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ABSTRACT: The rate constants of activation and termination Activation Termination
were determined for SET-LRP/SARA-ATRP polymerizations of
methyl acrylate. Measurement of the rate of generation of CuBr, - 10°}
throughout the reaction (using data from Levere et al, Macro- A 104t Qg @
molecules 2012, 45, 8267—8274) allowed evaluation of the chain £ % re)
length dependence of the two rate constants, which were found to £ 105 | £ 108
be 1.25(9) x 107*DP, %' cm.s7! (activation) and 3.1(1) x B =
10°DP,**® L.mol™'s™! (termination). Addition of the CuBr, 106 . . = ; ) )
deactivator at the beginning of the reaction is found to result in a 1 10 100 10 1 10 100
higher proportion of dead chains due to rapid termination of short DP DP
n n

chains.

In a recent publication,’ Percec and co-workers used UV—vis
spectroscopy to measure the generation of CuBr, during
polymerization of methyl acrylate (MA) initiated by methyl
bromopropionate (MBP) and catalyzed by activated copper
wire. Four polymerizations were carried out, using low (60/1)
and high (222/1) ratios of MA/MBP and in the presence or
absence of initial added CuBr,. A monotonic increase in CuBr,
concentration was observed, from which it was deduced that
CuBr, is not reduced to CuBr. These experiments generated
accurate kinetic data which we will make use of in this
communication to shed light on activation and termination
processes in reversible deactivation radical polymerization” in
the presence of copper(0), known variously as SET-LRP** or
SARA-ATRP.®

Introduced by Percec et al. in 2002,° and expanded to
acrylates and methacrylates in 2006,” SET-LRP is a type of
reversible deactivation living radical polymerization in which
radicals are initially generated by the reaction of an activated
alkyl halide (typically an alkyl bromide) with copper metal in
the form of wire, powder, or a colloidal suspension generated
by in situ disproportionation of CuBr. Deactivation occurs, as
in atom transfer radical polymerization (ATRP), by reaction of
the propagating radicals with CuBr,, forming a dormant
polymer chain and CuBr.

The fate of the CuBr generated in the activation and
deactivation steps has been the subject of controversy.
According to one interpretation (SET-LRP),> the CuBr
instantaneously disproportionates to form CuBr, and nano-
particles of copper(0). The nanoparticulate copper is a highly
reactive activator, while disproportionation of CuBr provides a
source of deactivator which does not involve bimolecular
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termination or the persistent radical effect, the main source of
CuBr;, in classical ATRP polymerizations. This has led to claims
that SET-LRP polymerizations proceed without any bimolec-
ular termination,” supported by kinetic data showing that a
polymerization which has been interrupted by removal of the
copper wire recommences at an identical rate when the copper
wire is reintroduced'”'' and by NMR and MALDI data
showing complete"*”">™'* or nearly complete™" retention
of chain end functionality even at high conversions. The latter
feature has allowed the preparation of complex multiblock
architectures with high fidelity, either using sequential SET-
LRP polymerizations'>'®'® or by SET-nitroxide radical
coupling (SET-NRC).>*2¢

A second interpretation (SARA-ATRP)>*’7%7 is that the
copper acts as a supplemental activator and reducing agent
(SARA). In this scheme, Cu' (specifically [Cu'L]*, where L
represents the ligand),38 not Cu’ is the major activating
species, and Cu” reduces Cu" to Cu' through comproportio-
nation. Activation of dormant polymer chains by Cu” occurs at
a slow rate throughout the polymerization, and disproportio-
nation is negligible. The key reactions of both mechanisms are
summarized in Scheme 1.

In our own work on this polymerization,
assumed that these interpretations are not totally incompatible:
that both CuBr and Cu are activating species and that
disproportionation and comproportionation take place con-
currently, with one or the other predominating depending on
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Scheme 1. Dominant reactions in SARA-ATRP (Blue Italic)/
SET-LRP (Red Underlined)®?

Activation

RBr + Cu— R’ + CuBr (Ru = kw[RBr])

RBr + CuBr — R" + CuBr2 (Rat = kai[RBr ][ CuBr])
RBr + Cu* = R + CuBr (Ru* = ku*[RBr][Cu*])

(1)
)
3)

Propagation
R'+M—R (Ry=k[R ][M])
Deactivation

R’ + CuBr, — RBr + CuBr (Ra = k4[R’ ][CuBr:])

(4)

(5)
Disproportionation/Comproportionation
CuBr + CuBr — Cu* + CuBr, (Raisp = kaisp[ CuBr]?)
Cu + CuBr> — CuBr + CuBr (Reomp = keomp[ CuBr2])

(6)
(7)

Termination

R' +R' — dead polymer (Ri=k(R" J?) (8)
“Reactions common to both mechanisms are shown in black. “Note:
RBr and R® represent dormant and active species, respectively. No
distinction is made between initiator and polymer species in this
simplified reaction scheme. CuBr and CuBr, represent all dissolved
Cu' and Cu" species, respectively, and the corresponding rate
constants represent weighted averages of the individual rate constants
for each species. Cu* represents highly reactive nanosized copper (k,o*
> ko)

the value of the disproportionation equilibrium constant and
the concentrations of CuBr and CuBr,. Using this approach, we
developed a kinetic scheme for the polymerization which
explains the observed 1/2-order dependence on initiator
concentration and copper surface area.””

Numerous experimental observations have shown that the
reaction rapidly reaches a steady state, in which the
concentration of radicals, [R*], is constant (denoted by
[R*]ss), leading to linear first-order kinetics across a large
range of conversions. The rate of termination can be related to
the rates of generation of CuBr and CuBr, by the following
equations39

d[R°]  d[CuBr] d[CuBr,] o2
dt dt dt K5 ©)
d[CuBr,] o d[CuBr]
— = =k [R';c — 05 X ——
dt t[ ]SS dt (10)

This relationship holds regardless of whether comproportio-
nation or disproportionation predominates in the reaction
mixture.

The concentration of CuBr, as a fraction of all dissolved
copper species approaches qo,39 given by

kal[RBr] + kdisp[cuBr]
k4[R] + ky[RBr] + kg, [CuBr]’

Q= 0<p<l1
(11)
For highly active catalysts (k, [RBr] > k4[R*]) such as
CuBr/MesTREN in DMSO,*" @ = 1, and negligible amounts
of CuBr are generated during the reaction. Hence, to a good
approximation, the rate of termination is given by the rate of
. 44
generation of CuBr,.
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d[CuBr,]
dt (12)

As essentially all soluble copper is present in the form of
CuBr,, the rate of generation of CuBr, is also equal to the rate
of activation by copper metal (assuming negligible compro-
portionation)

d[CuBr, ]
— ~ (ko [RBr] + keomp

~ k[RT

SA
Cu (13)

[CuBr,]) -

SAc,
e [RBr]

(14)

In eqs 13 and 14, SAc,/V represents the ratio of copper
surface area to reaction volume.

Finally the rate of loss of chain end functionality occurs at
twice the rate of CuBr, generation and is given by

d[RBr] 5 d[CuBr,]
dt dt (18)

This relationship allows the calculation not only of the total
loss of functionality during polymerization, as has been carried
out by Matyjaszewski et al. for various ATRP systems,** but
also of the rate constants of activation by copper metal (k)
and bimolecular termination (k) throughout the polymer-
ization.

Figure 1 (adapted from Figure 7 in ref 1) shows the
evolution of the concentration of CuBr, during polymerizations

= 2k [R] %

b)
=
E
5
@
=
=
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Figure 1. Variation of [CuBr,] with time in polymerizations of MA
initiated by MBP in the presence (red) or absence (black) of externally
added CuBr, (adapted with permission from Levere, M. E.; Nguyen,
N. H,; Percec, V. Macromolecules 2012, 45, 8267—8274. Copyright
2012 American Chemical Society).! [MA],/[MBP], = 60/1 (a) or
222/1 (b). Curves represent best nonlinear least-squares (NLLS) fit of
variation of [CuBr,] with time using a model curve of the form
[CuBr,] = ABy(a + 1,0) + ¢,

of MA initiated by MBP/Me,TREN and activated copper wire.
All polymerizations reached at least 80% conversion. The
concentration data were obtained from the 957 nm absorbance’
using the extinction coefficient of 460 M~' cm™' for CuBr,/
Me,TREN in MA/DMSO mixtures.”® Results obtained from
analysis of Figure 1 are shown in Table 1.

Figure 1 presents several notable features. At both initiator
concentrations, a greater total increase in [CuBrz] was observed
in polymerizations which were performed in the presence of
initial added CuBr,. This indicates that polymerizations carried
out in the presence of additional deactivator paradoxically
display lower retention of functionality, despite their lower
dispersities and better adherence to the theoretical M, vs
conversion curve. At 80% conversion, polymerizations without
CuBr, retained 98.7% (60/1 MA/MBP) or 98.4% (222/1 MA/
MBP) of their functionality, while polymerizations with added
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Table 1. Results of Analysis of CuBr, Kinetic Data During
SET-LRP of MA'

MA/MBP 60/1 60/1 222/1  222/1
added CuBr, yes no yes no
[MBP], (mM) 120 120 33 33
[CuBr,], (mM)* 076 0 043 0
final conversion (%) 80 95 90 95
A[CuBr,] (final conversion) (mM) 1.2 1.1 0.65 033
residual functionality at final 98 98 96 98
conversion (mol %)
A[CuBr,] (80% conversion) (mM) 1.2 0.76 0.54 0.27
residual functionality (80% conversion)  98.0 98.7 96.7 98.4
(mol %)
initial d[CuBr,]/dt (uM s™") 021  014* 006 0.03°
initial ky (1075 cm-s™)? 430 240 3.8 200
—d In[MA]/dt (107* s71)¢ 1.91 1.94 1.39 1.51
RV (nM) 134 136 967 105
initial k, (10® L-mol™"-s7") 11.7 7.6 6.5 2.7

“Calculated using an extinction coeflicient of 460 M gL

bd[CuBrz] /dt obtained from a linear fit of absorbance vs time data
during initial SO min of reaction. “d[CuBr,]/dt obtained from a linear
fit of absorbance vs time data during initial 120 min of reaction. Uy =
(d[CuBr,]/dt)/[RBr]/(SAc,/V); SAc, = a(dl + d*/2) = 0.074 cm?,
where d = 0.0812 cm and I = 0.25 cm, reaction volume = 1.8 cm®.

°Data from reference 1.7Calculated assuming k, = 14 300 L-mol -
—145
sh

CuBr, retained only 98.0% or 96.7%, respectively. These
conclusions are in apparent conflict with an earlier study of
retention of chain end functionality in SET-LRP, which found
improved retention in the presence of CuBr, using high-
resolution electrospray ionization mass spectrometry (ESI-
MS)."” In that study, 96% retention of end group functionality
was observed at near complete conversion for polymerizations
without CuBr,, compared to 98% in the presence of CuBr,.
However, a S0 min induction period was observed in
polymerizations without CuBr,, and 50% of the loss of
functionality occurred during this time. If the induction period
is excluded, similar results were obtained for polymerizations
with and without CuBr,. We would argue that UV-—vis
spectroscopy is a more sensitive and precise technique for
probing small changes in end-group functionality than ESI-MS
or NMR.

The polymerizations with added CuBr, also showed a higher
initial rate of CuBr, production (d[CuBr,]/dt). An approximate
calculation of the initial k,y, obtained by fitting a straight line to
the first SO (60/1 MA/MBP) or 120 (222/1 MA/MBP)
minutes of the [CuBr,] vs time data, gives 4.1 + 0.3 X 10~ cm-
s7! (Table 1). When no CuBr, is added, the initial value of
d[CuBr,]/dt is significantly lower, and k, values of 2.2 + 0.2 X
107> cm's™" are obtained.

Finally, d[CuBr,]/dt decreases with time in all polymer-
izations. The decrease is too large to be explained by the change
in [RBr], which is <4%. It is most pronounced for the 60/1
MA/MBP polymerization in the presence of added CuBr,.

All of these features can be explained by considering the
effect of chain length on the rate of activation by copper metal.
Longer chains react more slowly, either due to steric hindrance
from the larger polymer chain or as a result of slower diffusion
first of the whole chain, then of the halide terminus, to the
copper surface. As a result, the rate constant for activation, k,,
will show significant chain length dependence. In the presence
of CuBr,, the DP, closely tracks the theoretical value, and
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dispersity is low (~1.2) throughout the polymerization.'
Without CuBr,, the initial polymer produced is of much higher
molecular weight (3500 and 7000 g'mol™" for high and low
[MBP],, respectively) and relatively polydisperse (>2). As a
result, k,q is initially lower in these polymerizations, resulting in
lower rates of CuBr, generation and less loss of chain end
functionality.

Differentiation of the [CuBr,] vs time data of Figures 1a and
1b reveals the relationship between k,, and the degree of
polymerization, DP, (Figure 2). This was carried out by fitting

a)
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Figure 2. k,y (2) and k, (b) as a function of number-average degree of
polymerization. Red: added CuBr,. Black: No added CuBr,.
Diamonds: [MA],/[MBP], = 60/1. Circles: [MA],/[MBP], = 222/
1. Model curves were obtained by NLLS fitting and represent (a) ko =
1.25(9) x 107*DP,™*'® cm.s™! and (b) apparent k, = 3.1(1) X
10°DP,%*® L.mol s\ Dotted line represents the k, of MA as
measured by Buback et al.*® using the SP-PLP-NIR-RAFT method.

the data for each set of polymerization conditions with a
function of the form [CuBr,] = ABy(a + 1,0) + ¢, where
B,(a,b) is the incomplete beta function and X is the conversion.
Differentiation gives d[CuBr,]/dt = AX® As d[CuBr,]/dt is
proportional to k,, and X is proportional to DP,, a simple
change of scale gives k,y as a function of DP,. In the case of the
222/1 MA/MBP polymerization in the presence of CuBr,,
there appeared to be significant variation in the initial CuBr,
concentration between experiments. As a result, these data were
fitted to a function [CuBr,] = ABy(a + 1,0) + ¢, (i= 1 to 4), in
which different ¢; were used for each experiment. In all cases,
excellent agreement was obtained between the raw data and the
model curve. Full details of the fitting procedure, as well as
estimates of error in the parameters, are given in the Supporting
Information.

The different experiments give very similar results for k,, as a
function of DP,, with the exception of the 222/1 MA/MBP
polymerization in the presence of CuBr,. This last experiment
gives consistently higher values of k,y, although with similar
dependence on DP,. A possible reason for this is the
occurrence of a small amount of comproportionation, which
will result in overestimation of k,, according to eq 13.
Supporting this hypothesis, addition of a slow comproportio-
nation reaction (kemp = 1.5 X 107 cm-s™") to the model brings
all data into agreement without significantly affecting results of
the high [MBP] or low [CuBr,], polymerizations (see
Supporting Information). After excluding the 222/1 MA/
MBP polymerization in the presence of CuBr,, the aggregated
data are well described by a curve of the form k,, = 1.25(9) X
107*DP,™*5'®) ¢m-s". For comparison, Peng et al. measured
k,o of MBP in 50/50 MA/DMSO to be 1.8 X 10™* cm-s™! and
ko czyg Br-terminated poly(methyl acrylate) to be 1.0 X 107* cm-

-1

'i"he overall rate of polymerization, R, is given by R, =
kp[MA] [R*], and hence —d(In[MA])/dt = kp[R']. All polymer-
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izations displayed linear first-order kinetics, indicating that
k,[R®] was constant throughout the polymerization. As k, is
not expected to vary with chain length, [R*] must also be
constant and is given by

k,o[RBr]

[K] = 3

=R /k
p/ p (16)

Thus, the ratio k,y/k, must also be approximately constant,
indicating that k, follows a similar chain length dependence to
k,o. This is plausible, as both reactions require the diffusion of
large molecules and reaction between a large molecule and
either a surface (activation) or another large molecule
(termination). Significant chain-length-dependent steric effects
will appléy. Indeed the chain length dependence of k, is well-
known.**~%°

Approximate values for [R*] can be calculated using a value
of 14300 L-mol™':s™! as the kp of MA. It should be noted,
however, that this value was determined in bulk MA*® and may
not be accurate for a polymerization carried out in the presence
of 33% DMSO. Nevertheless, the [R*] obtained, which lies in
the range 9—13 nM (Table 1), should be correct to within an
order of magnitude. Notably, [R*] is virtually unaffected by the
presence of [CuBr,], suggesting that the rate of comproportio-
nation is negligible under these conditions. Estimates of the
initial value of k, for each reaction are in the vicinity of 108—10°
L-mol !s7!, with higher values obtained for the 60/1 MA/
MBP polymerizations (Table 1).

As for k,, k. can be calculated at each stage of the
polymerization by dividing d[CuBr,]/dt by [R*]%. In Figure 2b,
k. is plotted as a function of the theoretical degree of
polymerization for each polymerization. Good agreement is
obtained between the four separate experiments, although
experiments without added CuBr, give generally lower values
than those with added CuBr,, particularly at higher DP,. This
may be a result of the higher dispersity polymer produced in
these reactions and the poorer agreement between measured
and theoretical DP,. The production of high molecular weight
polymer early in the reaction will result in more viscous
solutions which will also depress k. The results are well
described by a power law relationship of the form k, =
kMDP,~% with the exponent a equal to 0.49(2) and k' =
3.1(1) x 10° L-mol™*-s7",

Our calculated values of k, are systematically higher than
previously reported values obtained in bulk MA. This may be
an effect of the solvent (DMSO)), either directly on k, or on k,,
which was used to estimate the radical concentration. Solvent
effects on k, of MA are, however, expected to be too small to
explain the discrepancy.”® Another possibility is the occurrence
of Cu-catalyzed radical termination, in which Cu(I) abstracts
hydrogen from a propagating radical to form a Cu(Il)-H
species which can subsequently transfer hydrogen to another
propagating radical to form dead polymer and regenerate
Cu(I). This reaction has been shown to dominate the
termination process under typical ATRP conditions, leading
to loss of functionality which is an order of magnitude greater
than that predicted from bimolecular radical termination
alone.>> Despite these possible systematic errors in the
magnitude of k,, the overall dependence on DP, is in reasonable
agreement with the results of Buback et al,** who found k™'
equal to 1.25 X 10° L-mol s and @ equal to 0.78 for short
chains (DP, < 30) and 0.26 for long chains (DP, > 30) using
the SP-PLP-NIR-RAFT technique in bulk at 60 °C. The Percec
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data set covers a DP,, range of 0—250 and thus spans both short
and long chain regimes. We did not observe a significant
difference in a between the low (MA/MBP = 60) and high
(MA/MBP = 222) molecular weight polymerizations.

In conclusion, addition of deactivator in the form of CuBr,
has the paradoxical effect of increasing the rate of termination
and overall loss of chain end functionality, due to the
generation of shorter polymer chains in the initial stages of
the reaction which have higher rate constants of activation and
termination. This suggests that in SET-LRP/SARA-ATRP,
perhaps uniquely among reversible deactivation polymer-
izations, there is a trade-off between dispersity and chain end
fidelity, with addition of deactivator improving the former at
the expense of the latter. As for all radical polymerizations,
reducing the rate of radical generation, for example by reducing
the copper surface area or [RBr], will increase chain end
fidelity, while it will decrease in response to changes which
increase the rate of radical generation. Termination occurs
throughout the polymerization, but at a relatively low rate,
leading to 1.3—3.3% loss of chain end functionality at 80%
conversion. Thus, while SET-LRP/SARA-ATRP of MA may be
a Methuselah among controlled radical polymerization
techniques, it is not immortal. As J. M. Keynes pointed out,>>
in the long run we are all dead.
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