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Abstract: Atom transfer radical polymerization (ATRP) equilibrium constants (KATRP) were determined using
modified Fischer’s equations for the persistent radical effect. The original Fischer’s equations could be
used only for low conversion of CuI to X-CuII and consequently for relatively low values of KATRP. At higher
conversion to X-CuII (>10%) and for larger values of KATRP (>10-7), modified equations that take into
account the changes in catalyst and initiator concentrations should be used. The validity of new equations
was confirmed by detailed kinetic simulations. UV-vis spectrometric and GC measurements were used to
follow the evolution of X-CuII species and the initiator concentration, respectively, and to successfully
determine values of KATRP for several catalysts and alkyl halides. The effect of structure on reactivities of
ATRP components is presented.

Introduction

Atom transfer radical polymerization (ATRP) is one of the
most successful controlled/living radical polymerization (CRP)
techniques and has been employed to produce many well-
defined functional (co)polymers with predefined architecture.1,2

ATRP is based on dynamic equilibration between dormant and
active species catalyzed by redox active transition-metal com-
plexes, such as Cu coordinated to various N-based ligands.3-7

Radicals are formed from dormant alkyl halides (RX) by
activation with CuI species (kact), after which they can either
self-terminate (kt), be deactivated by reaction with the X-CuII

species (kdeact), or propagate in the presence of a monomer (kp).
The degree of control in ATRP is strongly affected by the

position of the equilibrium (KATRP ) kact/kdeact) and by all rate
constants.KATRP depends on the solvent, temperature, monomer
(i.e., structures of RX and R•), and structure of the Cu species.
Several studies have reported measurements of kinetic and
thermodynamic parameters in model and macromolecular
systems.3,8-22

There are two general methods to determine the value of
KATRP. First, KATRP can be determined from polymerization
kinetics, when an excess of the X-CuII species is used and the
concentration of all other species does not change significantly,
provided that values ofkp are known.23

Alternatively, KATRP can be determined from the rate of
formation of a persistent radical (Y) [X-CuII]) or from
polymerization kinetics (R) (1/kp)(d ln[M]/dt)), following the
classic equations derived by Fischer and Fukuda for the
persistent radical effect (PRE).24-26
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The symbols in eq 2 are clarified in Scheme 1. It should be
noted that eq 2 was slightly modified by using 2kt instead ofkt

because two transient radicals are consumed in one single
termination step.1,27For consistency, all other equations derived
by Fischer and Fukuda were modified accordingly. This method
of determination ofKATRP is especially useful for model systems
where the values ofkt are diffusion controlled (in the range of
kt ∼ 2.5 × 109 M-1 s-1).28,29 This procedure is less applicable
when polymeric ATRP initiators are used because the termina-
tion rate constant is chain-length dependent.30-32

In this paper, we report a procedure for the determination of
KATRP using the classic Fischer’s approach which, however,
failed for large values ofKATRP when significant amounts of
X-CuII were formed. Therefore, we derived new equations for
these systems, which were successfully tested using kinetic
simulations. They also gave a deeper insight into why Fischer’s
original equations have limited validity. The newly determined
KATRP values helped to correlate structures of the ATRP reagents
with their reactivities.

Experimental Section

Materials. Ethyl 2-bromoisobutyrate (EtBriB, 99%, Aldrich), bro-
mopropionitrile (BrPN, 97%, Aldrich), 1-(bromoethyl)benzene (PEBr,
98%, Aldrich), benzyl bromide (BzBr, 98%, Aldrich), methylDL-2-
bromopropionate (MBrP, 99%, Acros), methyl chloroacetate (MClAc,
99+%, Aldrich), acetonitrile (MeCN, Aldrich, 99+%, HPLC grade),
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (99+%, Al-
drich), 2,2′-bipyridine (bpy) (99%, Aldrich), CuICl (99.995%, Aldrich),
and CuIBr (99.999%, Aldrich) were used as received. Tris[(2-pyridyl)-
methyl]amine (TPMA) was synthesized according to a literature
procedure.33 Prior to use, all liquid reagents and the solvents were
deoxygenated by bubbling with nitrogen for at least 2 h.

General Procedure for the Determination of Equilibrium Con-
stants.A portion of 7.17 mg (0.05 mmol) of CuIBr or 4.95 mg (0.05
mmol) of CuICl was added to a Schlenk flask joined to a quartz UV
cuvette, and then the Schlenk flask was carefully sealed. The flask was
evacuated and back-filled with N2 five times. A portion of 10 mL of
MeCN was added to the flask via a nitrogen-purged syringe through
the side arm. PMDETA (10.4µL, 0.05 mmol) was then added through
the side arm of the flask via a N2-purged microsyringe. The contents
were stirred until a colorless solution was obtained. The corresponding
alkyl halide (purged with nitrogen, 0.05 mmol∼ 0.1 mmol) was then
transferred to the Schlenk flask via a N2-purged microsyringe. The
absorbance at a wavelength corresponding to theλmax of the generated

X-CuII complex was monitored at timed intervals. The concentration
of the deactivator generated in the system was calculated using values
of the extinction coefficients for the CuII complexes determined
separately. The spectroscopic measurements were performed on a
Lambda 900 (Perkin-Elmer) UV/vis/NIR spectrometer. Other combina-
tions of alkyl halides and CuI complexes were studied in a similar
fashion.

The experimental procedure used to determine the values ofKATRP

by GC is similar to that in our previous publication detailing the
determination ofkact.12

Simulation. The Predici program (version 5.0) was used for kinetic
modeling.34,35 It employs an adaptive Rothe method as a numerical
strategy for time discretization. Concentrations of all species can be
followed. Calculations were performed on a personal computer and
took approximately 3-5 min to complete.

Results and Discussions

Determination of KATRP by UV-Vis Spectrometry Using
Fischer’s Equation for PRE. A. Lower Values ofKATRP. The
equilibrium constant for ATRP could be determined using the
analytical solution proposed by Fischer for the persistent radical
effect.36,37In the absence of a monomer, the ATRP equilibrium
(Scheme 1) simplifies to three elementary reactions: activation
(kact), deactivation (kdeact), and termination (kt). In this case, the
rate of formation of the deactivator (the persistent radical,
X-CuII species) and the rate of loss of the generated transient
radical are given by the following expressions:

The two coupled differential equations have been solved
analytically by Fischer.36 He concluded that the increase of
concentration of the deactivator (Y) should be a linear function
of t1/3, and the loss of the transient radical (R) should be
proportional tot-1/3 (eq 2). For equimolar concentrations of
ATRP initiator and catalyst, this dependence should be valid
in the time interval defined by eq 4, if eq 5 is also fulfilled.25,36

For nonequimolar conditions, both equations should be modi-
fied, as shown in Appendix I in the Supporting Information.

Thus, in the above time regime (eq 4), a plot of Y (i.e.,
[X-CuII]) vs t1/3 can be used to determineKATRP, provided that
a value ofkt for the radical termination reaction is known. The
termination of two small radicals, without any unusual steric
effects, is governed by diffusion limits (kt ) 2.5 × 109 M-1

s-1 at ambient temperature in most organic solvents).28,29Some
variation inkt will introduce small errors in the overall analysis.

To test the accuracy of the analytical solution for the persistent
radical effect (eq 2) in determiningKATRP, a kinetic simulation
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was conducted using Predici 5.0 kinetic simulation software.38

The rate constants used in the simulations werekact ) 1.0 M-1

s-1, kdeact) 5.0 × 107 M-1 s-1 (KATRP ) 2.0 × 10-8), andkt

) 2.5 × 109 M-1 s-1. Figure 1 shows the plot of the
concentration of the X-CuII complex (Y) vst1/3 for different
initial concentrations of the CuI complex (C0) and alkyl halide
(I0). KATRP values were calculated from the initial slopes (KATRP

(initial)), final slopes (KATRP (final)), and least-squares fits of
the whole data set available (KATRP (av)) according to eq 2
(Table 1). TheKATRP values for low concentration of the initiator
(I0) were close to the real value of 2.0× 10-8. At higher I0,
and also when more Y was formed, these values became lower.
In fact, no constant value ofKATRP could be observed for any
of these systems.

Figure 2 shows the plot for Y ([X-CuII]) vs t1/3 for an actual
reaction between [CuIBr/PMDETA]0 ) 100 mM and [PEBr]0
) 5 mM in MeCN at 22°C. KATRP calculated from the initial
slope wasKATRP ) 2.94 × 10-8, but one can observe a
progressively more pronounced curvature at longer reaction
times. The equilibrium constant calculated from the final slope
wasKATRP (final) ) 1.40× 10-8; if all the experimental points
were used, a value ofKATRP (av)) 2.06× 10-8 was determined.

B. More Reactive Systems with Higher Values ofKATRP.
An increased curvature in Fischer’s plots was observed for faster
reactions, for example, when EtBriB was used in the reaction
with CuIBr/TPMA (Figure 3). This figure was obtained by
following the reaction of an equimolar (5 mM) amount of
reactants. The initial slope (probably measured before the quasi-
equilibrium was established) gave a value ofKATRP ) 2.53×
10-6. The final slope (which could be affected by side

reactions) yielded a value ofKATRP ) 1.38× 10-7. The least-
squares fit of all data gaveKATRP ) 3.35× 10-7.

Similar or even more pronounced curvatures were observed
for all systems which involved more reactive ATRP reagents
and proceeded to higher CuI conversions. These observations
prompted us to carry out another kinetic simulation because,
for the simulation shown in Figure 1, a relatively small value
of KATRP (2.0× 10-8) was used, and the reaction proceeded to
low conversion of CuI (<35% ofC0). Simulations were carried
out for large values ofKATRP as well as for lower values of
KATRP over a longer reaction time, and both were driven to high
CuI conversion, as shown in Figure 4. In all cases, the plots of
Y vs t1/3 are nonlinear and curvature becomes easily detectable
when the conversion of CuI is higher than∼30%. The calculated
KATRP from the initial slope, the final slope, and the least-squares
fit of all data is listed in Table 2.

According to Fischer’s equation (eq 4), the plots should be
straight over a very wide time range; i.e., 1.38s1/3 < t1/3 <
77.83s1/3 for kact ) 1 M-1 s-1, I0 ) C0 ) 5 mM, andKATRP )
2 × 10-7 (for the first system) and 0.39s1/3 < t1/3 < 49.03s1/3

for kact ) 1 M-1 s-1, I0 ) 0.1 M, C0 ) 5 mM, andKATRP ) 2
× 10-8 (for the second system).36,39

The requirement (eq 5) proposed by Fischer for the validity
of eq 2 is fulfilled for both systems:kdeact) (kact/KATRP) ) 5
× 106 or 5 × 107 M-1 s-1 andkt ) 2.5 × 109 M-1 s-1; i.e.,
KATRP (2 × 10-8) is much lower than the ratiokdeact/4kt (5 ×
10-4 or 5 × 10-3, respectively).25,36

(38) Hungenberg, K. D.; Chen, C. C.; Zhang, F.; Wulkow, M.; Stubbe, G.;
Nieken, U. DECHEMA Monographien2001, 137, (7th International
Workshop on Polymer Reaction Engineering, 2001), 237-245. (39) Fischer, H.J. Am. Chem. Soc.1986, 108, 3925-7.

Figure 1. Simulation of the formation of X-CuII to determineKATRP via
Fischer’s equation (Y vst1/3): kact ) 1.0 M-1 s-1, kdeact) 5.0 × 107 M-1

s-1, kt ) 2.5× 109 M-1 s-1, C0 ) 0.005 M,I0 ) 0.1 M (dotted line), 0.05
M (broken line), and 0.005 M (solid line).

Table 1. Initial, Final, and Least-Square Fit of KATRP from Figure
1a

C0
(M)

I0
(M) KATRP KATRP (initial) KATRP (final) KATRP (av)

dotted line 0.005 0.1 2.0× 10-8 2.31× 10-8 1.07× 10-8 1.49× 10-8

broken line 0.005 0.05 2.0× 10-8 2.36× 10-8 1.30× 10-8 1.65× 10-8

solid line 0.005 0.005 2.0× 10-8 2.37× 10-6 1.69× 10-8 1.88× 10-8

a The KATRP (initial), KATRP (final), and KATRP (av) were obtained by
least-squares fitting for the first 20 points, the last 20 points, and the overall
plot, respectively.

Figure 2. Experimental determination ofKATRP via Fischer’s equation (Y
vs t1/3): [CuIBr/PMDETA]0 ) 5 mM, [PEBr]0 ) 100 mM, in MeCN at 22
°C.

Figure 3. Experiment for the determination ofKATRP via Fischer’s equation
(Y vs t1/3): [CuIBr/TPMA]0 ) [EtBriB]0 ) 5 mM, in MeCN at 22°C.
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C. Previous Derivations of PRE Equations. Previous
derivations of an persistent radical effect relied on the establish-
ment of an equilibrium between active and dormant species.
For nitroxide-mediated polymerization (NMP), the activation
process is unimolecular, but for ATRP, activation involves the
alkyl halide initiator (I) and the CuI catalyst (C). Both Fischer
and Fukuda assumed that the concentrations of the initiator and
the catalyst changed insignificantly compared to their initial
values:26,36

In eq 6, the deactivation rate (Rdeact) kdeactRY) in ATRP or
NMP is proposed to be equal to the initial rate of activation
(kactI0C0 in ATRP orkactI0 in NMP) and should remain constant
throughout the time range defined by eq 4. Equation 6 can be
rewritten asKATRP ) kact/kdeact) (RY/I0C0), which suggests that
KATRP should only depend on the product of R and Y or that
the product of R and Y should be constant over the stated time
range in eq 4.

Figure 5 shows three different concentration ratios (RY/IC,
RY/I0C, and RY/I0C0) as well as the realKATRP value (2×
10-8) used in the simulated ATRP. It is clear that both the ratios
RY/I0C0 and RY/I0C deviate from the real value ofKATRP. This
is observed even for the relatively slow reactions and for low
conversion of CuI to X-CuII (<30%). On the other hand, RY/
IC approachesKATRP after 10 s (when rates of activation and
deactivation are balanced) and is then almost identical to the
real KATRP value. Therefore, for the derivation of correct
equations describing evolution of Y and R,KATRP ) RY/IC
should be used instead ofKATRP ) RY/I0C0.

D. Derivation of New Equations for the Persistent Radical
Effect. On the basis of the above conclusions along with the
stoichiometric requirement, i.e.,I0 - I ) C0 - C ) Y, and the

assumption dY/dt . -dR/dt, new equations were derived for
Y as shown in eq 7 (detailed derivation is included in Appendix
II of the Supporting Information).

For C0 * I0

Note that 2kt was used in the derivation instead ofkt because
Rt ) 2ktR2.

Thus, a new functionF(Y) (where Y is the only variable)
can be used to calculateKATRP:

A plot of F(Y) vs t should be a straight line, and the
equilibrium constant for the reaction can be calculated from
the slope (KATRP ) xslope/2kt) with the intercept ofc′.

An even simpler equation was derived for the equimolar case.
For C0 ) I0

The functionF(Y) is now defined as

and a plotF(Y) vs t should be a straight line; the equilibrium

Figure 4. Simulation for the determination ofKATRP via Fischer’s equation
(Y vs t1/3) for a fast (solid line) and a slow (broken line) reaction proceeding
to high conversion of CuI; kt ) 2.5 × 109 M-1 s-1.

Table 2. Initial, Final, and Least-Square Fit of KATRP from Figure
4a

kact
(M-1 s-1) KATRP KATRP (initial) KATRP (final) KATRP (av)

solid line 1.0 2× 10-7 1.17× 10-6 1.05× 10-8 1.14× 10-7

broken line 1.0 2× 10-8 1.51× 10-8 9.12× 10-10 4.73× 10-9

a The KATRP (initial), KATRP (final), and KATRP (av) were obtained by
least-squares fitting for the first 20 points, the last 20 points, and the overall
plot, respectively.

Figure 5. Various concentration ratios obtained from Predici simulations
usingKATRP ) 2 × 10-8, kact ) 1 M-1 s-1, andkt ) 2.5 × 109 M-1 s-1.
I0 ) C0 ) 5 mM.

( I0C0
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constant can be calculated from the slope (KATRP ) xslope/2kt)
with an intercept ofc′′.

E. Simulations Using New Equations.To test the validity
of the new equations, a Predici simulation was carried out for
a reaction with a relatively largeKATRP (2 × 10-7) under
equimolar conditions, as shown in Figure 6. The plot ofF(Y)
vs t is linear over a long reaction time and gives the valueKATRP

) 1.98× 10-7, which is very close to the value ofKATRP used
in the simulation. The intercept value equaled precisely the
predicted one from eq 9 (c′′ ) 66.5). The simulations show
that the new derived equations are valid over a very large range
of reaction time (from seconds to essentially infinite time) and
for a large range of activator conversion up to>95% (not shown
in Figure 6).

It should be noted that for the same simulation conditions a
constant curvature was observed using Fischer’s equation (Y
∼ t1/3), as shown in Figure 4. Thus, Fischer’s equations are never
fully obeyed because neitherI norC is constant. Therefore, using
these equations, it is not possible to determine preciselyKATRP

because evolution of Y vst1/3 is never linear and changes
continuously. At the very short time, the quasi-equilibrium is
not yet established and, subsequently, the slope of the curve
decreases due to the consumption of the initiator and the
activator. This is illustrated by the various values ofKATRP

(initial), KATRP (final,) andKATRP (av) shown earlier in Tables
1 and 2 and Figures 1-4.

Results of several other simulations for a constantkact and
variouskdeactvalues are listed in Table 3 along with values of
KATRP calculated using the new equations. All values ofKATRP

calculated from the slope of the plots are within 1-2% of those
defined bykact/kdeact. This indicates that eqs 7 and 9 are valid
over a wide range ofKATRP values and for a broad range of
reaction times. It should be noted that for very large values of
KATRP (approaching the limit defined in eq 5) the slopes still
provide correct values ofKATRP, but intercepts (shown in italics)
start to deviate from the theoretical values. This is related to
the time needed to establish the equilibrium which shifts the
F(Y) function on the time scale (cf. Appendix III of Supporting
Information).

F. Reevaluation of Relatively Small Values ofKATRP

Measured Previously via UV-Vis Spectrometry. Two ex-
periments shown previously in Figures 2 and 3 were reevaluated

using the new equations. Figures 7 and 8 show the results using
double-axes plots for the original PRE and newly derived
equations.

As shown in Figure 7, the plot from Fischer’s equation does
not deviate significantly from linearity because theKATRP for
CuIBr/PMDETA with PEBr is small and the conversion of CuI

to X-CuII is <50%. Regardless, it is difficult to determine the
true value ofKATRP (KATRP (initial) ) 2.94× 10-8, KATRP (final)
) 1.40× 10-8, KATRP (av) ) 2.06× 10-8). However, the plot
becomes perfectly straight using the new equation and gives
KATRP ) 3.27× 10-8.

Figure 6. Simulation for the determination ofKATRP via new equations
(F(Y) vs t): kact ) 1 M-1 s-1, kt ) 2.5 × 109 M-1 s-1, KATRP ) 2.0 ×
10-7, I0 ) C0 ) 5 mM, KATRP(calcd) ) 1.98 × 10-7, intercept) 66.5
(entry 6 in Table 3).

Table 3. Simulation of Various KATRP Values via the New
Equationsa

no.
kact

(M-1 s-1)
kdeact

(M-1 s-1)
I0/C0
(mM) KATRP (th) KATRP (simul)

cth
(c′ or c′′) csimul

1 1.0 5× 104 100/5 2.0× 10-5 1.97× 10-5 8.15 -134.5
2 1.0 5× 104 5/5 2.0× 10-5 1.96× 10-5 66.5 -2370
3 1.0 5× 105 100/5 2.0× 10-6 1.93× 10-6 8.15 5.46
4 1.0 5× 105 5/5 2.0× 10-6 1.97× 10-6 66.5 62
5 1.0 5× 106 100/5 2.0× 10-7 1.94× 10-7 8.15 8.15
6 1.0 5× 106 5/5 2.0× 10-7 1.98× 10-7 66.5 66.5
7 1.0 5× 107 100/5 2.0× 10-8 1.98× 10-8 8.15 8.15
8 1.0 5× 107 5/5 2.0× 10-8 1.99× 10-8 66.5 66.5
9 1.0 5× 108 100/5 2.0× 10-9 1.99× 10-9 8.15 8.15

10 1.0 5× 108 5/5 2.0× 10-9 1.99× 10-9 66.5 66.5

a cth (c′ or c′′) is the theoretical value of the intercept calculated using
the expressions forc′ or c′′ in eq 7 or 9, respectively. The numbers in italics
are those that differ from the theoretically predicted values (cf. Appendix
II).

Figure 7. Experiment for the determination ofKATRP via new equations
(F(Y) vs t): [CuIBr/PMDETA]0 ) 5 mM, [PEBr]0 ) 100 mM, in MeCN
at 22°C (entry 4 in Table 4).

Figure 8. Experiment for the determination ofKATRP via new equations
(F(Y) vs t): [CuIBr/TPMA]0 ) [EtBriB]0 ) 5 mM, in MeCN at 22°C
(entry 7 in Table 4).
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To check the validity of the newly derived equations over a
range of conditions, experiments were carried out forKATRP

ranging from∼10-9 to as high as∼10-4 for both nonequimolar
and equimolar reactions. When determining theKATRP value,
high conversion to X-CuII may be reached. The concentration
range of the CuI species (C0) is limited because of its relatively
low solubility. Therefore, an excess of initiator (I0) over the
CuI species was used for reactions with relatively smallKATRP

(slow reactions) values, whereas equimolar concentrations of
I0 andC0 were used for reactions with relatively largeKATRP

(fast reactions) values. A typical plot for a reaction with an
equimolar concentration ofI0 andC0 is shown in Figure 8. The
plot is straight with the intercept being identical to the expected
one (cexp ) 66.5,cth ) 66.5), givingKATRP ) 9.65× 10-6. On
the other hand, the plot with Y∼ t1/3 shows a pronounced
curvature. (KATRP (initial) ) 2.53× 10-6, KATRP (final) ) 1.38
× 10-7, KATRP (av) ) 3.35 × 10-7.) The values ofKATRP

obtained for other nonequimolar and equimolar reaction systems
are listed in Table 4 and discussed in the subsequent section.

To illustrate the excellent agreement of experimental data,
simulations, and values calculated using the new eq 9, they were
plotted in Figure 9 together with values calculated using the
classic PRE eq 2. The valuekact ) 62.4 M-1 s-1 was measured

independently using the procedures published earlier;21 the value
kdeact) 7.7× 105 M-1 s-1 was calculated fromKATRP andkact;
and the valuekt ) 2.5× 109 M-1 s-1 was based on a diffusion-
controlled limit. The values of Y calculated from eq 9 perfectly
overlapped with both the experimental and the simulated values.
However, the values calculated from eq 2 (i.e., Fischer’s
equation) deviate strongly from the experimental values and
even exceed the maximum possible values, Ymax ) C0. Thus,
the newly derived eq 9 (as well as eq 8 for the nonequimolar
case) can be successfully used for determination ofKATRP in
ATRP. Fischer’s eq 2 should not be used for the determination
of KATRP, especially for systems with large values ofKATRP.

G. KATRP Values for Various Catalysts and Initiators
Measured by UV-Vis Spectrometry. Using the aforemen-
tioned procedure, we studied various ATRP initiating/catalyst
systems, and the corresponding equilibrium constants were
determined in acetonitrile at 22( 2 °C. The results are
summarized in Table 4.KATRP ranges from very small values
(3.93× 10-9 for EtBriB with CuIBr/2bpy) to very large values
(1.54× 10-4 for EtBriB with CuIBr/Me6TREN). As discussed
before, the intercept values agree with predicted values, unless
very large values ofKATRP are reached (e.g., entry 14).

The values ofKATRP reported in Table 4 illustrate the strong
effect of ligand, halogen, and alkyl groups. For example, values
of KATRP for EtBriB increase from 3.93× 10-9 for CuIBr/2bpy
(entry 1 in Table 4) to 7.46× 10-8 for CuIBr/PMDETA (entry
3 in Table 4), to 9.65× 10-6 for CuIBr/TMPA (entry 7 in Table
4), and to 1.54× 10-4 for CuIBr/Me6TREN (entry 14 in Table
4). Thus, the relative activity of the catalysts derived from the
ligands increases in the order bpy (1)< PMDETA (20) <
TPMA (2500)< Me6TREN (40 000). These results are in very
good agreement with previous measurements and estimates.19,40,41

Three structural features of alkyl halides affect their reac-
tivities and equilibrium constants. Generally, tertiary alkyl
halides are more active than secondary alkyl halides, which are
more active than primary alkyl halides. Indeed, theKATRP value
for EtBriB (entry 3 in Table 4) is 20-fold larger than that for
MBrP (entry 6 in Table 4) when CuIBr/PMDETA is used as
the catalyst and is 30-fold larger than that with CuIBr/TPMA
(entries 7 and 11 in Table 4). TheKATRP value for PEBr (entry
8 in Table 4) is 7 times larger than that for BzBr (entry 10 in
Table 4) with CuIBr/TPMA as the catalyst.

Another important parameter is the nature of the radical
stabilizing group. The most stabilizing is the nitrile group,
followed by the phenyl and then by the ester groups. Thus, the
KATRP value for secondary BrPN (entry 2 in Table 4) is 18 times
higher than that for PEBr (entry 4 in Table 4) which is in turn
8 times higher than that for MBrP (entry 6 in Table 4) using
CuIBr/PMDETA. A similar trend is observed for the TPMA-
based catalyst. These results are in good agreement with DFT
calculations of BDEs of various ATRP initiators.42

The third important parameter affectingKATRP is the halogen.
Values ofKATRP for R-Br are 6 to 10 times larger than those

(40) Gobelt, B.; Matyjaszewski, K.Macromol. Chem. Phys.2000, 201, 1619-
1624.

(41) Qiu, J.; Matyjaszewski, K.; Thouin, L.; Amatore, C.Macromol. Chem.
Phys.2000, 201, 1625-1631.

(42) Gillies, M. B.; Matyjaszewski, K.; Norrby, P.-O.; Pintauer, T.; Poli, R.;
Richard, P.Macromolecules2003, 36, 8551-8559.

Table 4. Experimental Determination of KATRP via the New
Equationsa

no. ligand
λmax
(nm) initiator

I0/C0
(mM)

cth
(c′ or c′′) cexp KATRP

1 bpy 745 EtBriB 100/5 8.15 8.15 3.93× 10-9

2 PMDETA 745 BrPN 100/5 8.12 8.12 5.89× 10-7

3 PMDETA 745 EtBriB 100/5 8.15 8.15 7.46× 10-8

4 PMDETA 745 PEBr 100/5 8.15 8.14 3.27× 10-8

5 PMDETA 745 PEBr 10/10 33.4 33.4 3.68× 10-8

6 PMDETA 745 MBrP 100/5 8.15 8.15 3.95× 10-9

7 TPMA 985 EtBriB 5/5 66.5 66.5 9.65× 10-6

8 TPMA 985 PEBr 5/5 66.5 66.5 4.58× 10-6

9 TPMA 985 PECl 33.3/1.7 24.4 24.4 8.60× 10-7

10 TPMA 985 BzBr 100/5 8.15 8.15 6.78× 10-7

11 TPMA 985 MBrP 100/5 8.15 8.30 3.25× 10-7

12 TPMA 985 MClP 100/5 8.15 8.23 4.28× 10-8

13 TPMA 985 MClP 33.3/1.7 24.4 24.8 4.07× 10-8

14 Me6TREN 985 EtBriB 5/5 66.5 -1250 1.54× 10-4

15b PMDETA EtBriB 1/20 40.7 40.7 6.06× 10-8

a CuIBr was used for alkyl bromide, and CuICl was used for alkyl chloride
initiators, respectively. Solvent) MeCN; temperature) 22 ( 2 °C.
b Concentration of the initiator monitored by GC.

Figure 9. Variation of Y vst for Y from experiment (4), from Fischer’s
equation (9), from the new equation (3), and from simulation (- - -). [CuI-
Br/TPMA]0 ) [EtBriB]0 ) 5 mM, in MeCN at 22°C; kact ) 62.4 M-1 s-1,
KATRP ) 9.65× 10-6, kt ) 2.5 × 109 M-1 s-1 (entry 7 in Table 4). The
solid line is drawn at the maximum possible value of Y, i.e., Ymax ) C0.
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for Cl-based systems (entry 8 vs entry 9 and entry 11 vs entry
12 in Table 4). These differences indicate that the C-Br bond
is relatively weaker than the C-Cl bond in comparison to the
Cu-Br and Cu-Cl bonds. These results are also in good
agreement with previously reported values ofKATRP for styrene
polymerization at higher temperatures.23

We are currently studying rate constants of activation for the
same ATRP systems and will be able to calculate rate constants
of deactivation and reach a deeper insight into ATRP systems.
This will allow the correlation of structures of the involved
reagents with the reactivities in both activation and deactivation
processes.

Values ofKATRP reported in Table 4 also indicate that they
are not sensitive to the ratio of reagents (entry 4 vs 5 and entry
12 vs 13 in Table 4). Variations in the ratio provide similar
KATRP values, and even reversing the excess of the initiator over
the catalyst (entry 15 vs 4 in Table 4) still gives the same values
of KATRP. The former was measured using GC rather than UV-
vis spectrometry and required some adjustment of the derived
equation (vide infra).

H. Evaluation of the Validity of the New Equations for
Determination of KATRP by GC (C0 > I0). Analogous to the
procedure of following the concentration of the X-CuII species
(Y) by UV-vis spectrometry, one can monitor the initiator
concentration (I) by other analytical techniques such as GC,
NMR, HPLC, etc. Similar equations can be obtained by
substituting Y) I0 - I into eq 7.

For C0 * I0

Figure 10 shows a plot used for the determination ofKATRP

following the concentration of the initiator by GC, where

The plot is a straight line, and the calculated value ofKATRP

(6.06× 10-8, entry 15 in Table 4) is comparable to that obtained
by using UV-vis spectrometry (7.46× 10-8, entry 3 in Table
4). GC (or NMR) may have some advantages over UV-vis
spectrometry because all products of the reactions can be
independently analyzed.

Conclusions

New equations were derived for the evolution of the persistent
radical (Y) over time for both nonequimolar and equimolar
ATRP reactions. From these new equations,KATRP values were
obtained for several ATRP systems using UV-vis spectrometric
or GC measurements. Fischer’s original equations for the
persistent radical effect could be used only for a low amount
of persistent radical formation and consequently for systems
with relatively low KATRP values. For higher conversion and
for more reactive systems, significant deviations from linearity
in t1/3 plots are observed. The same methodology can be applied
to NMP and other systems controlled by the persistent radical
effect. In a forthcoming paper, we will analyze in more detail
the kinetics and peculiarities of such systems.
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Figure 10. Experimental determination ofKATRP using GC via eq 12 (F(I)
vs t): [CuIBr/PMDETA]0 ) 20 mM, [EtBriB]0 ) 1 mM, in MeCN at 22
°C (entry 15 in Table 4).
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