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46 ABSTRACT: The Cu' complex obtained in situ from Cu' and tris((4-methoxy-3,5-
49 dimethylpyridin-2-yl)-methyl)amine (TPMA*) is currently the most reducing and the most
51 active catalyst for atom transfer radical polymerizations (ATRP). The complex has a high
53 affinity for alkyl halides (ATRP pathway) but also has sufficient affinity towards organic

radicals to potentially participate in organometallic mediated radical polymerization (OMRP).
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Thus, the radical polymerization of n-butyl acrylate initiated by AIBN (azobisisobutyronitrile)
was significantly retarded and the molecular weights decreased in the presence of the
Cu/TPMA* complex. These results suggest the presence of a Cu-mediated termination
processes, even after the amount of radicals generated from AIBN exceeded the initial amount of
Cu'/TPMA*. Nevertheless, in the presence of alkyl bromides, which act as ATRP initiators for
acrylates, control was gained through metal mediated halogen atom transfer, i.e. ATRP, not

OMRP.

Introduction

Conventional radical polymerization (RP) procedures are the most commonly employed
industrial techniques for the production of commodity polymers." RP is characterized by a
tolerance to functional groups and many impurities, but provides poor control over polymer
architecture, molecular weight (M,) and molecular weight distribution (M,,/M,). In contrast,
reversible-deactivation radical polymerizations (RDRP),” also named controlled/living radical
polymerizations (CRP), can provide control over M,, M,/M,, and access to polymers with
predefined functionalities, compositions, and architectures.” Transition metal-mediated RDRP
techniques include atom transfer radical polymerization (ATRP)* and organometallic mediated
radical polymerization (OMRP).” They rely on a dynamic equilibrium between a low fraction of
growing radicals and a predominant fraction of dormant species.

Since the pioneering work on OMRP by Wayland and co-workers, utilizing cobalt porphyrin
complexes for the polymerization of acrylates,® the procedure has been expanded to employ
various complexes based on a range of transition metals; e.g. titanium, chromium, iron, cobalt
10

and others,” for a large number of monomers, including vinyl acetate® and acrylamides.”

OMRP utilizes a fast reversible homolytic cleavage of a transition metal-carbon bond, Scheme 1.
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OMRP reactions are often initiated by conventional organic radical sources, e.g.
azobisisobutyronitrile (AIBN) in the presence of a transition metal complex in its lower
oxidation state. The concentration of growing radical chains (P, ) is controlled by a formal
reversible one electron process, in which P, reacts with a redox-active transition metal complex
(Mt"L), resulting in formation of an oxidized organometallic complex (Mt""'-P,/L) in the so-
called reversible termination process (RT OMRP). The dynamic active/dormant species
equilibrium, strongly favoring the dormant state, i.e. Mt""'-P,/L, should ensure a low constant
concentration of propagating radicals (Pn*), allowing a concurrent growth of all polymer chains
and minimizing bimolecular termination reactions. Additional control may be provided through a
degenerative transfer process (DT OMRP) which involves the reversible associative exchange
between Mt""'-P,/L and another propagating radical (P ), releasing the previous dormant
radical (Pn*).&1 Consequently, in an OMRP all resulting dormant polymer chains are metal-
capped, therefore OMRP requires the presence of stoichiometric amounts of Mt"L.

In some cases, catalytic chain transfer (CCT) reactions, Scheme 1, may be involved, especially

8b, 11

when using cobalt as the transition metal for the polymerization of methacrylates. Formally,

Bhydrogen transfer (Kcer) between P, and Mt"L yields an olefin-terminated species (P) and a
metal hydride complex, H-Mt""'L. The H-Mt""'L complex reinitiates polymerization of a vinyl

monomer forming Mt"L and a propagating radical.

[_OMRP ]

a RT-OMRP Mtn+1-Pn/L

ATRP n+1 .
,:I t X/L m % Py “ P Kexch,DT-OMRP
d,RT-OMRP

aATRP
MtVL  + Pp-X Mt“/L Mt 1P /L

Mt/L k

K4 ATRP
MtMIX/L Ekt
' kCCT ~
P= + H-Mt" /L
Mt IX/L + PPy
CCT

Scheme 1. Schematic illustration of ATRP and OMRP pathways.
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In contrast to OMRP, ATRP gives halogen-capped polymers and is controlled by a fast and
reversible homolytic cleavage of a C-halogen bond in a redox reaction with a transition metal
catalyst, Scheme 1, with Kxtrp = ka,ATRP/deTRp.lz Since ATRP is a true catalytic process the
transition metal complex can be used in sub-stoichiometric concentrations. However, as is the
case in OMRP and for the same reasons, the dynamic active/dormant species equilibrium must
strongly favor the stable dormant state, in this case P,-X. Recent developments in ATRP" e. g.,
initiators for continuous activators regeneration (ICAR)," target the in-situ regeneration of the
activator complex (M"/L), from the oxidatively stable deactivator complex (M"'X/L), formed by
unavoidable termination reactions. They allow the transition metal complex to be utilized at parts
per million (ppm) concentrations.

Values of Karrp can vary over a wide range.”” Simply altering the catalyst (Mt"L) or initiator
(R-X) structure provides a powerful tool to influence Katgrp, in each case by more than six orders
of magnitude.'® Recently, active catalysts for ATRP were developed by incorporating electron
donating groups into pyridine based ligand structures such as 2,2’-bipyridine (bpy)'’ and tris(2-
pyridylmethyl)amine (TPMA) scaffolds.'® Tris((4-methoxy-3,5-dimethylpyridin-2-yl)-methyl)-
amine (TPMA*) currently provides the most active ligand developed for Cu-catalyzed ATRP.

Part of a quest to develop a deeper understanding of the mechanisms of transition metal
mediated CRP has focused on the potential interplay between ATRP, OMRP, and CCT
mechanisms.”™ > ATRP and OMRP can interact synergistically (i.e. the two equilibria, each
providing complementary control over the concentration of the propagating radicals) since the
ATRP catalyst in the low oxidation state may also act as an OMRP radical trap. Examples of
such systems include Mo-mediated,” and Os-mediated” polymerizations conducted with

phosphine containing complexes. However, if the equilibria are too strongly displaced towards
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the dormant species, then the one-electron oxidative addition between Mt"/L and R-X leading to
Mt""'-X/L and Mt""'-R/L becomes irreversible and, essentially, no polymerization takes place.
OMRP and CCT may competitively interplay, because both processes involve the same
reagents Mt"/L and P,*. The first one leads to reversible metal-carbon bond formation and the
second one to B-H atom transfer. The former process can also include B-H elimination from the
OMRP dormant species Mt""'-P,/L to yield the same product as in CCT. Such reactions were

. . e .21
* and Fe-mediated processes with a-diimine” or

reported for Mo-mediated polymerizations'
amine-bis(phenolate) ligands.*

For Cu-catalyzed ATRP processes, only one report in 1998 pointed to the possibility of an
interaction between an organic radical and a copper(I) complex in the absence of halogen
atoms.” Diminished polymerization rates for methyl acrylate (MA) initiated by AIBN were
observed in the presence of Cu'OTf complexes with alkyl-substituted bpy ligands. The
generation of sufficiently stabilized RCu" dormant species is notable, since stable alkyl
derivatives of Cu" are scarce.* The possibility of a B-H atom transfer process, leading to Cu'-H
intermediates has not yet been discussed.

Herein, we investigated the role of Cu/TPMA* complexes under ATRP (with R-X) and OMRP
(with AIBN) conditions. After the initial evaluation of the effect of Cu/TPMA* complexes on
Katrp under ATRP conditions,18 an examination of the effect of the complex under OMRP
conditions revealed a significant influence on polymerization rates and molecular weight

distributions. The unprecedented contribution of Cu complexes to catalyzed radical terminations

is subsequently critically evaluated.

Results & Discussion
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Katre and k, for Cu/TPMA*, Cu/dNbpy and Cu/bpy: The values of Katrp and k, for the
Cu/TPMA* catalyst complex were determined via stopped-flow measurements using methyl 2-
bromopropionate (MBP) as an initiator in acetonitrile at 25 °C.'° A value for Kargp of 4.2 x 10™
for CW/TPMA*'® was determined from the modified Fischer equation® based on the persistent
radical effect (PRE), cf. SL*® The value of Karrp obtained for Cu/TPMA* is more than five
orders of magnitude greater than that determined for Cu/dNbpy and six orders of magnitude
greater than that measured for the unsubstituted Cu/bpy catalyst complex, Karrp = 1.0 x 10 and

Katrp = 1.3 x 10'10, respectively (Scheme 2).16

Ry N P R1 Me Me
I I MeOi@h
~-N Na N = \-OMe
_ )
noshsz) :>Cur Mﬁw;\ N \\ééT:z;:fI/
N u
l N NZ | N N/ o Me
= SEENG MeO—\ _ X
Rl X Rl
9 Me 4
dNbpy Katrp=1x 10 TPMA* Katrp=4 X 10

KaTrRP

Scheme 2. Effect of ligands on Karrp in Cu-catalyzed ATRP processes under the same

conditions (MBP, MeCN, 25°C).

An activation rate coefficient K, tpya<= 8400 M's was determined by trapping the generated
methyl 2-propionate radicals with 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO). This value, in
comparison with reported values'® of Ka,anbpy= 3.7 X 102 M's! and Kappy= 4.0 X 102 M'ls'l,
correlated well with the trend observed for Katrp. The high activation rate coefficient, combined
with the high equilibrium constant indicates that deactivation rate coefficient is sufficiently fast

to provide good control in an ATRP (Kqrpma* =2 X 10’ M'ls'l).
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Normal ATRP and ICAR ATRP of acrylates with Cu/TPMA* in the presence of an alkyl
halide: First, “normal” and ICAR ATRP were investigated to assess the viability of copper
complexes formed with TPMA* for the polymerization of acrylates. The high catalyst loadings
in a “normal” ATRP, combined with the very high activity of Cu'/TPMA¥*, initially created very
high radical concentrations which resulted in significant termination reactions and relatively
poor control. On the contrary, ICAR ATRP, which relies on continuous regeneration of low
concentrations of CuI/TPMA*, showed excellent control over M, with concentrations of catalyst
as low as 100 ppm (M,,/M,, = 1.15) down to 5 ppm (M/M, = 1.43), cf. SI Table SI and Fig. S1.
These findings agree with the results of PREDICI® simulations and indicate that very active

ATRP complexes are better suited for low ppm ICAR ATRP, rather than normal ATRP."®

OMRP initiated by AIBN in the presence of Cu'BF4/TPMA¥* in the absence of an alkyl
halide. The very strongly reducing and active Cu'BFy/TPMA* complexes could potentially
directly interact with propagating radicals. First, control experiments with BA and AIBN under
typical conventional radical polymerization conditions were performed and exhibited the
expected uncontrolled behaviour with very fast kinetics and broad molecular weight distributions

(My/M;, ~ 20) (Fig. 1 and 2A, green).

251 = Oppm .

[ ® 100 ppm; £, =0.048 hr™

2.0} ® 200 ppm; k, =0.025 hr™ |

- ® 400 ppm; k, =0.009 hr |
S 154" ]
o5k e ® |
OO 1 ,I,ll 1 1 ]

0 5 20 25 30

time (h)
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Figure 1. Kinetic plots for polymerization with various loadings of [Cu']; conditions
[BA]:[AIBN]:[TPMA*]:[Cu'(CH3CN)4BF,] = [160]:[0.2]:[0.06-0.24]:[0.016-0.064], [BA] = 5.6

M, 20% (v/v) anisole, T = 60 °C.

Then, a series of polymerizations of BA initiated by AIBN in the presence of various
concentrations of the Cu'BFy/TPMA* complex was carried out. The experiments with 100, 200
and 400 ppm Cu' were repeated twice, and average values and standard deviation for the pseudo
first order kinetic plots are presented in the SI, Tab. S2. In the presence of 100 ppm of
Cu'BF4/TPMA*, the rate of polymerization was much slower than in conventional radical
polymerization. Conversion increased in a linear fashion in semilogarithmic coordinates and
after nearly 30 h reached only 76 %, Fig.l and SI Fig. S2A. Increasing the amount of Cu'
complex, to 200 ppm and then to 400 ppm (mol, vs. monomer), resulted in even slower
reactions, reaching after 31 h only 55% and 25% monomer conversion, respectively. With
[AIBN]:[Cu'] ratio of 1:1, corresponding to 1250 ppm Cu (i.e. under typical OMRP conditions),
the polymerization reached only ~2% after 45.8 h. Assuming a quantitative reaction between Cu'
and radicals generated from AIBN (f = 0.8) to yield an R-Cu" OMRP dormant species, complete
consumption of Cu' should occur after 1.6 h, 3.2 h, and 6.8 h for systems with 100 ppm Cu' (5%
AIBN consumption), 200 ppm (10%) and 400 ppm (20% AIBN consumption), respectively. This
can be determined from the exponential decay in the AIBN concentration over time, [AIBN]; =

[AIBN]y exp(—Kazot). Setting the loss of AIBN equal to the initial [Cu'] gives the time (t) needed

to react all Cu', ie [Cu'],=2f (JAIBN],- [AIBN],)=2f [AIBN], (I-exp(-K,,1));

I
t:—Lln 1—& . However, nearly linear pseudo first-order kinetic plots were
K 2 f[AIBN],

observed for more than 30 h, indicating a relatively constant amount of radicals in the system.
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This observation confirms that a radical quenching process must operate not only in the presence
of Cu/TPMA* but also in the presence of the putative R-Cu"/TPMA* species. The progressive
decrease of the apparent propagation rate constants: Kupp.100ppm = 0.049 h™', Kapp.200ppm = 0.017 h™',
Kapp,400ppm = 0.008 h™! follows the amounts of CuIBF4/TPMA* (Table S2). In all cases there is a
decrease in the rate that is proportional to the concentration of the Cu'BFy/TPMA*, within the
standard deviations of the 100, 200 and 400 ppm experiments. This suggests the possibility of
radical trapping and/or a catalytic retardation process. It should be stressed that the Kapp, 100ppm fOr
Cu'BF4/TPMA* was nearly eight times smaller than Kapp Of the ICAR ATRP reactions using the
same amount of Cu and AIBN but in the presence of alkyl bromides (SI Table S1, entry 5,
Kapp,100ppm = 0.36 0.

// time / conv.

—opems 2/? /:(;'2% 100 T 20ppm M., (AIBN)
——100 ppm // 7h /18.7% \  heo
(A) =200 ppm // 7Th / 17.5% (B) / | 200ppm M, (Cu/TPMA*)
—— 400 ppm // Th 1 9.7% 80 | / - 400ppm M, _ (AIBN)
: I 400ppm M, (Cu'TPMA%)
@ [ 0 e - =
2 60
x o
E: /o o ° ° [ ]
40
%
20
: : : : : ol L L L
3 4 5 6 7
10 10 10 10 10 0 20 40 60
molecular weight conversion (%)

Figure 2. (A) Normalized GPC traces in the presence of 0, 100 ppm, 200 ppm, 400 ppm
CuIBF4/TPMA* and (B) M, ey (dots) and My e, (lines) as function of conversion, parameters
and calculation of values for My e, (AIBN) and My, ineo (Cu'BF4/TPMA*) are provided in the SI:
conditions; [BA]:[AIBN]:[TPMA*]:[Cu'(CH3CN),BF,] = [160]:[0.2]:[0.06-0.24]:[0.016-0.064],

[BA]=5.6 M, 20% (v/v) anisole, T = 60 °C.
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Bimodal gel permeation chromatography (GPC) traces for polymer prepared in the
conventional radical polymerization reactions were observed (Fig. 2A; SI, Table S3). They could
be explained by an initial rapid exothermic polymerization and a two stage process. First, a high
molecular weight fraction could be quickly formed in a concentrated monomer solution (M, = 8
x 10° - 1 x 10%). Then, due to the polymerization exothermicity, the temperature could increase,
accelerating AIBN decomposition and resulting in a lower molecular weight fraction (M, ~ 2 x
10%). A temperature probe directly inserted into the reaction mixture showed a temperature
increase by >50°C during the polymerization (SI, Fig. S5). Increasing the anisole content to 90
% (v/v), slowed down the polymerization and resulted in monomodal distribution, confirming
this assumption (SI, Fig. S4). The evolution of M, and M,,/M, with conversion in the presence of
Cu'BF/TPMA* indicated a significant differences compared to conventional RP. The GPC
traces (Fig. 2A) of the polymers obtained in the reactions conducted in the presence of
Cu'BF4/TPMA*, showed narrower molecular weight distributions (MWD) M,/M, ~ 1.6 (SI, Fig.
S2B). Nevertheless, M, ¢xp did not show a linear increase with conversion (SI, Fig. S2B) and the
Mhy.exp Values were similar to or lower than the M, e, values, calculated from the actual number
of chains generated by the decay of AIBN (SI, Fig. S3) or the amount of Cu'BFy/TPMA*,
respectively. This could suggest the participation of a chain transfer process, although less

efficient than in a typical CCT which normally gives oligomers.'**

Potential polymerization mechanisms. Since the radical concentration in the system with Cu'
is much lower than the conventional RP, a radical trapping by the Cu'BFy/TPMA* complex is
likely. Since an excess of TPMA* was used to insure efficient formation of the CuIBF4/TPMA*
complex, the ligand itself could also cause retardation. However, a blank experiment with a

[TPMA*]:[AIBN] ratio of 0.24:0.2 carried out under conditions similar to those with 400 ppm of

10
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Cu'BF/TPMA* exhibited a conventional RP behaviour with 77% conversion after 0.5 h forming
a polymer with a broad MWD. In addition, a blank experiment utilizing Cu'(CH;CN)4BF; salt
(without TPMA*) also resulted in conventional RP behaviour (72% conversion after 0.5 h with
M/M, = 13.6). This indicates that only the CuIBF4/TPMA>’< complex interferes with the
conventional radical chain growth process. Scheme 3 proposes two feasible pathways for the Cu-

mediated reactions.

R-R

., . .
+R"; komRrP termination

Kd,0MRP
g OMRP ———= R-CU/TPMA* ==————various routes
. Ka,oMRP
1 *+ R
CuTTPMA Kg.ccT reinitiation .
CCT CH,=CH-R + H-CU'/TPMA* =———= Cul/TPMA* +R
Kacct +CH,=CH-R; Krein

e. . .
+R*; kecet termination

R-H
Scheme 3. Possible pathways during the AIBN-initiated polymerization of BA with

Cu'BF4/TPMA* (= Cu/TPMA¥).

Polymerizations with different initial AIBN concentrations (SI, Fig. S6) were performed in
order to define the rate determining step for both pathways. A linear dependence of Ky, on the
[AIBN] (SI, Fig. S7) was observed. As outlined in the supporting information, this linear
dependence of the radical concentration and consequently the polymerization rate, is consistent
with slow formation of the R-Cu" intermediates (rate-determining step) followed by fast
termination reactions between the R-Cu" intermediates and the propagating radicals. In case of
rapid formation of the Cu" intermediates, followed by slow termination with propagating

radicals, a square root dependence of K,p, on the [AIBN] would result.

ACS Paragon Plus Environment 11



©CoO~NOUTA,WNPE

Submitted to Organometallics

In the OMRP scenario, polymerizations in the presence of Cu'BFy/TPMA* are slower and,
consequently, after longer reaction times, a greater number of radicals are generated from AIBN,
leading to lower molecular weights. Organometallic copper(Il) compounds are intrinsically
unstable and therefore rarely studied,”’” although they were postulated as intermediates in
aqueous solutions.”® Decomposition of paramagnetic R-Cu/TPMA* (S = ') might take place
through termination with another radical (R*) to produce R-R by recombination and regenerate

Cu"/TPMA*. Radical-radical coupling processes were previously reported.”™ 2*

This pathway is
in agreement with observed My/M, ~ 1.6 and constant low polymerization rates. Furthermore,
decomposition of R-Cu'/L can occur via additional routes, i.e.: 1) a one electron reduction
processes, yielding a Cu' complex and a radical (OMRP reactivation), 2) heterolysis of the
carbon-copper bond to give a Cu" complex and saturated alkyl species (formed from the
carbanion in the presence of H,0), 3) a reductive elimination processes (two electron reduction)
yielding Cu(0), or 4) B-elimination processes.”® The formation of Cu(0) could be supported by
the appearance of small particles in the homogenous polymerization mixture. Note, however,
that Cu(0) can also result from disproportionation.

Another possibility is the formation of an unsaturated alkene and the paramagnetic copper(Il)
hydride (S = 4), H-Cu'/TPMA*. The latter can terminate with another radical or reinitiate
polymerization with another monomer. Reinitiation would start a CCT polymerization similar to
that known for the cobalt/methacrylate systems.'' However, the formation of polymers with
relatively high molecular weights suggest that the copper hydride intermediate undergoes
catalytic radical termination (CRT) with another radical, rather than reinitiation.

PREDICI® simulations. PREDICI® simulations were performed for the two most likely
scenarios in order to get further insights into the potential polymerization mechanisms, cf. SI for
conditions. First, the OMRP process was considered. Note that, with only deactivation taking

12
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place, OMRP shows no sustained retardation; the simulations are supplied in the SI (Fig. S8).
OMREP including deactivation and termination was simulated (Kq.omrp = 1.6 x 10° M™! s'l, Kt omRP
=3 x 10* M s, Fig. 3A-C) and the observed retardation agrees well with the experimental
data. Furthermore, polymerizations were slow and depended on the amount of Cu'BFy/TPMA*
added to the reaction, while the My,/M, values were ~ 1.5. Similarly, CRT (Kq,crr = 1.6 x10° M
s, Kecrr = 3 x10® M' s7) was considered (Fig. 3D-E). The presence of transfer reactions did not
alter the simulated kinetics and molecular weights were in agreement with the experimentally
observed values. However, the My/M, values did not decrecase below ~2. Note that the
simulations in Fig. 3 D-F are indistinguishable from a pathway resulting in an initial formation
of the R-Cu'/TPMA* organometallic species. This could be followed by rapid p-elimination to

give H-Cu"/TPMA* and an unsaturated chain, and finally a rapid termination between radicals

and the H-Cu"/TPMA* to give a dead chain and Cu/TPMA* (SI, Fig. S9), assuming Kqomrp =
1.6 x 10° M s'l, ks =3 x10® 71, Kecrr = 3 x10® M! s!. The concentrations of the various Cu
species under the OMRP or the CRT conditions are given in the SI (Fig. S10). In all cases, Cu'
since the

concentrations are constant throughout the reaction, and [Cu"] is very low (~1 pM),

reaction between Cu' and the propagating radical is the rate limiting step.

©
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Figure 3. Superposition of simulated (lines) and experimental (circles) data for the
polymerization of BA at various [Cu'] loadings: green, 0 ppm (conventional radical
polymerization); blue, 100 ppm; red, 200 ppm; black, 400 ppm; brown, 1250 ppm. (A-C) OMRP
with deactivation and termination (Kgomrp = 1.6 x10° M s'l, keomrp = 3 x10% M™! s'l): (A)
Kinetic plots, (B) DP, and (C) M,,/M, vs. conversion; (D-F) Catalytic radical termination (CRT)
(kacrr = 1.6 x10° M s, kicrr = 3 x10° M s7): (A) Kinetic plots (B), DP, and (C) My/M, vs.
conversion; conditions: [BA]:[AIBN]:[Cu/TPMA*] = [160]:[0.2]:[0.016-0.2], [BA] = 5.6 M, T

=60 °C. Points refer to experimental data, lines refer to kinetic simulations.

Consequences for ATRP: Under the same conditions (temperature, [AIBN], [Cu]), the
polymerization is much faster in the presence of RBr (ICAR ATRP). With 100 ppm
CuIBF4/TPMA*, the apparent rate constant is Kapp,100ppm = 0.048 h! and in the presence of 100
ppm Cu"CL/TPMA* (and 0.037 M of alkyl bromide) the apparent rate constant is Kapp,100ppm =
0.36 h'. Therefore, the contribution of interactions of radicals with Cu'/TPMA* (retardation) to
the overall ICAR ATRP rate is not very significant. Consequently, one can conclude that the
control observed under ATRP conditions can be assigned to the ATRP equilibrium. ICAR ATRP
of BA with 100 ppm catalyst loading showed excellent agreement between M, ¢y, and My iheo,

providing polymers with low values M,/M,=1.15, whereas the polymerization in the presence of
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Cu'BF4/TPMA* in the absence of an ATRP initiator showed uncontrolled characteristics,
generating polymers with My/M, = 1.88 after 4 h. Indeed PREDICI" simulations show that under
ATRP conditions the polymerization of BA with AIBN at 60 °C is much better controlled in the
presence of RBr (SI, Fig. S11). The modelled system agrees well with the results of reactions
performed earlier for butyl acrylate. These simulations showed that in the presence of alkyl
halides the rate of polymerization closely matched that of the RP process, regardless of whether
the system was initiated in the presence of Cu' or Cu". In both cases control over the molecular
weight was very good. Furthermore, inclusion of either OMRP followed by termination of the
organometallic species, or CRT of the Cu" hydride, into this ATRP scheme resulted in minimal
impact in terms of the polymerization rate or controllability. In contrast, in the absence of RBr,
only the OMRP or CRT pathways are possible and the rate of polymerization is decreased, as
well as the control over the polymerization. This difference is due to the fact that the ATRP
equilibrium shifts nearly all Cu' species to X-Cu'", effectively removing the majority of the Cu'
complex that can terminate propagating chains, from the reaction medium. However, due to the
high activity of the TPMA* based catalyst complexes, the minute amounts of Cu', are still very
active in ATRP, and the low mole fractions are sufficient for the continuous reactivation of

dormant species.

Comparison with previously observed interactions with Cu/dTbpy and Cu/dNbpy: The
AIBN-initiated polymerization of MA in the presence of Cu'OTf/dTbpy reduced the
polymerization rates.”> While the polymerization conditions used in the present work were
similar to those of the previous report (for a detailed comparison, see SI Table S4), there was a
much larger decrease in the polymerization rate for a polymerization of BA (Kp, ¢0.c = 33700

Lmol's™")* conducted in the presence of Cu'BFy/TPMA* (8.5% conversion after 3 h ) than for

15
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the polymerization of MA (K, 60cc = 33100 Lmol's™)* in the presence of Cu'OTf/dTbpy (~35%
conversion after 3 h), although solvent effects can also have some contributions."’ ¢ There were
also significant differences in the resulting M, and M,,/M, values. While the M, values for the
PMA polymers formed in the presence of the Cu'OTf/dTbpy complex were ~ 2 x 10°, the PBA
polymers obtained in the presence of Cu'BFy/TPMA* had M, values ~ 3 x 10*. These results
suggest that the substantially more reducing and more active Cu'BEy/TPMA* ATRP catalyst

interacts with the growing acrylate radicals stronger than the less active Cu'OTf/dTbpy complex.

Conclusions: Interactions between radicals and highly active ATRP complexes
(Cu'BE4/TPMA*) were observed in the polymerization of acrylates. These interactions led to
significantly slower polymerizations, lower molecular weights and narrower molecular weight
distributions. This suggests that OMRP trapping processes contribute to retarding the
polymerization and preventing the initial formation of polymers with very high molecular
weights. Furthermore, the experiments described here also demonstrate the existence of
additional termination processes, in the presence of the Cu'BF//TPMA* complex, that ultimately
quench the free radicals generated by excess AIBN. These reactions may include radical addition
to the OMRP dormant species R-Cu'"/TPMA*, to generate R-R coupling products, and/or
addition to the H-Cu"/TPMA* hydride intermediate of a CRT process to generate R-H, as shown
in Scheme 3. PREDICI simulations confirmed the possibility of R-Cu'/TPMA* or H-
Cu'/TPMA* formation, followed by a termination reaction with another radical to give
Cu'/TPMA* and the recombination product. Further investigations are planned to elucidate this
mechanistic question. Nevertheless, in the presence of ATRP initiators, the ATRP equilibrium is
primarily responsible for exercising control over the polymerization procedure and dominates
over the OMRP processes.

16
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