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ABSTRACT: The termination of acrylate radicals in atom
transfer radical polymerization (ATRP) can involve either
conventional bimolecular radical termination (RT) or catalytic
radical termination (CRT). These processes were investigated
using a poly(methyl acrylate)—Br macroinitiator under differ-
ent initial conditions tuned to change the RT/CRT ratio. The
polymers, obtained from alkyl halide chain-end activation by
[Cu'(L)]* (L = tris[2-(dimethylamino)ethyl]amine
(Me,TREN), tris(2-pyridylmethyl)amine (TPMA), or tris-
(3,5-dimethyl-4-methoxy-2-pyridylmethyl)amine (TPMA**))
in the absence of monomer, were analyzed by size exclusion
chromatography (SEC). RT-promoting conditions resulted in
the increase of a shoulder with double molecular weight (MW)
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relative to the macroinitiator distribution, indicating that RT occurred predominantly via radical combination. Conversely, when
CRT was promoted, the macroinitiator distribution did not shift, indicating a disproportionation-like pathway. The termination
reactions for the TPMA system were further analyzed via PREDICI simulations, which showed the significant impact of midchain
radicals, arising from backbiting, on the overall termination profile. In all cases, CRT and cross-termination between secondary
chain-end and tertiary midchain radicals contributed the most to the overall amount of terminated chains.

B INTRODUCTION

Conventional radical polymerization (RP) and the recently
developed reversible-deactivation radical polymerization
(RDRP) methods have achieved tremendous success.' >
Versatility of the radical-based processes originates from facile
experimental setup, wide range of reaction temperatures, and
tolerance to functional groups, solvents, and impurities.
Throughout the years, elementary reactions occurring in radical
polymerizations have been identified and meticulously
studied.°~"" This also led to development of sophisticated
techniques allowing for the precise determination of rate
coeficients.”'”"> In conventional RP, propagation and
termination rate coeflicients can be accurately measured using
time-resolved electron paramagnetic resonance (EPR) spec-
troscopy coupled with single pulse pulsed laser polymerization
technique (SP-PLP)."*~*° Although the kinetics of termination
has been well studied, the mechanism of bimolecular
termination is still a topic of some debate.

As shown in Scheme 1, bimolecular radical termination can
occur via combination (Comb) or disproportionation (Disp),
resulting in one chain with doubled molecular weight or two
chains with a saturated and unsaturated chain end, respectively.
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The relative extent of these reactions depends on the nature of
the radicals. Styrenes”"*” and acrylonitrile”® were suggested to
primarily undergo coupling, while methacrylates undergo both
Disp and Comb.”>** Acrylates, however, present a more
212526 Recently,
using radicals photogenerated from organotellurium macro-
initiators, Yamago et al. suggested that acrylate radicals
terminate predominantly (99%) by disproportionation at
room temperature.”” Most recently, Yamago et al. have
published a surprising temperature and viscosity dependence
on the termination mechanism of radicals generated from RTe-
capped pMMA and pST compounds and from small molecular
models of them (R = Me, Ph) with higher temperature
increasing the fraction of combination and higher viscosities
promoting combination.”® Related to this observation, we
recently reported on a newly proposed tellanyl-catalyzed
disproportionation™ to rationalize their results. Asua et al.*’
also suggested that acrylate radicals terminate via combination,

complex, debated, and yet unresolved case.
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Scheme 1. (Top) Pathways of Bimolecular Radical Termination of Two Chain-End Acrylate Radicals (P,*), Proceeding Either
via Disproportionation (Blue) or Combination (Red); (Bottom) Formation of Tertiary Midchain Radicals (P;") via Backbiting
and Subsequent Termination with Another Midchain Radical or Secondary Chain-End Radical, Both Resulting in
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but transfer reactions can also explain the surprising results
reported by Yamago. Because of the relatively high reactivity of
the acrylate radicals, both intermolecular®’ and intramolecular
(backbiting)*>** transfer to polymer can occur.”*™*’ Such
reactions lead to tertiary midchain radicals (MCR), which can
terminate with another secondary propagating radical (SPR),
RT,;, or MCR, RT;;.*® At higher temperatures, MCRs undergo
radical migration”’40 and p-scission leading to macromono-
mers.”' ~** Undoubtedly, transfer reactions are important for in-
depth understanding of the termination mechanism of
acrylates. This also holds true in RDRP techniques, where
radical termination is suppressed.

RDRP methods such as reversible addition—fragmentation
chain transfer (RAFT) polymerization and atom transfer radical
polymerization (ATRP) can successfully control the polymer-
ization of acrylate-based monomers.*>****~*" The reactions
can be conducted under mild conditions and are typically fast
and efficient. However, ATRP systems with highly active
catalysts*® present an additional side reaction in which acrylate
radicals can reversibly coordinate to L/Cu, resulting in
formation of a L/Cu"—P, complex as shown in Scheme
275" This is related to organometallic-mediated radical
polymerization (OMRP) systems,”” most common with cobalt
complexes.”~*° The L/Cu"—P, species can then react with a
second radical, leading to catalytic radical termination
(CRT).””*® Indeed, CRT has recently been shown to be the
dominant mode of termination in ATRP of acrylate
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Scheme 2. Catalytic Radical Termination (CRT) of Acrylates
in the Presence of L/Cu' Complexes
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monomers.”””” Despite the low overall amount of terminated
chains (<3%) in these reactions, the majority (~90%) of these
dead chains originated from CRT reactions, even when low
amounts of L/Cu' were used.

Previously, we have reported that CRT gives disproportio-
nation-like products with a tris(2-pyridylmethyl)amine
(TPMA)-based system.’® Interestingly, Yamago et al. recently
proposed™” that using the tris[2-(dimethylamino)ethylJamine
(Me,TREN)-based system, termination gave products of
doubled molecular weight via a proposed Me,TREN/Cu'-
(pMA), intermediate. Because of the ongoing debate involving
the mechanism of bimolecular radical termination and
contradictory results of CRT, we sought to obtain a better
understanding of these two mechanisms of termination. Using
three different L/Cu catalytic systems, L = Me,TREN, TPMA,
and tris(3,5-dimethyl-4-methoxy-2-pyridylmethyl)amine
(TPMA*?®), under controlled conditions, it is possible to
reassess the products of CRT as well as obtain valuable
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information about the mechanism of conventional bimolecular
radical termination.

One method of studying termination mechanisms is by
generating chain-end radicals via activation of “living” macro-
initiators. Using various initial conditions and catalytic systems,
we were able to kinetically promote different contributions of
conventional radical termination (RT) and catalytic radical
termination (CRT) of chain-end radicals. By analyzing the
kinetics of termination and molecular weights of the resulting
polymers, valuable mechanistic insights were obtained.
According to eq 1, to increase the fraction of RT relative to
CRT, one can (a) decrease [L/Cu"™X], or (b) increase the
ATRP equilibrium constant (Kyrgp):

rategy 2k[P, ] _ k[P,]
ratecpr  2krplBJ[L/Cu']l  kepplL/Cu']
k[P X]

"ATRP

" Fepr[L/Cu"—X] 1)

Indeed, PREDICI simulations carried out at three different
initial conditions confirmed the predictions from eq 1. As
shown in Figure 1, when using the same catalyst (i.e., same
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Figure 1. PREDICI simulations of termination of radicals generated
from a pMA—Br macroinitiator. RT,,/CRT ratio vs time under three
different initial conditions: [pMA—Br]y:[L/Cu']y:[L/Cu"~Br],
1:1:0 (red), 1:2:0 (blue), and 1:2:1 (green) where L = TPMA. The
reaction model and rate coefficients used for simulations are presented
in Table S2.

Karrp), RT,,/CRT is higher for (a) lower [PMA—Br]:[L/Cu']
ratio (1:1) and (b) lower [L/Cu']. Note that RT,, refers to
termination between secondary radicals. Figure 1 also shows
the large variation of the RT,,/CRT ratio with time. RT,,/
CRT is largest only at the very first instants when radical
concentration is highest. Since the bimolecular termination of
chain-end radicals depends on [R®]? RT,, dominates only
during the very first milliseconds. Once the L/Cu™'-X
deactivator builds up via the persistent radical effect (PRE),
the [R®] is suppressed, thus significantly decreasing the rate of
RT,,. After this initial “influx” of radicals, CRT dominates since
[Cu'] > [R*], and thus a radical will preferentially coordinate
to L/Cu' before terminating with a second radical. This is
further shown under the most CRT-inducing conditions (green
line), where additional deactivator is present from the
beginning and a very small RT/CRT is observed, even at the
onset of the reaction. This is because the initial influx of radicals
can be quickly deactivated before termination. Therefore, since
PREDICI confirmed that the RT/CRT ratio can be kinetically
controlled by changing the initial conditions, a pMA—Br ATRP
macroinitiator with 99% chain-end functionality (CEF; from 'H
NMR, Figure S1) was synthesized via Ag’ ATRP.” By
changing the RT,,/CRT ratio, one can analyze the resulting
polymer products via SEC to determine the proportion of high
MW to low MW polymer and thus obtain invaluable
mechanistic information about the products of RT and CRT.
In order to reassess previous contributions, experiments were
first conducted under conditions similar to those reported by
Yamago et al.”* In order to eliminate assumptions which were
not accounted for in that contribution, the experimental setup
was altered. One significant difference is the choice of copper
salt and solvent. [Cu'(MeCN),][PF,] in acetonitrile was used
throughout this study, while Yamago et al. used Cu'Br in
toluene. In our study, the use of [Cu'(MeCN),][PF] results in
the formation of a discrete [Cu'(Me,TREN)]* catalyst in situ,
while the use of Cu'Br has been shown to form a mixture of
[Cu'(Me,TREN)]Y, [Cu'(Me,TREN)Br], and Cu'Br,”, which
have different activities in ATRP®' and thus could have skewed
previously reported conclusions. Second, to make sure there
was no disproportionation of the L/Cu' species, MeCN was
chosen as the solvent instead of toluene. Finally, Yamago et al.
conducted all but one of their termination experiments in the
presence of Cu’ powder, which has recently®” been shown to
also catalyze the termination of acrylate radicals and would be
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Figure 2. (A) SEC traces of the termination products from the pMA—Br macroinitiator recovered after 30 min at different RT/CRT ratios and (B)

deconvolution of the SEC trace for the 1:5:0 experiment [pMA—Br]:[Me,TREN/Cu']

1:5. Conditions: [pMA—Br]:[Me,TREN/Cu']:

[Me,TREN/Cu"~Br] = 1:5:0—1 in anhydrous MeCN at room temperature; [pMA—Br], = 1.6 mM.
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Figure 3. (A) Evolution of fraction of terminated chains with time and (B) SEC traces of the termination products recovered after 30 min at
different RT/CRT ratios. Reaction conditions: [pMA—Br]y:[Me,TREN/Cu']o:[Me,TREN/Cu"~Br], = 1:1-2:0—1, in anhydrous MeCN at room

temperature; [pMA—Br], = 1.6 mM.
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Figure 4. (A) Evolution of fraction of terminated chains with time and (B) SEC traces of the termination products recovered after 1 h at different
RT/CRT ratios. Reaction conditions: [pMA—Br],:[TPMA/ Cu']y:[TPMA/Cu"—Br], = 1:1-2:0—1, in anhydrous MeCN at room temperature;

[pPMA—Br], = 2 mM.

indistinguishable from Cu! CRT. In addition, avoiding the use
of Cu® allows facile monitoring of the extent of termination by
the determination of [L/Cu"], since Cu’ is able to compropor-
tionate with Cu' to regenerate Cu! and would not allow for
efficient monitoring of [L/Cu"].

B RESULTS AND DISCUSSION

Termination in the Presence of Me,TREN/Cu' Com-
plex. Termination experiments were conducted in the absence
of monomer, and termination extent could be determined from
the increase in [L/Cu—Br], according to the principle of
halogen conservation.”> This allowed the amount of termi-
nation to be related to the SEC traces of the resulting
terminated polymer (Figure 2). Using the same [pMA—Br]:
[Me,TREN/Cu'], = 1:5 as previously reported,”” a high
molecular weight shoulder accounting for 27% of chains was
observed for the polymer recovered after quantitative (>99%)
termination. This is in very good agreement with the Yamago
contribution, where 25% of chains were reported to have
doubled molecular weight. As predicted by eq 1, upon addition
of [Me,TREN/Cu''~Br]* deactivator, the amount of conven-
tional radical termination was kinetically suppressed relative to
CRT. Upon addition of 0.5 or 1 equiv of [Me,TREN/Cu'—
Br]* relative to [pMA—Br],, the fraction of high molecular
weight polymer decreased from 27% to 9% and 7%, respectively
(in all cases, the termination was quantitative after 1 h
according to the [Me,TREN/Cu"] analysis). These results
would indicate that the high molecular weight peak previously
attributed to CRT coupling® is actually the result of
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noncatalyzed termination (RT) due to the high radical
concentration triggered by fast pMA—Br chain-end activation
by the [Cu'(Me,TREN)]* catalyst.

In order to assess the products of RT and CRT under more
relevant polymerization conditions, termination reactions under
[PMA—Br]y:[Me,TREN/Cu'], = 1:1—2 ratios were conducted.
The kinetics of termination and the resulting SEC traces of the
terminated polymer are presented in Figure 3. Under the initial
conditions [pMA—Br]y:[Me,TREN/Cu'], = 1:1, 81% of chains
were terminated after 1 h with 38% high molecular weight
fraction compared to >99% and 27%, respectively, when this
ratio was 1:5. Upon initial addition of 0.5 equiv of deactivator
complex [Me,TREN/Cu"—Br]* relative to [pMA—Br], and
doubling [Me,TREN/Cu'],, the high molecular weight
shoulder decreased to 18% while achieving 91% termination.
The higher amount of terminated chains is due to the excess of
[Me,TREN/Cu'], relative to [pMA—Br],. The high molecular
weight peak was further decreased upon initial addition of 1
equiv of deactivator complex to give only 7% high molecular
weight chains at quantitative termination. These results indicate
that acrylate radicals terminate via combination, while CRT
gives a terminated polymer with the same molecular weight as
the pMA—Br macroinitiator, contrary to recent reports.zz’27
Because of the high ATRP activity (large Kyrpp) of the
[Me,TREN/Cu'] activator complex, the initial concentration of
radicals could not be suppressed efficiently to completely
eliminate RT, as evidenced by the small high molecular weight
fraction even in the presence of 1 equiv of deactivator complex.
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Figure 5. (A) Evolution of fraction of terminated chains with time and (B) SEC traces of the termination product of pMA—Br macroinitiator

recovered after 1 h at different RT/CRT ratios. Reaction conditions: [pMA—Br]y:[TPMA*?/Cu'];:[TPMA*?/Cu"—Br], =

anhydrous MeCN at room temperature; [pMA—Br], = 2.5 mM.
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Table 1. Experimental Product Distribution of the Termination Reactions”

ligand [pMA—Br]:[L/Cu']:[L/Cu"-Br] terminated” (%)
Me,TREN 1:1:0 81
1:2:0.5 91
1:2:1 >99
1:5:0 >99
1:5:0.5 >99
1:5:1 >99
TPMA 1:1:0 67
1:2:0 98
1:2:1 71
TPMA*? 1:1:0 98
1:2:0 >99
1:2:0.5 >99
1:2:1 >99

living (%)

combined® (%)

Disp? (%)

% Disp of all term®

19 38 43 53

9 18 73 80
<1 13 86 86
<1 27 73 73
<1 9 91 91
<1 7 93 93
33 7 60 90

2 S 93 95
29 2 69 97

2 24 74 76
<1 12 88 88
<1 7 93 93
<1 4 96 96

“All percentages were calculated at + = 30 min (TPMA**) or 1 h (TPMA and Me,TREN); relative to [pMA—Br], unless otherwise noted.
bCalculated based on the increase of [L/Cu'"=Br]. “The high MW from the deconvoluted SEC traces. 9Calculated from the low MW fraction of the
deconvoluted SEC traces as low MW = living + Disp. “Calculated as the amount of chains terminated by disproportionation related to all terminated

chains.

Termination in the Presence of TPMA/Cu' Complex.
The next termination experiments were carried out using the
[Cu'(TPMA)]* (TPMA = tris(2-pyridylmethyl)amine)) cata-
lyst as shown in Figure 4. The catalyst was used at two different
[pPMA—Br]:[TPMA/Cu'], ratios. With [pMA—Br],:[TPMA/
Cu']y = 1:1, 67% of chains were terminated after 1 h, but only
7% of all chains corresponded to the high molecular weight
shoulder compared to 38% for the MecTREN system under the
same conditions. The fraction of high molecular weight
terminated polymer was further decreased by decreasing the
RT/CRT ratio using different concentration of [TPMA/Cu'],
and [TPMA/Cu"—Br],. Relative to the Me,TREN system, the
lower fraction of doubled molecular weight product is due to
the lower ATRP activity of the TPMA catalyst. The rate
coefficient of pMA-Br activation is approximately 10 times
higher for [Cu'(Me,TREN)]* compared to [Cu!(TPMA)]*.**
Since the rate of radical termination is proportional to [R*]*
and the rate of CRT is proportional only to [R*], a 10-fold
increase in radicals leads to a 100 times faster RT and only 10
times faster CRT.

Termination in the Presence of Cu'/TPMA*3 Complex.
As noted earlier, the ratio of RT to CRT can be tuned by
changing Kygp (eq 1). One way to increase Kypgp is by using
more active L/Cu' catalysts."*** In fact, the use of Me,TREN
by Yamago increases K,rpp approximately 10 times as
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compared to the TPMA system reported in Figure 3. However,
to use geometrically similar pyridinic-based catalysts,
[Cu'(TPMA)][PF4] was replaced with the more active
[Cu'(TPMA**)][PFs] (TPMA*® = tris(3,5-dimethyl-4-me-
thoxy-2-pyridylmethyl)amine) catalyst, which should also lead
to a higher initial concentration of radicals. As alluded to above,
this should lead to a faster rate of RT relative to CRT compared
to the TPMA system. Therefore, assuming that RT occurs via
combination, as suggested by the investigations of the TPMA
and Me,TREN systems above, a larger fraction of high
molecular weight peak should be observed when using
TPMA*?® compared to TPMA under the same conditions.
Indeed, the termination experiment under conditions
[pPMA—Br]:[TPMA*3/Cu'], = 1:1 (Figure S) confirmed this
expectation. After only 5 min, 98% of chains were terminated
compared to only 67% after 1 h for the TPMA system under
the same initial conditions. Deconvolution of the resulting SEC
traces showed that 24% of the chains terminated via
combination for TPMA** compared to only 7% for TPMA.
Under the conditions [pMA—Br]y:[TPMA*3/Cu'], = 1:2 all
chains were terminated in only 4 min, and the high molecular
weight shoulder accounted for only 12% of all chains, indicating
a larger fraction of CRT relative to RT. Upon initial addition of
0.5 or 1 equiv of TPMA*3/Cu"~Br deactivator, the high
molecular weight peak decreased to 7 and 4%, respectively, with
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Figure 6. (A) Evolution of [TPMA/Cu"—Br] vs time for different values of k;, (in s™"). (B) Experimental (squares) and simulated (lines) evolution
of TPMA/Cu"—Br vs time. (C) Fraction of chains terminated by disproportionation relative to total terminated chains for two cases, where RT and
CRT give combination and disproportionation, respectively (bold lines) and vice versa (dashed lines). All squares are experimental data obtained
either via UV—vis or SEC under the specified initial ratio with [pMA—Br], = 2 mM in anhydrous MeCN at room temperature.

>99% of chains terminated. The concurrent decrease of the
high molecular weight shoulder with decreasing RT provides
further evidence that RT occurs predominantly via combination
while CRT gives products with the same molecular weight as
the pMA—Br macroinitiator. Like in the MesJTREN system, a
small fraction of high molecular weight product was observed
due to the high ATRP activity of the TPMA*3/Cu' catalyst.

An interesting question arises as to why the TPMA*? system
did not show as much of a high molecular weight peak as the
MesTREN system. This is most likely due to much faster
association of the pMA radicals to TPMA*3/Cu' relative to
Me,TREN/ Cul In fact, UV—vis analysis shows the formation
of both the TPMA**/Cu"—Br and the TPMA*}/Cu"-pMA
organometallic species (Figure SS). Since this organometallic
species was observed on the time scale of the reaction, this
means that TPMA**/Cu""—pMA is more thermodynamically
stable (larger value of Komrp)™® than MegTREN/Cu'—pMA.
Formation of TPMA*s/CuH—pMA decreases the radical
concentration, thus suppressing the rate of bimolecular
termination and therefore decreasing the fraction of high
molecular weight product in SEC.

The summary of all termination reactions (Table 1) clearly
shows that the RT/CRT ratio can be kinetically altered by
changing the [pMA—Br]:[L/Cu']:[L/Cu"—Br] ratios but also
by changing Kurgp. As the RT/CRT ratio was kinetically
decreased, the relative fraction of high molecular polymer
(Comb/Disp) also decreased. These results indicate that
bimolecular radical termination of acrylates operates predom-
inantly via combination while CRT gives predominantly chains
with the same molecular weight as the pMA—Br initiator.
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PREDICI Simulations. To further quantify the termination
reactions, PREDICI simulations were conducted. In order to
obtain useful mechanistic information, the kinetic model in use
must first be validated by comparing to experimental results. In
this case, experimental [L/ CuBr] was conveniently moni-
tored by UV—vis spectroscopy and then compared to the
PREDICI simulations.

One major area of debate in the termination of acrylate
radicals is the extent of backbiting for which reported rate
coefficients, k,, span 4 orders of magnitude at the same
temperature.”® However, backbiting is an important feature of
acrylate polymerization and cannot be neglected.”” In fact,
setting ky, = O in the simulation (Figure 6A) caused a
significant underestimation of the experimental [L/Cu"—Br].
Therefore, backbiting was included in the simulation, taking
into account the most recent and accurate ky, value at room
temperature reported by Buback et al.'®*® using the PLP-SEC
or PLP-EPR methods (40 < ky, < 250) and Asua et al.** using
experimental fitting (10 < ky, < 40) also at room temperature.
With ky, in this range, all simulations agreed better with the
experimental data, and the best agreement was obtained for k,
=40 57! at room temperature. It should be noted that the value
of ky, within its interval of accuracy, was the only value fitted to
the experimental data, whereas all other values were taken
directly from the literature or measured in this study (see
Supporting Information).

The remaining simulations were conducted using the value of
ky, = 40 s™'. As shown in Figure 6B, the fit between the
experimental and simulated evolution of TPMA/Cu"—Br for
the other two [pMA—Br]:[L/Cu"—Br] ratios remained good,
validating this PREDICI model. Figure 6C shows the fraction

DOI: 10.1021/acs.macromol.7b01552
Macromolecules 2017, 50, 7920-7929


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01552/suppl_file/ma7b01552_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01552/suppl_file/ma7b01552_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b01552

Macromolecules

A B
(A) A P
» 1004 - c
£ 75 'S 100+ s -
£ 80 50 5 50
o 25 - 804 25 -
g 60+ 0%00 0.001 ‘2 60 0%00 0.001 |
g RT,, £ CRT
E 401 CRT g 401 _
O - =
= 204 RT,, % 201 C RT,, }
: 0 RT33 L °\° 0 - = - R-'r33 L
0 1000 2000 3000 4000 0 1000 2000 3000 4000
time (s) time (s)
(C)
* 100 L o A 1 L
IE 75
£ 80 50 -
o 25
-c 0.
2 60 0,000 o001 _ [
£ RTz
g 401 CRT|
2
5 207 RT, [
= 0 —————s
0 1000 2000 3000 4000

time (s)

Figure 7. Simulations of the contribution of CRT (black), RT,; (red), RT,, (green), and RT;; (blue) to total termination vs time under the initial
[pMA—Br]y:[TPMA/Cu']o:[TPMA/Cu"—Br], ratios of (A) 1:1:0, (B) 1:2:0, and (C) 1:2:1 at room temperature. The reaction model and rate

coefficients used for simulations are presented in Table S2.

of disproportionated chains to total terminated chains vs time
under two different scenarios. In the bold lines, it was assumed
that termination between two chain-end radicals (RT,,) gives
100% Comb while CRT gives 100% Disp. On the other hand,
in the dashed lines, the assumptions were reversed, in which
case RT,, gives 100% disproportionation and CRT gives 100%
combination, as has been proposed by Yamago et al.”>*’

The extent of Disp/Comb for the midchain radical is not
precisely known and has only been taken as the average of RT,,
and RT;,.% In light of this and due to the best fitting between
experimental and PREDICI, it was assumed that any
termination involving tertiary midchain radicals (RT,; and
RT};) gives 100% disproportionation.’®*® In fact, Asua et al.*’
have proposed that the study conducted by Yamago et al.”’
more accurately models how tertiary midchain radicals
terminate as opposed to chain-end radicals due to [P;*] >
[P,*]. This gives further support of bimolecular termination
involving midchain radicals terminating by disproportionation
at room temperature. The experimental results can only be
explained if one assumes that RT,, operates via combination
while CRT gives products of disproportionation. This further
validates the experiments conducted above, in which reactions
that were kinetically tuned to promote RT vs CRT gave a
higher molecular weight shoulder.

To quantify the contribution of each reaction toward the
decrease in chain-end functionality, the evolution of all
products of termination were simulated with respect to time.
In the present model, there are four pathways in which radicals
can terminate (1) CRT, the reaction between TPMA/Cu"—P,
and a chain-end radical, P,%; (2) RT,,, the reaction between
two chain-end radicals; (3) RT,s;, the “cross-termination”
between a chain-end radical and a midchain radical; and (4)
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RTj;, the reaction between two midchain radicals. Based on the
good fit between experimental and simulations in Figure 6C,
the three reactions CRT, RT3, and RT;; were simulated to give
disproportionated chains, and RT,, was set to give combined
chains. Figure 7 shows the distribution of products obtained by
these four termination reactions.

For the ratio [pMA—Br],:[TPMA/Cu']o:[TPMA/Cu"~Br],
= 1:1:0 (Figure 7A), a surprising result is the dominance of the
bimolecular “cross-termination” between chain-end and mid-
chain radicals (RT,3). So much, in fact, that after approximately
25 min the majority of terminated chains underwent
termination via cross-termination. The reasoning becomes
apparent when looking at Figure SSB which shows that the
concentration of tertiary midchain radicals (P;*) was greater
than that of secondary chain-end radicals (P,") after only S min.
This relatively higher concentration of midchain radicals results
from the fast rate of backbiting (BB) as shown in Figure SSD.
In fact, backbiting was between 10 and 100 times faster than
RT,, due to the unimolecular nature of the reaction. The high
abundance of midchain radicals in acrylate polymerization has
previously been observed via EPR even at room temperature.””
PREDICI simulations showed that after 1 h 50% of all
terminated chains were terminated via RT,; while surprisingly
only 39% were terminated via CRT. Only within the first
millisecond of the reaction, when [P,"] was highest (Figure
SSA), did RT,, dominate RT,;, as shown in the inset of Figure
7A. Finally, due to the slower reaction between two sterically
hindered midchain radicals, RT; accounted for only 1% of all
terminated chains.

The simulations under the more CRT promoting conditions
of [pMA—Br],:[TPMA/Cu']:[TPMA/Cu"—Br], = 1:2:0 were
similar to those using the 1:1:0 ratio, since the initial ratio of
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RT and CRT rates does not depend on [TPMA/Cu"—Br], (eq
1). However, relatively more chains were terminated via CRT.
This is due to a 2-fold effect of the excess TPMA/Cu' on the
overall rate of termination. First, the faster P,* trapping by
TPMA/Cu' suppressed chain-end radical concentration, thus
slowing down the backbiting reaction (Figure S6) and
suppressing the rate of cross-termination, RT,;, by an order
of magnitude. Second, this caused a slight initial increase in
[TPMA/Cu"—P,], which resulted in a faster increase of the
CRT rate as shown in Figure S6D. Under these initial
conditions, CRT accounted for 57% of all terminated chains
compared to 39% for the 1:1:0 ratio. Furthermore, at this 1:2:0
ratio, 7% of chains were terminated via RT,, compared to 10%
under the 1:1:0 ratio, as expected according to Figure 1.
Nonetheless, RT,; still dominated all bimolecular radical-based
termination events, accounting for 34% of all terminated chains.

Using the initial ratio [pMA—Br]y:[TPMA/Cu']y:[TPMA/
Cu"—Br], = 1:2:1, only 4% of chains were terminated via RT,.
This is because the concentration of chain-end radicals was
significantly suppressed by the quick and efficient trapping by
the TPMA/Cu"—Br deactivator present from the beginning. As
shown in Figure S7C, after 1 s, the concentration of chain-end
radicals was [P,"] ~ 7 X 10™® M in the presence of the
deactivator. In comparison, after 1 s but in the absence of
initially added deactivator, [P,*] ~ 3 X 107" M as shown in
Figure S6A. Interestingly, the amount of CRT and RT,; were
46% and 48%, respectively. Under these “most CRT promoting
conditions”, one would have expected the most amount of
CRT according to eq 1. This can be rationalized on the basis
that the initial rate of CRT is suppressed by a factor of 50 due
to the suppression of [P,*] by the initially added TPMA/Cu"—
Br deactivator. Since CRT requires the reaction between
TPMA/Cu"—P, and [P,*], the suppression of the latter will
undoubtedly slow down the rate of CRT. Although the “most
CRT-promoting conditions” did in fact lead to the most
amount of disproportionation, they did not result in the most
amount of chains being terminated via CRT. Thus, eq 1 would
be better referenced as a way to kinetically suppress RT,, as
opposed to kinetically promote CRT. The summary of the
distribution of terminated polymer according to our simulations
is given in Table 2.

Table 2. Product Distribution of Terminated Polymer
Chains”

[pMA—Br]:[L/Cu']:[L/Cu"~ CRT RT,; RTy, REPS
Br] (%) (%) (%) (%)
1:1:0 39 50 1 10
1:2:0 57 34 2 7
1:2:1 46 48 2 4

“All percentages were calculated based on total terminated chains
Term,,, = [CRT] + [RT,] + [RTs;] + 2[RT,,] since chains
undergoing combination comprise two initial pMA-Br macroinitiators.
For all cases L = TPMA.

It should be noted that in the case of a polymerization
reaction the midchain radicals can also add to acrylate
monomer leading to a branching point and regenerate the
secondary chain-end radical. This could significantly decrease
the concentration of midchain radicals and increase the
concentration of chain-end radicals compared to this study.
This would presumably decrease the contribution of RT,; and
RT;; while increasing the contribution of RT,, and CRT.
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Nonetheless, in “termination reactions” the lack of monomer
allows for a buildup of MCRs, and thus bimolecular radical
termination involving MCRs cannot be neglected.

The results presented here indicate that RT,, operates
predominately via combination whereas CRT gives products
with the same molecular weight as the living chain. This is in
direct contrast to the previous contribution by Yamago et al.,
which concluded that acrylate chain-end termination occurs
predominately (>99%) via disproportionation”” while CRT
gives coupling.”” In order to rationalize the results observed
with the organotellurium systems studied by Yamago, we have
disclosed *TeR radical-catalyzed disproportionation via an H—
TeR intermediate.”” Because of the incorrect assumption that
acrylate radicals terminate exclusively via disproportionation at
room temperature, it seems that Yamago et al. incorrectly
assigned the formation of the observed combination products
to copper-catalyzed termination. The high molecular weight
product in that study”* should actually result from conventional
radical termination via combination.

B CONCLUSIONS

Termination reactions using a pMA—Br ATRP macroinitiator
were utilized to shed light on the termination mechanism of
polyacrylates in ATRP. Three different catalysts were used
under various conditions to change the fraction of bimolecular
chain-end radical termination (RT) to copper-catalyzed radical
termination (CRT). Wherever the RT/CRT ratio was largest, a
high molecular weight shoulder became apparent in the SEC
traces. As this ratio was gradually decreased, the relative fraction
of high molecular weight polymer decreased significantly. This
indicates that the bimolecular radical termination of acrylates
operates via combination while CRT gives terminated polymers
of unchanged molecular weight. These results are in stark
contrast to recent reports.””>” Therefore, PREDICI simulations
were conducted to support our experimental findings. In fact,
very similar results were observed for the experimental and
simulated data for the TPMA-based system. It was found that
due to the high initial radical concentration, bimolecular
termination dominated only at the very first instants. After this
initial influx of radicals, catalytic radical termination and
backbiting dominated the fate of the secondary chain-end
radical. Because of the relatively high concentration of midchain
radicals relative to chain-end radicals, the amount of cross-
termination between midchain and chain-end radicals (RT,;)
was found to be dominant relative to termination via two chain-
ends (RT,,) and, in some cases, even more kinetically
significant than CRT.
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