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ABSTRACT: Homogeneous bulk atom transfer radical polymerization (ATRP) of n-butyl acrylate (BA)
was monitored by automatic continuous online monitoring of polymerization reactions (ACOMP). This
allowed simultaneous monitoring of conversion, weight-average molar mass Mw, and intrinsic viscosity,
from which the viscometric average molar mass Mv, and an index of polydispersity Mw/Mv, were also
determined. For ATRP of BA, initiated by methyl 2-bromopropionate and catalyzed by copper bromide
complexes with 4,4′-di(5-nonyl)-2,2′-bipyridine, ACOMP yielded an equilibrium constant, Keq(90 °C) )
5.8 × 10-10. The polymerizations exhibited first-order kinetics with respect to monomer and initiator
concentrations, as expected for ATRP. These results set the stage for further detailed understanding of
kinetics and mechanisms in ATRP reactions using ACOMP, where temperature and concentration
dependences can be readily monitored.

Introduction

Controlled radical polymerization (CRP) is a powerful
technique for macromolecular engineering, allowing
control of molecular weight, polydispersity, functional-
ity, copolymer composition, and architecture.1-4 Among
the reported means for CRP is atom transfer radical
polymerization (ATRP), nitroxide mediated polymeri-
zation (NMP), and reversible addition fragmentation
transfer polymerization (RAFT). An extensive literature
on CRP exists, much of which has been recently
reviewed.5-8

In this report the focus is on ATRP.7-9 Scheme 1 gives
the key equilibrium between activated and deactivated
species (respectively Pn

• and Pn-X). In the presence of
monomer M, only a small fraction (,1%) of activated
species can propagate until they are deactivated via the
halogen atom transfer reaction. This means there is a
repeated growth cycle for every chain. If the reversible
activation occurs frequently enough over a period of
polymerization time, every deactivated chain will have
a nearly equal chance to grow, with a result similar to
living ionic polymerization. This control allows a tar-
geted molecular weight (up to ∼100 kg/mol) with low
polydispersity index (near 1.1) to be obtained.

Harnessing the full potential of ATRP requires de-
tailed understanding of kinetics and mechanisms.10,11

Several kinetic studies were already reported,11 virtu-
ally all of which use discrete sampling techniques, in
which aliquots were withdrawn at intervals during
conversion, and analyzed afterward.12-17 Frequently
used techniques include size exclusion chromatography

(SEC), NMR, gas chromatography (GC), gravimetry,
electron spin resonance (ESR), and matrix assisted laser
desorption ionization Time-of-Flight (MALDI-TOF)
mass spectroscopy. However, one of the key require-
ments to fully control the synthesis of such well-defined
materials is to monitor the chemistry (i.e., kinetics,
molecular weight, chemical composition, etc.) during the
synthesis. From the information obtained in quasi-real
time it should be possible to act upon the material
synthesis or design by adding a comonomer or a grafting
agent at the right time. Moreover, it may be possible to
correct the process if the reaction begins to fail. Perhaps
the only continuous method currently used in monitor-
ing ATRP involves empirically based near infrared
(NIR) measurements, which is limited primarily to
determining monomer conversion.18

Automatic continuous online monitoring of polymer-
ization reaction (ACOMP) was recently introduced.19,20

It is not a chromatographic analysis, and there is no
injection of a withdrawn sample. Rather, signals (e.g.,
light scattering, viscosity, differential refractive index,
and UV-visible absorption in this work) are obtained
from a continuously diluted reactor stream and com-
bined in a model-independent fashion. It is thus possible
to follow simultaneously and in near real time absolute
weight-average molar mass Mw, weight-average intrin-
sic viscosity [η]w, monomer and polymer concentrations,
and monomer conversion, including the case of copo-
lymerization.21 In addition, certain indices of polydis-
persity can be determined.22 Hence, ACOMP permits
absolute characterization of polymers during the syn-
thesis.
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Scheme 1. General Scheme for ATRP
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Thus, it is of keen interest to apply ACOMP to CRP.
A first study of bulk NMP of n-butyl acrylate (BA) was
recently published.23 Another study involving bulk
nitroxide mediated gradient copolymerization of BA
with styrene also gave the composition profile of mac-
romolecules and allowed the determination of sequence
length averages, reactivity ratios, copolymer static and
hydrodynamic dimensions, and molecular weights.24

These encouraging results on NMP have stimulated the
present work on ATRP. However, using ACOMP for
monitoring ATRP is more challenging than for NMP
since ATRP requires the use of transition metal cata-
lysts, which can have limited solubility and can be
oxidized and, consequently, complicates the analytical
procedures.

Here, the first ACOMP analysis of a bulk ATRP of
BA is reported. BA was chosen as a model monomer
since (i) this monomer is industrially important, (ii) it
possesses a very low glass transition temperature (Tg)
and therefore bulk polymerization can be potentially
monitored up to moderate monomer conversion, (iii) the
combination of copper(I) bromide (CuIBr) with the
ligand 4,4′-di(5-nonyl)-2,2′-bipyridine (dNbpy) was pre-
viously reported to be efficient for controlling such
polymerization,15 (iv) the ATRP kinetics of BA were
previously studied via standard aliquot methods and
therefore the results of the present paper can be
compared to previous studies15,25-28 and (v) the bulk
ATRP of BA in the presence of CuBr and dNbipy seems
to be homogeneous.15

Materials and Methods

Reagents. Copper(I) bromide (Aldrich, 99.999%) was washed
with glacial acetic acid to remove the soluble fraction of Cu-
(II) species, filtered, washed with absolute ethanol and diethyl
ether, and dried by vacuum. BA (Aldrich 99%) was filtered on
an alumina column to remove traces of inhibitor (monomethyl
ether hydroquinone), and then deoxygenated by nitrogen flush
prior to use. Copper(II) bromide (Aldrich, 99.999%) and methyl
2-bromopropionate (M2BP) (Aldrich, 98%) were used as re-
ceived. 4,4′-Di-(5-nonyl)-2,2′-bipyridine (dNbpy) was synthe-
sized and purified as described previously.13

Sequence of Operations during ATRP Monitoring.
Copper(I) bromide, dNbpy (and optionally copper(II) bromide)
were added to a dry Schlenk flask, as given in Table 1. The
flask was thoroughly purged by a vacuum for 1 h. Then
deoxygenated BA was added into the reactor via a degassed
syringe through a septum. The mixture was stirred for 30 min
to preform the copper-based complexes. Then, the flask was
transferred to a thermostated oil bath and was connected to
the ACOMP system. The reactor was preheated while the
baseline of the ACOMP dilution solvent (THF) was acquired.
Then, the reaction mixture was pumped and diluted to obtain
the monomer baseline acquisition, during which the M2BP
initiator was purged by nitrogen and then was added via a
degassed syringe into the reactor. The time t0 of the experiment
corresponds to the injection of the initiator into the reactor.
At the end of the polymerization, the ACOMP system was
cleaned with THF and the reaction mixture was filtered on
neutral alumina column in order to remove copper-based
complexes, and the polymer was recovered by heating the
solution under vacuum at 50 °C.

ACOMP Instrumentation and Method. ACOMP meth-
ods and instrumentation have been described in detail
elsewhere.19-24 Briefly, a small sample stream was pumped
from the reactor at a constant rate and continuously mixed
with a much larger flow of solvent. The dilution solvent (THF)
was purged by nitrogen prior to use and during the entire
experiment in order to avoid oxidation of catalysts. In the
experiments the high pressure-mixing scheme used for the
original CRP monitoring was used, involving two Agilent 1100
HPLC pumps with an Upchurch microbore-mixing chamber
at their outlet. The diluted stream passed through a series of
detectors, including a home-built multiangle light scattering
unit,29 and capillary viscometer,30 a Shimadzu SPD-10AV
spectrophotometer, and a Waters 410 refractometer (RI). The
reactor temperature was monitored via a K-type thermocouple.
All of the instrument outputs were led through a 12 bit A/D
converter (Data Translation 2801) to a computer. Data gather-
ing and analysis software were written in house.

Figure 1 shows raw data obtained from a typical ACOMP
monitored ATRP experiment: 25 mL of BA with molar ratios
BA/ligand/Cu(I)/initiator: 200/2/1/1, at 90 °C, under nitrogen
atmosphere, and no added Cu(II) as reported in Table 1
(experiment f). From t ) 0 to 1025s only THF flows through
the detectors, after which 2.5% of monomer with the Cu(I)/
ligand mixture in THF flows. Initiator was added at 2410 s.
The polymerization reaction is reflected in the three detector

Table 1. Experimental Conditions for Bulk ATRP Reactions Followed by ACOMP

BA/CuI/dNbpy/CuII/M2BP
molar ratios

BA
(mL)

CuIBr
(g)

dNbpy
(g)

CuIIBr2
(g)

vol
fractiona

M2BP
(g)b

baseline
time (s)

temp
(°C)

a 175/0.9/1.7/0/1 25 0.125 0.709 0 0.075 0.147 1345 90
b 165/0.8/1.7/0.04/1 30 0.149 0.894 0.012 0.075 0.176 2206 90
c 210/1/2.1/0.025/1 30 0.150 0.866 0.006 0.025 0.160 2009 90
d 200/1/2.1/0.05/1 30 0.150 0.877 0.012 0.025 0.169 2053 90
e 100/0.5/1/0/1 20 0.104 0.604 0 0.025 0.206 2237 90
f 200/1/2/0/1 25 0.125 0.745 0 0.025 0.139 2025 90
g 500/2.5/5/0/1 30 0.150 0.856 0 0.025 0.067 2011 90
h 1000/5/10/0/1 50 0.250 1.426 0 0.025 0.057 2026 90
i 200/1/2/0/1 50 0.251 1.426 0 0.025 0.283 1855 70
j 200/1/2/0/1 25 0.125 0.744 0 0.025 0.138 2000 80
a Total flow rate of both pumps was set to 2 mL/min. b Initiator was injected after withdrawing a volume of reaction solution corresponding

to the time of the monomer baseline, taking into account the volume fraction of reactor fluid present in the diluted solution flowing
through the detector train. Normalized time t0 of the polymerization corresponds to the injection of the initiator into the reactor, which
means right after acquiring the baseline time.

Table 2. Monomer, Polymer, and Copper Complexes Properties in Solution in THF

(∂n/∂cZ)
(mL/g)

A2
(mL‚mol/g2)

density
(g/mL)

(dV/dc) at 699 nm
(V‚mL/g)a

abs coeff
(L/mol/cm)

BA 0.0148 NA 0.894 NA NA
PBA 0.0615 0.000 88 1.087 NA NA
CuIBr/dNbpy2 0.602a NA NA 118 8.6
cationic form of CuIIBr2/dNbpy2 1.535a NA NA 2652 296

a g of copper bromide only. NA: Not Applicable.
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signals shown after 650 s. This delay time depends only on
flow rate and plumbing. The viscosity and 90° light scattering
data show the increase in polymer molecular mass and
concentration, whereas the increase in the index of refraction
shows conversion, according to the differential refractive index
(∂n/∂c) of BA and poly(n-butyl acrylate) (PBA) in THF. Figure
1 also shows reactor temperature.

Table 2 gives a summary of optical and other properties of
BA, PBA, and CuIBr and CuIIBr2 based complexes. The second
virial coefficient A2 of PBA in THF and both ∂n/∂c of BA and
PBA used in this work were determined by Chauvin et al.23

∂n/∂c computations were performed according to the method
of Brousseau et al.31 and, for the range of molecular weights
monitored in this study (i.e., > 5000 g/mol), the (∂n/∂c)PBA can
be considered as a constant.

The methods of combining the detector signals to obtain
concentrations, Mw, [η], and Mw/Mv, have been detailed in
earlier work,19-24 and they include reactor density corrections23

and the use of the Zimm approximation for light scattering.32

Viscometric average molecular mass, Mv, was computed
according to the Mark-Houwink-Sakurada equation, with
the following prefactor and exponent.23

The use of the spectrophotometer at 699 nm in order to
determine Cu(I) and Cu(II) concentrations is novel to this
work. It was shown in previous works that both CuIBr/dNbpy2

activator and CuIIBr2/dNbpy2 deactivator absorb in the visible
range.33,34 CuIIBr2/dNbpy2 has an absorption band whose
maximum is located between 650 and 750 nm. CuIBr/dNbpy2

also absorbs in that range but with a smaller absorption
coefficient (ε). In low polar media such as BA and in the
presence of an excess of Cu(I) activator, CuIIBr2/dNbpy2

complexes mostly exist under a trigonal bipyramidal cationic
form [Cu(II)-(dNbpy)2Br]+,[Br]-.33 Hence, it was assumed that
the monitored signal was only due to the active forms of each
copper-based complexes that are able to establish the equi-
librium between activated and deactivated species, i.e., CuI-
Br/dNbpy2 activator and cationic CuIIBr2/dNbpy2 deactivator
(cf. Scheme 1).

Two ACOMP experiments were used to calibrate the visible
absorption. First, experiment a was done without added CuII-
Br2 prior to injection of the initiator (cf. Table 1) to obtain the
detector response (dV/dc)CuIBr. Raw RI and 699 nm data are

plotted in Figure 2. When monitoring of the reaction mixture
baseline began the 699 nm signal jumped to a fixed value (at
615 s), corresponding to the absorption of CuIBr based complex
only, and remained constant until the initiator was added.
After initiation at 1960s the 699 nm signal shows the increase
of Cu(II) concentration as a result of the decrease of CuIBr
concentration, since the former has a larger ε. Indeed, the
halogen transfer between initiator and CuIBr as seen in
Scheme 1 leads to the formation of cationic form of CuIIBr2

and also radical that can initiate the polymerization reaction.
A similar experiment was carried out with initially added CuII-
Br2 at 5 mol % vs CuIBr (experiment b in Table 1) to obtain
the detector response (dV/dc)CuIBr at 699 nm.

In this work, cx means the mass concentration of x in the
detector train (g/mL) while Cx means mass concentration in
the reactor (also in g/mL). Molar concentrations in the reactor
are denoted as usual, i.e., [x]. [x]0, Cx,0 or cx,0 means concentra-
tion of x at t0. The ratio cx/Cx is equal to the volume fraction of
reactor fluid present in the diluted solution flowing through
the detector train (cf. Table 1).

The absorption coefficients obtained from the above method
are reported in Table 2. Calculated ε of the cationic CuIIBr2/
dNbpy2 in THF is in good agreement with the previously
reported value.34

∂n/∂c of both copper complexes was obtained from the RI
detector signal by

Here K is the RI calibration factor in terms of refractive index
unit per Volt. ∂n/∂c of CuIBr was computed with experiment a
since there was no polymer nor CuIIBr2 during the baseline
monitoring. (∂n/∂c)CuIIBr2 was calculated from the baseline
obtained with experiment b. Results are reported in Table 2.

Size Exclusion Chromatography (SEC). The final reac-
tion products were cross-checked independently with SEC,
using both traditional column calibration with polystyrene
standards, and a seven angle light scattering detector, a
Brookhaven Instruments Corp. BI-MwA (Holtsville, NY) con-
nected to a Shimadzu RID-10A refractometer. This SEC
system comprised an Agilent 1100 isocratic pump, Polymer
Labs 10 µm Mixed B column, and THF was used at a flow
rate of 1.0 mL/min.

Results and Discussion
ACOMP Monitoring of Monomer and Polymer

Concentrations. Figure 3 shows the semilogarithmic

Figure 1. Raw ACOMP data for a typical ATRP experiment,
i.e., 0.894 g/mL of BA with molar ratios BA/Cu(I)/ligand/
initiator: 200/1/2/1, at 90 °C under nitrogen atmosphere
(experiment f in Table 1).

Figure 2. Raw ACOMP data obtained from the RI detector
and at 699 nm for experiment a in Table 1.

VVis(t) ) (dV
dc )CuIBr

cCuIBr + (dV
dc )CuIIBr2

cCuIIBr2
(2)

VRI(t) ) K[(∂n
∂c)BA

cBA + (∂n
∂c)PBA

cPBA + (∂n
∂c)CuIBr

cCuIBr +

(∂n
∂c)CuIIBr2

cCuIIBr2] (3)

[η] ) 0.00927Mv
0.737 (1)
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plots of the conversion of butyl acrylate log(CBA,0/CBA)
as a function of time, measured by ACOMP for three
different ATRP experiments (experiments c, d, and f of
Table 1) started in the presence of various initial
concentrations of the deactivator CuIIBr2. The rate of
the reaction dramatically decreased with increasing
initial amounts of CuIIBr2. The latter is expected in
ATRP kinetics since an initial excess of ATRP deactiva-
tor (i.e., CuIIBr2) shifts the equilibrium toward dormant
species and reduces the concentration of propagating
free radicals (Scheme 1). Nevertheless, the shape of the
semilogarithmic plots was found to be slightly different
in the presence and in the absence of initial deactivator.
For the experiment started in the absence of additional
deactivator (experiment f), in the early stages of the
polymerization a downward curvature was observed (see
inset Figure 3), whereas in the presence of initial
deactivator (experiments c and d) linear plots were
observed. This is a consequence of the persistent radical
effect (PRE). ATRP reactions are subject to the persis-
tent radical effect as first described theoretically by

Hanns Fischer.35,36 In ATRP, the deactivator (CuIIX2/
L2 in Scheme 1) is a persistent species which can only
react with the transient propagating radicals Pn

•, whereas
the latter can also be consumed by self-combination.
Therefore, during the polymerization, [Pn

•] decreases
continuously while [CuIIX2/L2] increases.35,36 This par-
ticular behavior results in unique kinetic trends, which
differ from the steady state kinetics commonly observed
for conventional radical polymerizations.11,35,36

In the absence of initial deactivator semilogarithmic
plots of monomer conversion with time should theoreti-
cally be nonlinear. This was clearly experimentally
observed in nitroxide mediated polymerization.37,38 On
the other hand, in most ATRPs, the kinetic features of
the PRE may be experimentally masked by factors,
which are not taken into account in the theory such as
the presence of a low initial amount of deactivator (e.g.,
coming from slightly oxidized activator) or a chain
length dependence of the termination step.39-43 The
typical downward curvature due to the PRE can be only
observed if the reagents (particularly the activator) are
carefully purified prior to experiment and if a very
careful kinetic monitoring is done.40,42,43

The ACOMP results of Figure 3 allow visualization
of the PRE kinetics at the early polymerization stages.
The typical downward curvature observed for the ex-
periment started in the absence of additional deactivator
is due to the PRE. More precisely, three kinetic phases
theoretically take place when the reaction mixture do
not contain any initial CuIIBr2. The first phase is very
short (hence difficult to detect in such graphs) and
corresponds to an initial regime, where the concentra-
tion of deactivator is still too low for controlling the
reaction.35,36 During that phase, transient radicals
continuously undergo bimolecular terminations, leading
to a decrease in their concentration, whereas CuIIBr2
concentration continuously increases. When the con-
centration of Cu(II) deactivator reaches a sufficient
excess as compared to transient radicals, the activa-
tion-deactivation ATRP equilibrium (Scheme 1) takes
place and the reaction is controlled. This second regime
corresponds to the observed downward curvature. Nev-
ertheless, at higher conversions (typically above 15% of
BA conversion) the curvature characteristic of the PRE
is no longer observable due to the chain length depen-
dence of the termination step, thus a third “steady state”

Figure 3. Semilogarithmic kinetic plots for experiments with
variable concentration of CuIIBr2 added prior initiator injection,
from top to bottom: 0 (experiment f), 0.025 (experiment c) and
0.05 equiv vs CuIBr (experiment d) at 90 °C. The lower inset
shows close up of the early stage of the BA ATRP reactions.
Time is normalized.

Figure 4. Determination of Keq according to eq 5. The
experimental points correspond to experiments b, c, and d of
Table 1.

Table 3. Kinetic Results from ACOMP Experiments

BA/CuIBr/dNbpy/CuIIBr2/M2BP
molar ratios

temp
(°C)

kapp

(s-1)
[P°]

(mol L-1)

a 175/0.9/1.7/0/1 90 3.55 × 10-5 6.28 × 10-10

b 165/0.8/1.7/0.04/1 90 2.40 × 10-5 4.25 × 10-10

c 210/1/2.1/0.025/1 90 3.16 × 10-5 5.59 × 10-10

d 200/1/2.1/0.05/1 90 1.90 × 10-5 3.36 × 10-10

e 100/0.5/1/0/1 90 7.22 × 10-5 1.28 × 10-9

f 200/1/2/0/1 90 5.14 × 10-5 9.10 × 10-10

g 500/2.5/5/0/1 90 1.85 × 10-5 3.27 × 10-10

h 1000/5/10/0/1 90 5.74 × 10-6 1.02 × 10-10

i 200/1/2/0/1 70 9.77 × 10-6 2.42 × 10-10

j 200/1/2/0/1 80 3.51 × 10-5 7.31 × 10-10

Table 4. Set of Different Values of the Equilibrium
Constant Obtain for the ATRP of BA

temp (°C) ligand solvent Keq reference

110 dHbipya p-xylene 6.25 × 10-10 27
110 dHbipya butyl acetate 7.80 × 10-10 27
90 dNbipy bulk 5.80 × 10-10 this work
90 dNbipy bulk 4.00 × 10-10 28

a dHbipy: 4,4′-di-n-heptyl-2-2′-bipyridine.
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regime is observed.37,40,42 In contrast, for the reactions
containing initially added CuIIBr2 (experiments c and
d), the first phase is absent since a sufficient deactivator
concentration is already available at time zero for
controlling the reaction.40 Thus, only an apparent
steady-state regime was observed for these experiments
(i.e., semilogarithmic plots are linear, which indicates
first-order BA conversion and that the concentration of
propagating radicals was constant throughout the po-
lymerization).

Under these conditions (i.e., in the presence of initially
added deactivator), the rate law for ATRP is described
by eq 4.

Here, kp is the absolute rate constant of polymeriza-
tion, kapp is the apparent rate constant, and Keq is the
equilibrium constant between active and dormant spe-
cies (Scheme 1). Thus, the experiments with added CuII-
Br2 can be used for calculating Keq. The latter is possible
by plotting the reciprocal apparent rate constant as a
function of [CuIIBr2]0/([CuIBr]0[M2BP]0 and using

Figure 4 shows 1/kapp as a function of [CuIIBr2]0/([CuI-
Br]0[M2BP]0 for the experiments of Table 1 started in
the presence of CuIIBr2 (i.e., experiments b, c, and d).
In each case, kapp was calculated according to eq 5 (Table
3). The BA propagation rate constant kp found from
previous literature data was 56.5 × 103 L‚mol-1‚s-1 at
90 °C.44 The calculated slope in Figure 4 is 8.89 × 105

s-1, yielding Keq (90 °C) ) 5.8 × 10-10. This number is
in agreement with previously reported values shown in
Table 4. Under similar experimental conditions (bulk,
similar temperature, similar catalyst), Pyun et al.
calculated Keq(90 °C) ) 4 × 10-10, using a kinetic
approach based on a classic aliquots procedure.28 The
value calculated here is lower than the values found by
Klumperman et al. at a higher temperature (Table 4),27

since the ATRP equilibrium should be shifted toward
the active species with increasing temperature.

Figure 5 shows semilogarithmic plots of BA conver-
sion vs time for a series of experiments with different
initial ratio monomer/initiator (i.e., different targeted
degree of polymerization DP). The rate of polymerization
decreases with the initial concentration of initiator
[M2BP]0, since the concentration of propagating radicals
is directly related to the initial concentration of initiator.
The inset to Figure 5 shows log(kapp) vs log([M2BP]0),
indicating that the rate of polymerization is approxi-
mately linear with respect to the concentration of
initiator. Figure 6 shows how the polymerization rate

Figure 5. Semilogarithmic kinetic plots for experiments with
different targeted degree of polymerization, from top to bot-
tom: 100 (experiment e), 200 (experiment f), 500 (experiment
g), and 1000 (experiment h). No CuIIBr2 was added prior
initiator injection. From 5000 to 37000 s, data are missing for
experiment h. However, we assume that the increase of log-
(CBA,0/CBA) vs time should be constant between the two
experimental points. The inset shows reaction order for the
initiator at 90 °C (experiments a, e, f, g, and h): [BA]0 ) 6.97
M; [CuIBr]0 ) [dNbpy]0/2 ) 0.035 M. t0 is set to 0.

Figure 6. Semilogarithmic kinetic plots for experiments at
different temperature, from top to bottom: 90 (experiment f),
80 (experiment i), and 70 °C (experiment j). No CuIIBr2 was
added prior to initiator injection. The inset shows the tem-
perature dependence plot for M2BP/CuIBr-mediated ATRP of
BA (experiments f, i, and j): [BA]0 ) 6.97 M; [CuIBr]0 )
[M2BP]0 ) [dNbpy]0/2 ) 0.035 M. t0 is set to 0.

log (CBA,0

CBA
) ) kpKeq

[CuIBr]

[CuIIBr2]
[M2BP] × t ) kp[Pn

•] ×

t ) kapp × t (4)

1
kapp

) 1
kpKeq

× [CuIIBr2]0

[CuIBr]0[M2BP]0

(5)

Figure 7. Mv vs mass monomer conversion for experiments
a (small dots) and b (large dots). The diagonal line shows
evolution of theoretical molecular weight.
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decreases with temperature. The latter additionally
confirms that the activation-deactivation equilibrium
is shifted toward dormant species when temperature is
decreased. The slope of log(kapp) vs 1/T (inset to Figure
6) is -5425.5, which corresponds to an apparent activa-
tion enthalpy (∆H‡

app) of 10.9 kcal‚mol-1. From the
literature the activation enthalpy for BA propagation
is ∆H‡

prop ) 4.2 kcal‚mol-1.44,45 Since the enthalpy of
the preequilibrium is related to these last enthalpies,
∆H° ) ∆H‡

app - ∆H‡
prop, it is possible to calculate ∆H°

) 6.7 kcal‚mol-1, which is close to values usually
obtained with other ATRP systems: styrene/1-phenyl-
ethyl bromide or chloride/CuIBr or CuICl/dHeptylbpy:
∆H° ) 4.8 and 6.3 kcal‚mol-1 respectively;13 methyl
methacrylate/p-toluenesulfonyl chloride/CuICl/dNbpy:
∆H° ) 9.7 kcal‚mol-1.14

ACOMP Determination of Reduced Viscosity
and Molecular Weights. Figure 7, shows Mv vs mass
monomer conversion for experiments a and b. Both plots
of Mv show a linear increase in molecular weight, very
close to the theoretical expectation consistent with the
ATRP mechanism. The bottom panel of Figure 8 shows
Mw vs monomer conversion for experiments a and b.46

The top panel shows the ratio Mw/Mv, which is com-
prised between 1.6 and 1.1. Although the ratio Mw/Mv
is not the polydispersity index commonly used, it
provides a useful indication of the polydispersity, since
Mv is very close to Mn for such a controlled mechanism.

For all the experiments, Table 5 reports conversion
and theoretical Mn obtained at the end of the monitor-
ing, and also the final values of Mw and Mv calculated

by ACOMP as well as Mw and Mw/Mn measured by SEC.
The various Mv calculated by ACOMP are in good
agreement with the theoretical Mn and are also less
than Mw measured by SEC as expected. As shown in
Figures 8 and 9 (bottom panels), the shapes of Mw vs
conversion are basically linear, although they tend to
deviate from the theoretical traces. These theoretical
traces are based on ideal living behavior. Hence, in
controlled living radical polymerizations, experimental
molecular weights may be first higher than theory and
then asymptotically reach the theoretical Mn, when
initiation is completed.11,36 Here, the observed devia-
tions from linearity possibly reflect effects of significant
transfer, termination, or other mechanisms. It is beyond
the scope of this work to attempt such interpretations
without first developing an operational quantitative
approach to analysis.

ACOMP Monitoring of ATRP Activator and
Deactivator Concentrations. Figure 10, from the 699
nm data, shows the semilogarithmic plot of the molar
concentrations of each copper complex in the reactor vs
time for experiments a and b. Previously, Cu(II) species
were measured by electron spin resonance (ESR) on
aliquots. The order of magnitude of the calculated
concentrations of CuIIBr2 from ACOMP monitoring is
in reasonable agreement with the published ESR val-
ues.47

Reaction a, with no initial Cu(II), suggests there are
two phases; a rapid first one lasting 1000s after initiator
injection, where an intense production of Cu(II) was
observed, and a second phase in which Cu(II) concen-
tration increases more slowly and whose slope is con-
stant for the rest of the monitoring. With 0.04 equiv of
Cu(II) vs Cu(I), however, the first phase is not observed.
Such behavior is in good agreement with aforemen-
tioned results and theory.35-37,39

If the Cu(II) deactivator formation during the polym-
erization was assigned only to the termination reaction
then termination rate constants were found on the order
of kt ∼ 1011-1012 L‚mol-1‚s-1 This range, however, is
much higher than reported in the literature.48 It appears
that the signal monitored at 699 nm cannot be exclu-
sively associated with the CuIIBr2 species resulting from
the termination. It could be due to the outer sphere
electron-transfer process,49,50 other side reactions or air
oxidation.

To check that no significant oxidation reaction of the
CuIBr based complex was occurring during the ACOMP
experiments, a solution of pure CuIBr/dNbpy2 in THF
was continuously pumped and mixed with oxygen free
THF from a reservoir, and then analyzed by the detector
train. It was confirmed that both RI and UV-visible

Table 5. Conversions, Molecular Weights, and Polydispersities Obtained from ACOMP and Those Obtained from SEC
Analysis on an Aliquot Withdrawn at the End of the Monitoringa

conversion
(%)

theoretical Mn
(g/mol)

Mw - ACOMP
(g/mol)

Mv - ACOMP
(g/mol)

Mw - SEC
(g/mol)

Ip -
SEC

a 32.0 7100 13 700 7700 NA NA
b 23.5 4900 7600 5100 NA NA
c 53.0 14 200 11 500 11 500 15 300 1.06
d 49.5 12 500 14 000 14 000 10 100 1.12
e 52.3 7000 7000 7700 10 607 1.06
f 57.3 14 500 18 400 12 600 16 800 1.06
g 44.3 28 400 37 500 28 300 34 700 1.05
h 26.5 34 000 61 500 53 000 47 683 1.12
i 47.5 12 300 11 500 15 100 15 000 1.13
j 52.5 13 400 15 200 12 100 12 000 1.10

a Theoretical Mn were given in function of the conversion, f, according to: [BA]0/[M2BP]0 × 128.17f. NA: Not available.

Figure 8. Mw (bottom) and Mw/Mv (top) vs mass monomer
conversion for experiments a (small dots) and b (large dots).
The diagonal lines show evolution of theoretical molecular
weight assuming a constant polydispersity through the po-
lymerization (about 1.2).
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detectors reached their proportional value for a given
percentage dilution, confirming that no significant
oxidation was occurring. Afterward, the solution was
deliberately oxidized by bubbling air via a peristaltic
pump overnight. The solution turned green and hazy
and another dilution/concentration experiment was then
performed. It was found that oxidized CuIBr/dNbpy2

solution has ∂n/∂c equivalent to the nonoxidized form.
However, 699 nm absorption is much larger than
previously measured, and is 2.5 times higher than for
CuIBr/dNbpy2. From these experiments, it was con-
cluded that in the ACOMP system there is no noticeable
oxidation of the Cu(I) complex and the oxidation with
air could not be used to explain the continuous increase
in Cu(II) in Figure 10.

Thus, more work in the UV-vis monitoring is needed
to provide reliable data on termination reactions in
ATRP. Efforts are currently underway to incorporate a
full spectrum UV-vis diode array spectrophotometer
and near infrared into ACOMP, both to meet the
monitoring challenges of copolymeric and terpolymeric
systems, where only limited spectral differences be-
tween comonomers exist, and to handle special problems
such as copper complex monitoring.

Conclusions

Problems associated with oxidation and aggregation
in ATRP were solved, allowing application of ACOMP
to monitoring ATRP reactions. The data strengthen the
basic understanding of ATRP kinetics and mechanisms
and allow different kinetic effects and deviations from
ideal behavior to be observed. A more quantitative
understanding of these effects and deviations is cur-
rently being developed.

An important goal for future work is to obtain
accurate concentrations of each copper species, which
would permit determination of kt. Furthermore, as
ACOMP becomes more refined, and signal-to-noise is
improved it may be possible to monitor, via Mw, whether
there is a transition from uncontrolled to controlled
behavior early in the reactions, and whether curvature
of Mw vs conversion signals processes such as termina-
tion and/or chain transfer.

Current efforts focus on the application of ACOMP
to controlled copolymerization kinetics involving comono-
mers of widely varying reactivity ratio and comonomers
with significant chemical differences, but only slight
spectral differences, and to quantify deviations from
ideal living behavior. The stage is also set for monitoring
branching reactions using polyfunctional comonomers.
ACOMP should also prove useful in evaluating new
homogeneous organometallic catalysts in ATRP.
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