
dormant species is activated by a lower oxidation state metal
catalyst complex; copper-based catalysts are most often used to
generate a propagating radical and a higher oxidation state metal
complex which serves as a deactivator. Several other initiation/

activation systems were developed in addition to the originally
developed “normal” initiation system for an ATRP (normal
ATRP), where the lower oxidation state transitionmetal complex
is added to the reaction. Among these techniques, reverse
ATRP,31 simultaneous reverse and normal initiation (SR&NI),32

Scheme 1. Three Typical CRP Systems
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ABSTRACT: The preservation of chain end functionality (CEF) is
perhaps the most important criterion of the “livingness” for any
controlled/living radical polymerization (CRP) system. CEF depends
on several parameters but most importantly on concentration of
propagating radicals, i.e., rate of polymerization. There are claims in
the literature about ultrafast CRP leading to ultrahigh molecular weight
with perfectly preserved CEF. However, faster CRP always results in
lower CEF. Thus, how fast can a CRP be conducted with preserved
CEF? In this paper we evaluate, by kinetic analysis and computation, the
dependence of CEF on the rate of polymerization, monomer structure
(rate constants of propagation and termination), targeted degree of polymerization, initial monomer concentration, and monomer
conversion. Some subtle differences in the definition of CEF are discussed for different types of atom transfer radical polymerization
(ATRP) techniques. CEF for polymer chains with and without an R-alkyl group from a (macro)initiator are compared for a normal
ATRP and initiators for continuous activator regeneration (ICAR) ATRP. The latter system closely resembles reversible
addition�fragmentation transfer (RAFT) polymerization.
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and activator generated by electron transfer (AGET)33 systems
were developed to overcome problems associated with fortuitous
oxidation of active catalyst complexes. Two activator regenera-
tion procedures were developed to diminish the amount of
catalyst used in the reaction: activator regenerated by electron
transfer (ARGET)34 and initiators for continuous activator
regeneration (ICAR).35

Both SFRP and ATRP follow kinetic patterns consistent with
the persistent radical effect (PRE).36�38 This contrasts with
polymerizations involving DT process, which are not based on
the PRE. Reversible addition�fragmentation chain transfer
(RAFT) polymerization22 which is the most often used DT
system achieves control by a fast exchange among active and
dormant species using an efficient degenerative chain transfer
agent (CTA). It requires continuous source of additional initiat-
ing radicals, normally provided by slow decomposition of a free
radical initiator, to compensate for unavoidable termination
reactions.

Independent of the mechanism of exchange between active
and dormant species, propagation and termination steps are the
same in any radical polymerization. Therefore, the rate of
propagation (Rp) is proportional to the propagation rate con-
stant (kp), the concentrations of monomer ([M]) and propagat-
ing radical ([R•]) as expressed in eq 1, where t is polymerization
time.

Rp ¼ � d½M�
dt

¼ kp½M�½R•� ð1Þ

According to eq 1, for the same monomer, faster polymerization
requires higher [R•]. However, increased radical concentration
results in faster bimolecular termination. Equation 2 describes
how fast dead chains are generated through disproportionation
termination.

Rt ¼ d½T�
dt

¼ 2kt½R•�2 ð2Þ

where kt is the termination rate constant and [T] is the
concentration of the dead chains caused by termination. To
describe general systems with the coexistence of termination by
disproportionation and combination, [T] should be defined as
the concentration of lost living chains. It is also assumed that the
formation of dead chains by other mechanisms can be neglected.
Thus, the penalty for faster polymerization (i.e., higher radical
concentration) is progressively higher proportion of terminated
chains and loss of livingness. The fraction of extendable chains is
referred as chain end functionality (CEF). Consequently, for any
CRP to preserve a specific value for CEF, a minimal time is
required. Nevertheless, there are frequent claims in the literature
about very fast CRP with preserved functionality.39,40 However,
faster CRP must lead to lower CEF. As will be shown later, this
time primarily depends on the type of monomer (propagation
rate constant and termination rate constant), targeted degree of
polymerization (DPT), initial monomer concentration, and
targeted monomer conversion.

Well-defined functional polymers made by CRP require high
CEF.41 Retention of CEF is needed for synthesis of various
telechelic polymers used in postpolymerization reactions, seg-
mented copolymers, and especially block copolymers. Linear
living polymers starting from original living chain initiator or
CTA R-X should result in the formation of a polymer with
R-(A)n-X structure, when polymerizing monomer A. The

telechelic polymer can be extended by monomer B to form a
block copolymer R-(A)n-b-(B)n-X, if the X functionality at the
chain end is preserved. For most CRP techniques including
NMP, normal ATRP, and ARGET ATRP, the concentration of
chains carrying X group decreases due to termination reactions,
and there are two chains populations: R-(A)n-X and R-(A)n (in
addition to ppm amounts growing radical R-(A)n

•). However, in
RAFT polymerization and ICAR ATRP systems, concentration
of chains with X group is essentially constant, although their
fraction decreases due to terminated chains and new chains
generated from extra radical inititors (I•). Thus, there are four
chain populations: R-(A)n-X, R-(A)n, I-(A)n-X and I-(A)n. Con-
sequently, CEF should be specifically defined in these systems
since I-(A)n-X could be considered as a type of extandable chain
which lost the initial R-CEF. This type of chain formed during
chain extension targeting a block copolymer will consist of the
second homopolymer. A kinetic simulation of an ICAR ATRP
will be presented in order to distinguish these two types of CEFs.

’COMPUTER SIMULATIONS

Predici, version 6.3.2, was used for all kinetic modeling, as all
other previous simulations.42�47 An adaptive Rothe method is
employed in Predici as a numerical strategy for time dis-
cretization.48 The number-average degree of polymerization
(DP) and MWD (Mw/Mn) were calculated for all the polymers,
including the dormant species, propagating species, and termi-
nated chains. Kinetic models and rate constants for ICAR ATRP
and normal ATRP are provided in the Supporting Information.

’RESULTS AND DISCUSSION

Derivation of Dead Chain Fraction (DCF) Equation for
CRP. In the following derivations, it is assumed that [R•] does not
change during polymerization. In many CRP systems, linear first-
order kinetic plots are observed, indicating constant radical
concentration, due to either steady state by equal rates of
initiation and termination (DT systems) or balanced activation
and deactivation and negligible termination for PRE systems.
This should be valid at least for reactions where a relatively small
fraction of chains are lost by termination. At constant [R•], the
integration of eq 1 gives the relationship among polymerization
time (t), monomer conversion (p) and [R•].

lnð1� pÞ ¼ � kp½R•�t ð3Þ

The concentration of terminated chains can be calculated by the
integration of eq 2.

½T� ¼ 2kt½R•�2t ð4Þ

The combination of eq 3 and eq 4 yields the concentration of
terminated chains as a function of time and conversion.

½T� ¼ 2kt½lnð1� pÞ�2
kp

2t
ð5Þ

The DPT is defined by the ratio between initial monomer
concentration, [M]0, and the concentration of living polymers,
[P�X], which is equal to initiator concentration, [R�X]0, for the
quantitative initiation. Hence, the dead chains fraction (DCF)
can be expressed as eq 6.
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DCF ¼ ½T�
½R � X�0

¼ 2DPTkt½lnð1� pÞ�2
½M�0kp2t

ð6Þ

To simplify calculations, we neglected the decrease in the
number of chains by bimolecular combination (corresponding
to quantitative disproportionation). However, the same conclu-
sions are qualitatively valid for systems with combination. Thus,
the DCF defines the fraction of living chains lost from the initial
living chains. Knowing DCF, one can calculate the CEF by eq 7.

CEF ¼ 1�DCF ð7Þ
Equation 6 suggests that there are several strategies that can be
employed to decrease the fraction of dead chains: slowing down
the rate of polymerization (larger t), quenching the reaction at
lower monomer conversion (smaller p), targeting lower DPT,
using higher initial monomer concentration (larger [M]0) or
choosing monomers with an inherently lower value of kt/(kp)

2.
In the following discussion, we will discuss in detail every
parameter which is involved in eq 6 and determine how they
influence CEF.
Minimizing Polymerization Time for a CRP. Since eq 6

includes six parameters, a straightforward way to conduct the
evaluation is to fix some of the parameters and analyze how the
remaining one or two parameters affect the DCF. To simplified
the system, we first present results with rate constants indepen-
dent of polymer chain length. For example, for the bulk
polymerization of methyl methacrylate (MMA) at 80 �C: kt
(9.00 � 107 M�1 s�1), kp (1300 M

�1 s�1), and [M]0 (9.34 M)
are constants and one can clearly observe the effect of polymer-
ization time, monomer conversion, and DPT on DCF.
How fast a polymerization can be conducted is one of the most

important questions in all types of polymerizations, since it
allows one to complete a particular synthetic task quicker. In a
CRP a low concentration of propagating radicals is required to
minimize termination reactions and achieve a controlled process.
As expressed in eq 1, polymerization time is determined by [R•].
The correlation between CEF and rate of polymerization is
defined by [R•]. If kt, kp, and [M]0 are fixed, based on the
conditions defined above, then eq 6 shows that DCF is inversely
proportional to polymerization time when targeting a certain

DPT and a specific degree of conversion (eq 8).

DCF ¼ C1t
�1, C1 ¼ 2DPTkt½lnð1� pÞ�2

½M�0kp2
ð8Þ

In eq 8, C1 is a constant when every parameter except t is fixed.
Figure 1 illustrates the relationship of DCF and the rate of
polymerization in two ways. In Figure 1a three different DPTs are
targeted at 60% conversion, while Figure 1b is focused on
targeted DPT = 500 but at different degrees of conversions. Both
procedures show a similar trend that a reduced fraction of dead
chains, or increased livingness, can be achieved by slowing down
the polymerization. Both higher DPT and higher conversion give
larger value for C1, according to eq 8. However, curves with
higher DPT or higher conversion give steeper slope than the
lower values. For example, in Figure 1a the DCF decreased with
polymerization time, and this decrease was more dramatic when
DPT = 1000 than the other two cases targeting lower DPTs.
Therefore, slowing down the CRP can increase CEF, and this
becomes more significant at higher conversion or in higher DPT
systems. Inspection of Figure 1 shows that targeting DPT = 1000
at 60% conversion in 25 h leads to 11% of dead chains (CEF =
89%). In addition, for DPT = 100 and conversion 80%, reaction
performed within 12 h leads to 7% of dead chains.
In many CRPs straight semilogarithmic kinetic plots imply

essentially constant [R•]. Therefore, eq 6 was derived assuming
constant [R•] although this may not be always correct. To
evaluate potential error, a series of Predici simulations were
conducted to compare with the values predicted from eq 6, as
shown in Figure 1a. In these simulations, normal ATRP systems
target DPT = 100, 500, and 1000 and reach 60% conversion in 23
h (detailed conditions and models are provided in the Support-
ing Information). The value of DCF for DPT = 1000 calculated
based on eq 6 is 10% smaller than obtained from Predici
simulation. For DP = 500 it is 3% smaller, and it is essentially
the same for DPT = 100. This could be attributed to the larger
decrease of [R•] for the DPT = 1000 system. Since the error of
DCF calculated from eq 6 should increase with proportion of
terminated chains, we subsequently analyzed systems with DCF
not exceeding 20%.

Figure 1. Plots of DCF vs polymerization time for bulk polymerization of MMA at 80 �C. (a) Three different DPTs and aiming at 60% conversion.
(b) Aiming different conversions for DPT = 100.
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A simple transformation of eq 8 provides another expression
for factors influencing CEF

t ¼ C1
1

DCF
, C1 ¼ 2DPTkt½lnð1� pÞ�2

½M�0kp2
ð9Þ

Equation 9 shows that under certain CRP conditions a specific
DCF corresponds to a specific rate of polymerization. In other
words, if there is a lower limit to the DCF which can be tolerated,
the calculated value for t via eq 9 indicates howmuch time should
be spent on the polymerization. For a given condition, constant
C1, the required minimal polymerization time, can be predicted
according to the acceptable DCF. In order to achieve this
minimal time in a specific CRP technique, the conditions require
a specific maximal [R•]. This [R•] value can be attained by
properly tuning specific reaction conditions in any CRP tech-
nique, such as the ratio of CuII to CuI species in a normal ATRP,
the rate of feeding the extra initiator in a RAFT polymerization
and in an ICAR ATRP, the rate of the reduction process in
ARGET ATRP, etc.5

Infuence of Conversion on DCF. Another question is how
DCF is affected by conversions. Equation 10, another form for
eq 6, answers this question.

DCF ¼ C2½lnð1� pÞ�2, C2 ¼ 2DPTkt
½M�0kp2t

ð10Þ

Equation 10 reveals that a polymerization targeting a certain DPT
will lose more living chains when achieving higher conversion
within the same time. This results from the fact that a higher [R•]
is required to complete the polymerization in the targeted time.
Figure 2 illustrates this in two ways, using an example of MMA
bulk polymerization at 80 �C. C2 in eq 10 increases with DPT but
decreases with polymerization time. Figure 2 shows that the DCF
increases faster with conversion in the case of shorter polymer-
ization time and higher DPT. According to Figure 2, targeting
70% conversion in 40 h leads to 6% of dead chains for DPT = 500.
For DPT = 1000 with 30 h targeted polymerization time, reaction
only loses 5% of living chains to achieve 50% conversion.
Infuence of DPT on DCF. In the discussion about polymer-

ization rate and conversion, we noticed that DPT is also an
important factor for DCF. To reach the same conversion with the

same preservation of CEF in higher DPT systems, the rate of
polymerization should be decreased. Equation 11 gives a linear
relationship between DCF and DPT. The relationship for bulk
polymerization of MMA at 80 �C is illustrated in Figure 3. The
linear slopes decrease with polymerization time but increase with
conversion. Figure 3a shows that 89% CEF can be preserved
when targeting DPT = 800 and achieving 60% conversion within
20 h. Reaching 80% conversion within 30 h results in 16% of dead
chains when targeting DPT = 600.

DCF ¼ C3DPT, C3 ¼ 2kt½lnð1� pÞ�2
½M�0kp2t

ð11Þ

Preparation of a Polymerwith a Specific DP. It is possible to
prepare a polymer with a specific DP by changing more than one
parameter. For instance, the sameDP can be reached by targeting
higher DPT at lower conversion or targeting lower DPT at higher
conversion. Which approach provides lower DCF within the
same time? Both higher DPT and higher conversion lead to more
dead chains at the same polymerization rate. Since DP can be
expressed as the product of DPT and conversion, i.e., DP = DPT
� p, eq 6 converts to

DCF ¼ 2DPkt
½M�0kp2t

½lnð1� pÞ�2
p

ð12Þ

In eq 12, the second term of the product ([ln(1 � p)]2/p) is an
increasing function of p. Since the first term in the equation contains
two rate constants and three fixed values, it remains constant and
DCF increases with p. Hence, the combination of higher DPT and
lower conversion gives less dead chains when targeting a certain
polymer DP within the same polymerization time.
Figure 4 shows an example of the DCF formed during

formation of PMMA with different DPs. In this plot, every point
on the 3D surface stands for one polymerization reaction
terminated within 5 h. In the same curve the product of conver-
sion and DPT is a fixed value. Along the same curve, the desired
DP does not change, while the trend of DCF obeys the above
conclusion. For instance, if one wants to synthesize PMMA with
DP = 60, one could target DPT = 75, 100, and 150 but stop the
reaction at 80%, 60%, and 40% conversion, respectively. On the

Figure 2. Plots of DCF vs conversion for bulk polymerization of MMA at 80 �C. (a) Three different rates of polymerization for DPT = 500. (b)
Achieving three different conversions in 30 h.
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basis of the data in Figure 4, those three systems will generate
polymers with DCF = 12.3%, 5.3%, and 2.5%, respectively. Thus,
synthesis of DPT = 150 at 40% conversion gives 5 times lower
DCF than aiming atDPT = 75 at 80% conversion in preparation of
PMMA with DP = 60!
Infuence of Initial Monomer Concentration on DCF. Pre-

vious example showed that polymerization diluted by monomer
is better controlled. Can dilution by solvent also provide better
control? The addition of a solvent may be sometimes necessary
to improve the solubility of the polymer or catalyst or to control
the viscosity of the system. The role of solvent is not the same as
that of monomer, and eq 13 shows that solvent is not a good
diluent for decreasing DCF because it actually reduces [M]0
correspondingly increasing DCF.

DCF ¼ C4

½M�0
, C4 ¼ 2DPTkt½lnð1� pÞ�2

kp
2t

ð13Þ

In comparison with bulk polymerization, when monomer is
diluted by solvent, the radical concentration must increase in
order to maintain the same polymerization rate. This causes
more termination at the same rate of polymerization. Figure 5
shows the DCF after 10 h for a MMA polymerization conducted

at 80 �C targeting DPT = 100. At the same conversion, bulk
polymerization always gives a lower DCF. Selecting the point at
70% conversion from each of these three curves, bulk polymer-
ization generates only 4.6% of dead chains while the other two
DCFs are 6.9% and 9.2%, respectively.
Effect of kt and kp Values on DCF and Minimal Polymeriza-

tion Time. Results presented above are universal for any CRP.
Higher CEF requires slower polymerization, higher monomer
concentration, lowerDPT, and stopping the polymerization at lower
conversion.However, the relationship between “how fast” and “how
living” a CRP is strongly depends on the polymerized monomers
and more specifically on kp and kt values. Equation 14 shows that
lower kt/(kp)

2 value gives less dead chains under certain condition
(constant C5), thus low kt and high kp are both desired.

DCF ¼ C5
kt
kp

2, C5 ¼ 2DPT½lnð1� pÞ�2
½M�0t

ð14Þ

Figure 3. Plots of DCF vs DPT for bulk polymerization of MMA at 80 �C. (a) Three different rates of polymerization at 60% targeted conversion.
(b) Three different conversions reached in 30 h.

Figure 4. Plot of logarithmic value of DCF vs conversion and DPT for
PMMA for three different desired DPs. Conditions: 80 �C; bulk
polymerization, 5 h.

Figure 5. Comparison of DCFs for three systems with different initial
monomer concentrations. Conditions: 80 �C, [MMA]0/[R-X]0 = 100/
1, 10 h.
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In radical polymerization, termination is often a diffusion-controlled
process, and the difference between termination rate constants for
different monomers is small. However, propagation rate constants
depend strongly on monomer structure. For example, at 80 �C, the
kp of styrene (St) is ca. 2 times smaller than that ofMMAbut nearly
2 orders of magnitude smaller than that of methyl acrylate (MA).
Table 1 gives corresponding rate constants and values for 90%
preservation ofCEF for these threemonomers. Values inTable 1 for
MMA and St correspond to 80 �C but for MA to 25 �C. Minimal
time values, calculated for MA polymerization at 80 �C are lower
than those at 25 �C, and are equal to 37 sec, 234 sec, 7 sec, 48 sec,
correspondingly. Three “contour maps” are plotted in Figure 6 for
the bulk polymerization of MA, MMA, and St targeting the same
DPT = 500. Each contour corresponds to the logarithmic value of
DCF, and three solid lines show the relationship between reaction
time and conversion forDCF=5%, 10%, and 30%. For example, it is
possible to prepare poly(methyl acrylate) (PMA) with 90% pre-
served CEF for DPT = 500 and reaching 90% conversion in 8 min!
However, as highlighted by italicized entries in Table 1, the same
control requires 13 h for PMMAand 2.8 days for polystyrene (PSt)!
Bold entries show the effect of DPT for 500 and 100 values for PMA
at 90% conversion. The former requires 50 min but the latter only
10 min. Finally, bold-italicized entries show that the same CEF =
90% for PSt and DPT = 100 requires 3.5 days at 90% but only 0.6
days at 60% conversion.
Evaluation by Chain Length Dependent Termination

(CLDT). The “maps” above were constructed for constant values
of termination rate coefficients. However, since termination is
diffusion limited, it strongly depends on viscosity and chain
length. Thus, the CLDT rate coefficients strongly depend on
both conversion and DP.53 The effect of CLDT rate coefficient
was analyzed as a function of DP and conversion for bulk
polymerization of MMA andMA at 80 �C.54,55 Figure 7 provides
a more accurate evaluation of DCF of PMMA by integrating the
CLDT data. Detailed information on how to calculate DCF
based on CLDT is provided in the Supporting Information. The
system with DPT = 500 (Figure 7a) does not show a significant
difference compared to the non-CLDT evaluation. However, in
the DPT = 5000 system (Figure 7b), the curves for specific DCFs
display a dramatic drop in termination reactions, which means
that much faster polymerization can be conducted for system
with a high DPT. For example, to preserve 90% CEF at 50%
conversion targeting PMMA with DPT = 5000, it requires 40 h,
which is nearly 2 times faster than that predicted by non-CLDT.
Although the required rate of polymerization for acceptable

CEF depends on the type of monomer, there are some other
possibilities to decrease kt/(kp)

2 via tuning various reaction
conditions. For example, an increase of temperature results in

an increase in the polymerization rate without a significant loss of
CEF since higher temperatures increases kp much more than kt
due to lower activation energy of termination compared to that of
propagation. However, there is a limit in temperature increase
due to chain transfer (e.g., acrylates), self-initiation (e.g., St),
depropagation (e.g., methacrylates), and other side reactions
involving themediating agent (e.g., disproportionation inNMP).
Pressure is another important parameter.56 Radical propagation
has a negative volume of activation while termination has a
positive one, and higher pressure not only enhances kp but also
reduces kt. This strategy has been successfully applied to
synthesize high MW polymers by AGET ATRP57 and RAFT
polymerization.58�61

CEF in CRP Systems Involving Extra Radical Initiators.
There are several CRP processes relying on the DT mechanism,
such as RAFT polymerization, that employs radical initiators
(e.g., azobis(isobutyronitrile) (AIBN)). To this category also
belongs ICAR ATRP. As mentioned in the Introduction, the
radical initiators continuously generate new chains. Thus, there
are two populations of living chains: those generated from the
original (macro)initiator R-X and newly generated, also extend-
able chains I-X and I-P-X. The R group may play an important
role. It can be the first block in a block copolymer, and it can
represent a surface in surface-initiated CRP or a specific func-
tionality in telechelics. Thus, although I-X and I-P-X species can
grow, they will not contain an important R moiety. Therefore, it
is useful to define two types of CEF in the systems involving
radical initiators. The first definition is similar to the general case
for CRP, which is the fraction of all extendable chains (P-X), and
the second one describes the fraction of chains with dual
functionality (R-P-X). Since extendable species include initiator
and living polymer, to simplify the following discussion, we
define [R-P-X] as the total concentration of dual functionalized
chains including R-P-X chains and original initiator R-X. Simi-
larly, [I-P-X] contains I-P-X chains and newly generated initiator
I-X. Thus, [P-X] is the sum of [R-P-X] and [I-P-X].
In RAFT and other DT polymerizations a steady state exists

between the rate of decomposition of the added radical initiator
and termination processes (eqs 2, 15, and 16). Thus, [R•] is
determined in eq 17, as in a standard free radical polymerization
(FRP).

Ri ¼ Rt ð15Þ

Ri ¼ 2kdcf ½I2� ð16Þ

½R•� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kdcf ½I2�

kt

s
ð17Þ

ICAR ATRP (Scheme 2) also follows the same kinetics.35 In
the following discussion, CEF in ICAR ATRP is analyzed using
different criteria. Since ICAR ATRP and other DT processes (as
RAFT polymerization) follow similar kinetics, the results will
provide more general conclusions for all DT systems. According
to eq 17, ICAR ATRP is accelerated in the presence of large
concentration of radical initiators. However, although such
systems, also named as hybrid ATRP,40 result in faster poly-
merization, they also result in a larger loss of CEF. The number of
polymer chains with dual R-ω-functionality drops significantly
with increased radical initiator concentration. In order to define
the fraction of two types of CEF formed in these systems, a series
of simulations were carried out for ICAR ATRP. In these

Table 1. Minimal Time for the Polymerization of MA, MMA,
and St with CEF = 90%a

DPT = 500 DPT = 100

monomer
kp

(M�1 s�1)b
kt

(M�1 s�1)b p = 60% p = 90% p = 60% p = 90%

MA 13 200 1.10� 108 8.0 min 50.6 min 1.6 min 10.1 min
MMA 1300 9.00� 107 13.3 h 83.9 h 2.7 h 16.8 h
St 665 1.10� 108 2.8 days 17.5 days 0.6 days 3.5 days

aConditions: 25 �C,(MA) and 80 �C (MMA and St), [M]0/[R-X]0 =
DPT/1, bulk polymerization. b kp and kt values were obtained or
estimated from literature.49�53 kt value is the sum of ktc (the combina-
tion rate constant) and ktd (the disproportionation rate constant).
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simulations, polymer chains terminated with anR-I group and an
R-R group are distinguished. ICAR ATRP of St, a well-studied
system, was chosen for these simulations. Since we are only
concerning howmany polymer chains were initiated by I• and R•,
respectively, those generated through thermal self-initiation of St
were not considered in our simulations (especially at relatively
low temperature).
Figure 8 shows how AIBN concentration affects the kinetic

behavior. As [R•] is determined by the rate of AIBN decomposi-
tion, the rates increase with [AIBN]0. The overall DP (all
polymer chains) deviates more from the theoretical value at
higher [AIBN]0 and MWD becomes broader. Simulation pro-
vides detailed information on the fraction of all types of chains.

[T] is still defined as the concentration of terminated chains,
including those forming between two polymeric radicals, be-
tween one polymeric radical and one initiator radical (I• or R•).
The terminated species generated between two R• radicals and
between one R• radical and one I• radical are also included in this
population because they possess original R-CEF. This becomes
even more important when R-X is macroinitiator. However, the
termination between two I• radicals was excluded in the popula-
tion of terminated chains because it only gives small molecules.
[D] is defined as the concentration of all types of dead chains,
including nonextendable chains and those extendable chains
possessing an R-I group. Thus, the new definitions for DCF
and CEF can be expressed by eqs 18 and 19. The concentration
of all chains ([all chains]) is used in eqs 18 and 19, rather than
only initial ones originating from [R-X]0. In a real system, the
fraction of living chains present in the final product is more
important than their total number. Detailed formulas for calcu-
lating [T], [D], [P-X], and [all chains] are provided in the
Supporting Information.

DCF ¼ ½D�
½all chains� ¼

½T� þ ½I� P� X�
½all chains� ð18Þ

CEF ¼ 1�DCF ¼ 1� ½T� þ ½I� P� X�
½all chains� ð19Þ

Figure 7. Plots comparing DCF of PMMA computed with and without CLDT. (a) DPT = 500; (b) DPT = 5000. Conditions: 80 �C, [M]0/[R-X]0 =
500/1, bulk polymerization. Scale bar represents the logarithmic value of DCF for (a) and (b).

Scheme 2. Mechanisms of ICAR ATRP

Figure 6. Contour maps for DCF as a function of conversion and polymerization time for different monomers: (a) MA, (b) MMA, and (c) St.
Conditions: 25 �C (MA) and 80 �C (MMA and St), [M]0/[R-X]0 = 500/1, bulk polymerization. Scale bar represents the logarithmic value of DCF for
(a), (b), and (c).
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In ICAR and RAFT systems, the number of extendable chains
does not change, since lost R-X and R-P-X chains are replenished
by I-X and I-P-X chains. Figure 9a,b shows the fractions of
terminated chains and R-I group-terminated extendable chains;
both of them increase with [AIBN]0, meaning that faster
polymerization in ICAR systems leads to more termination
and larger loss of the R-R end group. Therefore, the increase
of [AIBN]0 increases all types of dead chains (all chains except
R-X and R-P-X ones), as illustrated in Figure 9c. Thus, although
formally concentration of extendable chains does not change,
with 15% AIBN under our simulated conditions, there are
already 9% of terminated chains at 50% conversion, and there
are only 76% of chains with dual CEF left!
The difference of CEF between CRP with and without radical

initiator can be compared using two representative systems:
ICAR ATRP and normal ATRP. In order to provide a fair
comparison, specific conditions were chosen that allow these
two polymerizations to proceed at a very similar rate. Under
these conditions, the differently defined CEF values are shown in
Figure 10. The CEF in Figure 10a is defined as the fraction of
extendable chains among initial living chains. For normal ATRP
the concentration of extendable chains decreases due to un-
avoidable termination reactions and leading to the accumulation
of persistent radicals (CuX2/L). However, according to the
conservation of X groups and steady state in ICAR ATRP, every
lost X through termination is replenished by a newly generated
free radical. Thus, the number of extendable chains does not
decrease. Figure 10b presents the fraction of dually functiona-
lized chains among initial living chains. The curve for normal

ATRP is similar to the one in Figure 10a for every P-X chain in
normal ATRP is terminated with R-R group. Although concen-
tration of extendable chains in ICAR ATRP is constant, the
replacement of some R-P-X and R-X by I-X and I-P-X causes that
the corresponding curve is lower than that in Figure 10a. These
two systems should lose the same amount of living chains
through termination due to their similar polymerization rate.
However, the termination in ICAR ATRP also involves I-P•

species while the termination in normal ATRP only leads to the
decrease of [R-P-X]. Thus, the ICAR ATRP curve in Figure 10b
is still higher than the one for normal ATRP. Figure 10c
illustrates the fraction of extendable chains among all chains
present. In a normal ATRP, [all chains] decreases through
bimolecular combination, and the curve is higher than the
corresponding one in Figure 10a. However, in an ICAR system,
new chains are gained from the radical initiators, and the increase
of [all chains] is faster than its decrease caused by combination.
Although the number of extendable chains is kept constant, the
increase of [all chains] decreases their fraction in final product.
The final definition of CEF which is shown in Figure 10d is the
fraction of dually functionalized extendable chains among all
chains. The decrease of dual-CEF in ICAR system is faster than
that in normal ATRP because of newly generated chains.

’CONCLUSION

In the first part of the paper, some general rules valid for
all CRPs that correlate preserved CEF with polymerization rate
were presented. In order to synthesize a polymer with higher

Figure 8. Results of kinetic modeling for ICAR ATRP of St. (a) Kinetic plot. (b) DP vs conversion plot. (c) Mw/Mn vs conversion plot. Conditions:
60 �C, [St]0/[EtBriB]0/[CuBr2]0/[TPMA]0/[AIBN]0 = 200/1/0.01/0.01/x (x = 0.05, 0.10, 0.15), St/acetonitrile = 2/1 (v/v) (EtBriB = ethyl
2-bromoisobutyrate; TPMA = tris[(2-pyridyl)methyl]amine; R-X = EtBriB).

Figure 9. Plots of DCF in ICARATRP: (a) fraction of terminated chains; (b) fraction ofR-I group-terminated extendable chains; (c) fraction of all dead
chains. Conditions: 60 �C, [St]0/[EtBriB]0/[CuBr2]0/[TPMA]0/[AIBN]0 = 200/1/0.01/0.01/x (x = 0.05, 0.10, 0.15), St/acetonitrile = 2/1 (v/v) (R-
X = EtBriB).
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CEF at the same rate, lower DPT, lower conversion, higher initial
monomer concentration, and bulk conditions should be
used. For the synthesis of a polymer with a certain DP during
the specific time frame, it is beneficial to target higher DPT and
stop the reaction at lower conversion rather than the opposite
way (lower DPT and higher conversion). The minimal polymer-
ization time for preserved CEF strongly depends on monomer
structure. Monomers with lower kt/(kp)

2 values allow a faster
polymerization with the same CEF. Also, CLDT, higher
temperature and higher pressure are beneficial because they
decrease kt/(kp)

2 values.
In the second part, two definitions for CEF were introduced.

The first one defines total number of extandable chains, and the
second one defines chains with dual funcationality, which is
important for block copolymerization, surface grafting, and
telechelics. The distinction is needed for DT systems such as
RAFT but also for ICAR ATRP. In ICAR ATRP, although the
number of extendable chains does not decrease, the generation of
new chains from radical initiators results in a larger loss of dual
CEF in comparison with normal ATRP at a comparable rate.

’ASSOCIATED CONTENT

bS Supporting Information. CLDT rate coefficient for bulk
polymerization of MMA at 80 �C; kinetic models, rate constants,
and kinetic plots for the simulations of ICAR ATRP and normal
ATRP of St at 60 �C; formulas for calculating [T], [D], [P-X],
and [all chains] in ICAR ATRP and normal ATRP. This material
is available free of charge via the Internet at http://pubs.acs.org.
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