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Visualization of the crucial step in SET-LRP

Martin E. Levere, Nga H. Nguyen, Xuefei Leng and Virgil Percec®

The crucial step in SET-LRP is the disproportionation of the CuX generated by activation with Cu(0) wire or
powder, into nascent, extremely reactive Cu(0) nanoparticles, and CuX,. Nascent Cu(0) activates the
initiator and dormant chains via a heterogeneous single-electron transfer (SET) mechanism. Here we
report model reactions visualizing the disproportionation of CuBr and activation by nascent Cu(0) in
protic, dipolar aprotic, and nonpolar solvents, and in protic, polar and nonpolar monomers. The nascent
Cu(0) nanoparticles and the green/blue color of the solution of CuBry/N-ligand were visible,
demonstrating that disproportionation occurs under all SET-LRP and many ATRP conditions.
Unexpectedly, nascent Cu(0) nanoparticles and insoluble CuBr, were also formed via a surface
disproportionation of CuBr/Meg-TREN in a range of nonpolar solvents and monomers. The effect of
solvent polarity on the rate of SET activation was visualized by adding methyl 2-bromopropionate (MBP)
initiator to the disproportionation mixture and monitoring the disappearance of the nascent Cu(0)
nanoparticles. The consumption of nascent Cu(0) was extremely rapid in DMSO, fast in MeCN, and
slower in toluene. This trend confirms the expected dependence of SET activation on solvent polarity.
The enhanced stabilization of Cu(0) nanoparticles in DMSO compared to MeOH was visualized, and
used to explain the synergistic solvent effect in DMSO-MeOH and other solvent-monomer mixtures.
Visualization of the disproportionation and activation also explains the rate acceleration in CuX-
catalyzed ATRP in polar media in which the active catalyst is most likely the extremely reactive nascent
Cu(0) generated by disproportionation, and therefore, rapidly discriminates between SET-LRP and ATRP.

Introduction

Single-electron transfer living radical polymerization (SET-LRP)
has its roots in earlier efforts to develop a metal-catalyzed living
radical polymerization (LRP) of vinyl chloride (VC).* At that
time, it was reported that even the most active CuX complexes
failed to polymerize VC under atom transfer radical polymeri-
zation (ATRP) because of the inert -CHCIX end group of poly-
(vinyl chloride) (PVC) that cannot be reactivated.? In addition, in
free radical polymerization of VC, chain transfer to polymer is a
more dominant process than bimolecular termination. This
prevents the establishment of the persistent radical effect
(PRE)® in which a small extent of radical dimerization accu-
mulates CuX, deactivator and shifts the equilibrium between
the active and dormant species toward the dormant species.
However, it was discovered that Cu(0)-2,2’-bipyridine (bpy)
showed remarkable activity for reinitiation of ~-CHCIX chain-
ends of PVC compared to CuX species." By exploiting the
disproportionation of CuX into Cu(0) and CuX, in polar media
these studies further evolved into single-electron transfer
degenerative transfer living radical polymerization (SET-
DTLRP).* In SET-DTLRP, both activation and deactivation are
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provided by a competition between the SET from Cu(0) and
degenerative chain transfer mechanisms, and by CuX,/L
generated by the disproportionation of CuX without the need
for PRE.* Under suitable conditions such as the use of a polar
solvent, DMSO, when activation and deactivation are faster than
the degenerative chain-transfer, the DT part of SET-DTLRP is
eliminated, and the newly elaborated LRP becomes SET-LRP.”
Since its discovery, SET-LRP has proven to be a robust and
versatile method for the ultrafast synthesis of vinyl polymers
using incredibly low catalyst loadings under mild reaction
conditions.® SET-LRP exhibits quantitative initiator efficiency,
and as such facilitates the synthesis of ultrahigh molecular
weight poly(acrylates) in less than 12 h at room temperature.®
Subsequent reports have expanded this method for the
synthesis of well-defined polymers from a large diversity of
monomers including acrylates,*® acrylamides”® and methacry-
lates>® with different polarity profiles, and of perfectly func-
tional homopolymers, block copolymers and high-order
multiblock complete monomer
conversion.*

Scheme 1 shows the proposed mechanism of SET-LRP.*®
SET-LRP proceeds by a heterogeneous single-electron transfer
(SET) mechanism in which the electron-donor Cu(0) activates
the electro-acceptor alkyl halide initiator and dormant propa-
gating species to generate CuX and the propagating radical.**
Depending on the substrate and the nature of the leaving group,
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Scheme 1 Proposed mechanism of SET-LRP.##

the electron transfer and subsequent fragmentation of the
resulting radical-anion can be concerted or stepwise.** Thus the
crucial step in SET-LRP is the self-regulated disproportionation
of CuX that generates in situ both the extremely reactive nascent
Cu(0) activator and CuX,/L deactivator required for the revers-
ible termination step.*® This ligand-solvent-mediated dispro-
portionation of CuX eliminates the need for the undesirable
bimolecular termination to accumulate the excess of CuX,
deactivator, and therefore, the classic persistent radical effect
(PRE)® is no longer required."

The mechanism of SET-LRP can be considered a complex
system,"” since it responds to a series of “environmental
conditions” that include solvent polarity,* nature of ligand and
its concentration,™ the extent of disproportionation by the
solvent-ligand combination,* its ability to stabilize Cu(0)
colloidal particles and self-control the reactivity of nascent
Cu(0).*” In this article, model disproportionation experiments
of CuBr were performed in a series of organic solvents and
monomers with different polarity profiles and characterized by
direct visualization that was complemented by UV-vis spec-
troscopy. These visual observations will be used to support
previous results reported from our and other laboratories, such
as the loss of chain-end functionality and limited conversion in
Cu(0)-mediated polymerizations in nonpolar solvents, and
challenges in polymerizing certain classes of monomers due to
the limited solubility of the CuX, deactivating species. The
Cu(0)-mediated activation of an alkyl halide initiator was also
visualized to provide further mechanistic insights into the
cooperative and synergistic solvent effects and solvent polarity
on the activation step of SET-LRP.

Results and discussion
Selection of the reaction conditions and methods

The disproportionation of CuBr/N-ligand and activation with
the resulting Cu(0) nanoparticles by addition of methyl 2-bro-
mopropionate (MBP) initiator were performed in sealable
airtight quartz UV-vis cuvettes with screw cap fitting. To ensure
visualization, a higher concentration of CuBr than usually
employed in SET-LRP was used (16.5 mM) in 1.8 mL of deoxy-
genated solvent. Upon addition of the deoxygenated solvent-

1636 | Polym. Chem., 2013, 4, 1635-1647

View Article Online

ligand mixture into the UV-vis cuvettes containing CuBr in an
inert atmosphere in the glovebox, the reactions were monitored
for a period that was greater than the timescale of the poly-
merization reaction, and pictures were taken at different times.
A [CuBr]/[N-ligand] molar ratio of 1/1 (1 equivalent of Mes-
TREN) was chosen for all disproportionation reactions except
for those in DMSO, in which a [CuBr]/[N-ligand] molar ratio of
1/0.5 (0.5 equivalent of Mes-TREN) has previously been reported
to provide the maximum extent of disproportionation. In all
cases, 1 to 2 min vortex mixing was applied immediately after
mixing of reagents in the UV-vis cuvette cells. The dispropor-
tionation of CuBr/N-ligand was demonstrated by the observa-
tion of the insoluble Cu(0) nanoparticles, and by the color
change from colorless to green/blue depending on solvent and
ligand combination. The disproportionation was also moni-
tored by the UV-vis absorbance corresponding to the in situ
generated CuBr,/N-ligand complex. Activation of MBP by the
nascent Cu(0) nanoparticles generated from the disproportion-
ation was visualized by monitoring the disappearance of the
nascent Cu(0) nanoparticles.

Disproportionation of CuBr/N-ligands in dipolar aprotic
solvents

The disproportionation of CuX in H,O has been known for over
100 years,® to proceed with an equilibrium constant of 0.89 x
10° to 5.8 x 107 even in the absence of a ligand that preferen-
tially stabilizes CuX,. In organic solvents, the presence of CuX,-
stabilizing N-ligands such as tris[2-(dimethylamino)ethylJamine
(Mes-TREN) or tris(2-aminoethyl)amine (TREN)** enhances the
disproportionation of CuX up to four orders of magnitude
compared to the results in the absence of a ligand in the same
solvent.” Fig. 1 shows the disproportionation of CuBr in DMSO
at different ligand concentrations: [CuBr]/[Mes-TREN] = 1/0.5
and 1/1. In both cases disproportionation of CuBr/Meg-TREN in
DMSO occurred immediately upon mixing. This was indicated
by the formation of Cu(0) nanoparticles and a faint green color
corresponding to CuBr,/Mes-TREN complex in DMSO. It was
observed that DMSO stabilizes colloidal Cu(0) particles, result-
ing in a red suspension shown in Fig. 1. Comparing Fig. 1a and

DMSO, [CuBr] = 16.5 mM, 3h
(a) [CuBr}/[Me, -TREN] = 1/0.5 (b) [CuBr}/[Me,-TREN] = 1/1

Fig. 1 Visual observation of the disproportionation of CuBr in DMSO with 0.5
equivalent (a); and 1 equivalent (b) of Meg-TREN after 3 h at 25 °C. Conditions:
DMSO = 1.8 mL; (a) [CuBr]/[Meg-TREN] = 1/0.5 and (b) [CuBr]/[Meg-TREN] = 1/1.

This journal is © The Royal Society of Chemistry 2013
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b, it can be visually observed that the amount of Cu(0) generated
at 0.5 equivalent of Mes-TREN is higher than that obtained at
1 equivalent of Mes-TREN. This can be translated to a higher
Kgis at 0.5 equivalent of Meg-TREN with respect to CuBr
concentration in DMSO. This result is in agreement with a
previous UV-vis study that showed that the maximum extent of
disproportionation occurred at this CuBr/ligand molar ratio in
DMSO.*

A survey of different combinations of solvents and ligands
showed that other dipolar aprotic solvents such as propylene
carbonate, DMF, ionic liquids, and ligands (TREN and Megs-
TREN) also promote the disproportionation of CuBr to Cu(0)
and CuBr, (Fig. 2). On the other hand, in a polar solvent such as
MeCN, which is a good stabilizing ligand for CuX, dispropor-
tionation does not occur under these conditions since no
insoluble Cu(0) nanoparticles were observed. This result is in
agreement with previous UV-vis studies (Fig. 2).>*

Disproportionation of CuBr/N-ligands in protic solvents

The disproportionation of CuBr/Mes-TREN was also investi-
gated in a series of protic solvents including fluorinated alco-
hols at [CuBr]/[MesTREN] = 1/1 (Fig. 3). With the exception
of hexafluoroisopropanol, (CF;),CHOH, disproportionation of
CuBr/Mes-TREN can be visually observed in a wide range
of commerecially available alcohols, indicated by the formation
of Cu(0) nanoparticles and a green color corresponding to the

View Article Online
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solution of CuBr,. In t-butanol, Mes-TREN mediates the
disproportionation of CuBr. However, the presence of a green
precipitate corresponding to CuBr,/Mes-TREN indicates that
this complex is not soluble in #-butanol.

In all protic solvents such as MeOH, nascent Cu(0) formed by
disproportionation of CuBr/MesTREN agglomerates and
precipitates rapidly resulting in a clear solution with sedimen-
tation of Cu(0) nanoparticles at the bottom of the UV-vis cuvette
cells (Fig. 4b). This is in contrast to other dipolar aprotic
solvents such as DMSO, DMF or ionic liquids which stabilize
the formation of the suspension of the Cu(0) colloidal nano-
particles (Fig. 4a). Dynamic Light Scattering (DLS) and Trans-
mission Electron Microscopy (TEM) analyses of the
disproportionation mixture in DMSO confirmed the presence
of very small Cu(0) nanoparticles (7 nm over a distribution of
1200 particles),**"” while only agglomeration of larger Cu(0)
nanoparticles was observed in MeOH."

A combination of protic solvents such as MeOH or binary
mixtures of MeOH with H,O also promotes the disproportion-
ation of CuBr in the presence of other N-ligands such as bpy
(Fig. 5). Upon dissolution of CuBr-bpy in MeOH and MeOH +
50% H,O at 25 °C, insoluble Cu(0) nanoparticles were clearly
visible within 10 min (Fig. 5), and therefore visually demon-
strated for the first time that of CuBr-bpy complex dispropor-
tionates in MeOH and in binary mixtures of MeOH with H,O at
25 °C. A deep red color was also observed in previous reactions
where bpy has been used as a ligand.*®

(a) [CuBr]/[Me ;-TREN] = 1/1

Propylene Carbonate bmimPFg

(b) [CuBr]J/[TREN] =11
Propylene Carbonate

[CuBr] =16.5 mM

MeCN

[CuBr] =16.5 mM
DMSO

Fig. 2 Visual observation of Cu(0) nanoparticles and CuBr;, generated from the disproportionation of CuBr in polar aprotic solvents in the presence of Meg-TREN (a);
and TREN (b). Conditions: solvent = 1.8 mL; [CuBr]/[N-ligand] = 1/1. Pictures were taken 10 min after mixing the reagents.

This journal is © The Royal Society of Chemistry 2013
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[CuBr] = 16.5 mM

nPro|ano

n-Octanol

Isopropanol

CF;CH,0H

(CF3),CH(OH)

Fig. 3 Visual observation of Cu(0
solvent = 1.8 mL, [CuBr] = 16.5 mM, [CuBr]/[Meg-TREN] = 1/1. Pictures were taken 10 min after mixing the reagents.

) nanoparticles and CuBr, generated from the disproportionation of CuBr/Meg-TREN in a range of alcohols at 25 °C. Conditions:

Disproportionation of CuBr/Me,-TREN in nonpolar solvents

The disproportionation of CuX-Mes-TREN in polar solvents has
been extensively investigated using different techniques.>'®
However, the use of nonpolar solvents to mediate the dispro-
portionation process has not been explored. It was suggested
from the kinetic and simulation experiments that the amount of
H,0 available in commercial solvents is sufficient to induce the
disproportionation of CuX to Cu(0) and CuX,." To test this
hypothesis, the disproportionation of CuBr was performed in a
range of nonpolar solvents in the presence of Mes-TREN (Fig. 6).
Unexpectedly, all nonpolar solvents investigated dispropor-
tionate CuBr, as shown by the formation of Cu(0) nanoparticles
on the surface of CuBr. This discovery has extremely important
implications for the design and elaboration of conditions
required for the effective SET-LRP of nonpolar monomers.
Interestingly, disproportionation was even observed in
hydrocarbon solvents such as hexane, toluene (Fig. 6) and, as
shown later, in styrene (Fig. 7b). However, unlike the dispro-
portionation in polar solvents, the formation of Cu(0) nano-
particles was accompanied with a colorless reaction mixture
which suggests the absence of soluble CuBr,/Mes-TREN
complex in these solvents even after vortex mixing. This is
supported by UV-vis spectroscopy experiments before and after

1638 | Polym. Chem., 2013, 4, 1635-1647

vortex mixing, as shown later in Fig. 9b, which showed the
absence of the absorbance of CuBr,/Mes-TREN in hexane,
toluene and styrene (Fig. 9b). A surface-disproportionation
process takes place in these nonpolar solvents in which the
Cu(0) nanoparticles formed coat the CuBr surface, preventing
further disproportionation. The extent of surface dispropor-
tionation is limited by the solubility of CuBr and CuBr, in the
reaction mixture and/or the ability of the nonpolar solvent to
stabilize colloidal Cu(0) nanoparticles.

Disproportionation of CuBr/Mes-TREN in protic, dipolar
aprotic, polar and nonpolar monomers

Inspired by the positive results from the disproportionation of
CuBr/Mes-TREN in solvents with different polarity profiles, the
disproportionation of CuBr was performed in a diversity of
monomers, including acrylates, methacrylates, acrylamide and
styrene. Fig. 7a shows that Mes-TREN favors the dispropor-
tionation of CuBr in 2-hydroxyethyl acrylate (HEA), 2-hydroxy-
ethyl methacrylate (HEMA), oligo(ethylene oxide) methyl ether
acrylate (OEOMEA), oligo(ethylene oxide) methyl ether meth-
acrylate (OEOMA), and N,N-dimethyl acrylamide (DMA),
resulting in the sedimentation of Cu(0) nanoparticles on the
bottom of the cuvette and a green or blue color indicating the

This journal is © The Royal Society of Chemistry 2013
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ALomsa [CuBr]/[Me;-TREN] = 1/0.5

5 min 40min

[CuBr] = 16.5 mM
90 min Time

(b) MeOH
[CuBr]/[Me,-TREN]=1/1  [CuBr] =16.5 mM

5 min 40 min 90 min Time

.
\

Fig. 4 Visual observation comparing the stability of Cu(0) nanoparticles
generated from the disproportionation of CuBr/Meg-TREN in DMSO (a); and
MeOH (b) at 5, 40 and 90 min after mixing the reagents at 25 °C. Conditions:
solvent = 1.8 mL, [CuBr] = 16.5 mM, (a) [CuBr]/[Mee-TREN] = 1/0.5 and (b)
[CuBr]/[Meg-TREN] = 1/1.

[CuBr]/[Bpy] = 111
MeOH

[CuBr] =16.5 mM

Fig. 5 Visual observation of the disproportionation of CuBr-bpy in MeOH and
MeOH + 50% H>0 at 25 °C. Conditions: solvent = 1.8 mL, [CuBr] = 16.5 mM,
[CuBr]/[bpy] = 1/1. Pictures were taken 10 min after mixing the reagents.

formation of soluble CuBr,/Mes-TREN species. The latter was
supported by the UV-vis spectra (Fig. 9c). While the dispropor-
tionation of CuBr in these polar monomers is expected, it opens
up the possibility for bulk polymerization of those monomers
via SET-LRP.

Unexpectedly, the disproportionation of CuBr into Cu(0) and
CuBr, was observed even in the less polar acrylates and meth-
acrylates monomers. In the acrylate series, it was found that

This journal is © The Royal Society of Chemistry 2013
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methyl acrylate (MA) mediates the rapid disproportionation of
CuBr, generating Cu(0) nanoparticles that agglomerate at the
bottom of the UV-vis cuvette. The absorbance of CuBr,/Meg-
TREN generated by disproportionation in MA increases over
time (Fig. 8a). While ethyl acrylate (EA) promotes the dispro-
portionation process, CuBr, was not soluble in EA and is
observed as a green insoluble salt in the reaction mixture. The
extent of disproportionation was lowest in n-butyl acrylate (BA),
t-butyl acrylate (-BA) and 2-ethyl hexyl acrylate (2-EHA) due to
the limited solubility of CuBr,/Mes-TREN in these monomers
(Fig. 7b). The presence of Cu(0) nanoparticles with no UV-vis
absorbance of CuBr,/Mes-TREN in these mixtures suggests a
surface disproportionation process in BA, ¢-BA and 2-EHA. The
limited solubility of CuBr, in BA explains why this monomer is
more difficult to polymerize using Cu(0)-mediated SET-LRP
techniques. In addition, disproportionation of CuBr/Mes-TREN
was also observed in methyl methacrylate (MMA), and sup-
ported by UV-vis spectroscopy (Fig. 8b). The extent of dispro-
portionation in MMA increases substantially by the addition of
DMSO (Fig. 7b).

Support for visualizations in polar and nonpolar media by UV-
vis spectroscopy

In addition to visualization of the disproportionation process,
UV-vis spectra were recorded to confirm the formation of the
solution of CuBr,/N-ligand complex. The absorbance of CuBr,/
Mes-TREN complex can be seen at 957 nm and 742 nm from the
UV-vis spectra of the disproportionation mixtures in represen-
tative polar protic solvents (Fig. 9a), nonpolar solvents such as
anisole and THF (Fig. 9b), polar monomers (Fig. 9c) and
nonpolar monomers such as MA and MMA (Fig. 9d). It should
be noted that in alcohols the extent of disproportionation
decreases with increasing alkyl chain length and with
increasing steric hindrance of the alcohol, to a first approxi-
mation (Fig. 9a). By contrast, there is no absorbance corre-
sponding to CuBr,/Mes-TREN when nonpolar solvents such as
toluene and hexane (Fig. 9b) and when styrene are used as a
medium (Fig. 9d) despite the visualization of a surface dispro-
portionation. This confirms the insolubility of CuBr,/Mes-TREN
in these reaction media.

Activation of MBP by Cu(0) nanoparticles generated by
disproportionation of CuBr in polar solvents. Visualization of
the cooperative and synergistic solvent effects

A previous report from our laboratory demonstrated for the first
time the visualization of the SET activation mediated by Cu(0)
nanoparticles generated from the disproportionation of CuBr/
Mes-TREN in DMSO and MBP initiator.”® Upon addition of
MBP, the Cu(0) nanoparticles were completely consumed within
5 min, demonstrating the extremely reactive nature of the
nascent Cu(0) nanoparticles. This is in agreement with a
previous report demonstrating the unprecedentedly fast SET-
LRP of MA catalyzed by mimics of nascent Cu(0) powder
prepared by disproportionation.>*

To investigate the reactivity of the Cu(0) nanoparticles
formed by disproportionation, the activation of MBP was

Polym. Chem., 2013, 4, 1635-1647 | 1639
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[CuBr)/[Me,-TREN]=1/1  [CuBr] =16.5 mM
Dioxane Acetone

Anisole Hexane Toluene

Eth| Acetate

Fig.6 Visual observation of Cu(0) nanoparticles generated from the disproportionation of CuBr/Meg-TREN in nonpolar solvents at 25 °C. Conditions: solvent = 1.8 mL,
[CuBr] = 16.5 mM, [CuBr]/[Meg-TREN] = 1/1. Pictures were taken 15 min after mixing the reagents.

[CuBr)/[Me,-TREN] =11  [CuBr] = 16.5 mM

(a) HEA OEOMA

HEMA OEOMEA

t-BA 2-EHA

MMA/DMSO, 10 min MMA/DMSO, 3h S‘mne

Fig. 7 Visual observation of Cu(0) nanoparticles generated from the disproportionation of CuBr/Meg-TREN in a range of commercial polar monomers (a); and
nonpolar monomers (b) at 25 °C. Conditions: monomer = 1.8 mL, [CuBr] = 16.5 mM, [CuBr]/[Meg-TREN] = 1/1. Pictures were taken 15 min after mixing reagents,
except DMA, which was taken 2 h after mixing the reagents.
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[CuBr] = 16.5 mM
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Fig.8 UV-vis spectra of the disproportionation of CuBr/Meg-TREN in MA (a); and MMA (b) over time. Conditions: monomer = 1.8 mL, [CuBr] = 16.5 mM, [CuBr]/[Meg-

TREN] = 1/1.

performed in a series of organic solvents and solvent mixtures
with different polarity profiles. Fig. 10 shows the visual obser-
vation of the disproportionation mixture of CuBr/Mes-TREN in
DMSO, DMSO + 75% MeOH and MeOH before and after addi-
tion of MBP (Fig. 10a-c). Consistent to the previous report,
addition of MBP to the disproportionation mixture in DMSO
resulted in a rapid consumption of the Cu(0) nanoparticles
(Fig. 10a). Similarly, the Cu(0) nanoparticles generated from the

[CuBr)/[Me, -TREN] = 1/1

(a) Alcohols
o
3F)| | —EtOH
E’& —IPA
[ —— n-Propanol
25 E | —— n-Butanol

Absorbance
b=

ok =
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

(c) Polar Monomers

——DMA
—— OEOMA

——HEA
——HEMA

Absorbance
P

0 . AR
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

disproportionation of CuBr in DMSO + 75% MeOH were
consumed within 10 min of the addition of MBP (Fig. 10b). On
the other hand, the consumption of Cu(0) nanoparticles
generated in MeOH was noticeably slower, reaching completion
after 1.5 h (Fig. 10c). This result is in agreement with the
comparative rates of the polymerization of MA in these solvents,
in which addition of the more polar solvent, MeOH, in DMSO
resulted in an increase in kPP, from 0.072 min ™' in DMSO to

[CuBr] = 16.5 mM
(b) Nonpolar Solvents

3 |—THF

—Anisole
— Toluene
25 Hexane
8 =2
c
@ '
£ 15}
@ b
a o
<< 1R
05

A

L
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

(d) Nonpolar Monomers

Absorbance

0 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 9 UV-vis spectra of the disproportionation of CuBr/Meg-TREN in (a) protic solvents; (b) nonpolar solvents; (c) polar monomers; and (d) nonpolar monomers.
Conditions: solvent or monomer = 1.8 mL, [CuBr] = 16.5 mM, [CuBr]/[Meg-TREN] = 1/1.
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(a) DMSO, [CuBr] = 16.5 mM
[CuBr)/[Me,-TREN] = 1/0.5

[CuBr}/[Me,-TREN] = 1/1
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(b) DMSO + 75% MeOH, [CuBr] = 16.5mM (c) MeOH, [CuBr] = 16.5mM
[CuBr]/[Me,-TREN] = 1/1
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Fig. 10 Visual observation of Cu(0) nanoparticles and supporting UV-vis spectra of CuBr, generated from the disproportionation of CuBr/Meg-TREN in DMSO (a and
d); DMSO + 75% MeOH (b and e); and MeOH (c and f) before and 10 min after the addition of MBP at 25 °C. Conditions: solvent = 1.8 mL, [MBP]/[CuBr]/[Meg-TREN] =
10/1/0.5 (a and d); [MBP]/[CuBr]/[Meg-TREN] = 10/1/1 (b, ¢, e and f); [CuBr] = 16.5 mM (a—c); [CuBr] = 3.3 mM (d-f).

0.084 min ' in DMSO + 75% MeOH."* However, kPP is the
slowest in MeOH (0.034 min "), despite its higher polarity and
higher ability to disproportionate CuBr.***

The difference in reactivity of these Cu(0) nanoparticles
generated in the above solvents can be explained by the ability
of some of these solvents such as DMSO to stabilize Cu(0)
colloidal nanoparticles, and by decreasing the nucleation and
growth processes that is accessible in solvents that provide a
higher extent of disproportionation (MeOH, H,O) but no
stabilization of the Cu(0) nanoparticles. DMSO is a unique
solvent that is relatively polar, promotes extensive dispropor-
tionation of CuX, particularly at low ligand levels, and stabilizes
Cu(0) colloidal nanoparticles (Fig. 1 and 10a). Since SET acti-
vation is a surface-dependent event,'”**** the production of
extremely small Cu(0) nanoparticles results in extremely high
surface area that allows an accelerated activation of MBP initi-
ator, and therefore, the consumption of these Cu(0) nano-
particles before they nucleate and grow. In MeOH, Cu(0)
colloidal nanoparticles are not stabilized. As a consequence,
nucleation and growth of larger nanoparticles are favored in
MeOH. Ultimately, Cu(0) nanoparticles agglomerate and
precipitate in MeOH and H,O0, resulting in a lower Cu(0) surface
area that does not mediate a fast activation of MBP. As a result,
despite being a more polar solvent that disproportionates CuBr
to a higher extent than DMSO, the Cu(0)-mediated activation of
MBP proceeds at a slower rate in MeOH than in DMSO. The
binary mixture of DMSO with 75% MeOH combines both the
polar nature of the solvent mixture, the ability to stabilize Cu(0)
colloidal nanoparticles, and the higher ability of MeOH to
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disproportionate CuBr. The activation of MBP by Cu(0) colloidal
nanoparticles generated in DMSO containing 75% MeOH, is
therefore, faster than in pure MeOH or pure DMSO. In short,
visualization of the comparative stability of Cu(0) colloidal nano-
particles generated by disproportionation in different solvents
demonstrates the synergistic solvent effects, in which the kinetics of
SET-LRP is determined by the solvent polarity, as well as the ability
of the solvent to disproportionate and to stabilize Cu(0) colloidal
nanoparticles and control their size.

The disproportionation of CuBr/Me-TREN in DMSO, DMSO
+ 75% MeOH and in MeOH in the presence and absence of an
activation process was also monitored by UV-vis spectroscopy
(Fig. 10d—f). In this set of experiments, [CuBr] = 3.3 mM was
used to prevent saturation of the detector. In all cases, after
addition of MBP the concentration of CuBr, immediately
increased due to activation. The reaction mixtures were moni-
tored by UV-vis over the course of several hours. However, no
reduction of the absorbance of CuBr,/Me,-TREN was observed
(Fig. 10df). This result excludes the possibility of CuBr formed
from the reduction of CuBr, by Cu(0) in the presence of the
activation of MBP."

Activation of MBP by Cu(0) nanoparticles generated by
disproportionation of CuBr in nonpolar solvents.
Visualization of the solvent effect on the rate of activation by
SET

The results reported in this manuscript have shown the
unexpected surface disproportionation in nonpolar solvents to

This journal is © The Royal Society of Chemistry 2013
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generate insoluble Cu(0) nanoparticles, and the disappearance
of Cu(0) nanoparticles after addition of MBP provides a visual
and qualitative measure of the rate of activation of MBP.
Therefore, the disproportionation of CuBr/Mes-TREN was per-
formed in the absence and presence of an activation process
with MBP in nonpolar solvents to investigate the effect of the
solvent polarity on the rate of SET activation and to gain further
mechanistic insight into the reaction process.

In this series of experiments, CuBr was allowed to dispro-
portionate in the nonpolar solvents, toluene and hexane
(Fig. 11). After 30 min, MBP (10 equivalent with respect to CuBr
concentration) was added to the disproportionation mixtures,
and the reactions were monitored over a period of 40 min. The
formation of bright green insoluble CuBr, indicates the reac-
tion between MBP and the Cu(0) occurred. The limited solu-
bility of CuBr,/N-ligand in toluene and hexane has been
reported previously.'*#** However, a significant proportion of
insoluble Cu(0) nanoparticles remained in the UV-vis cuvette
even after 40 min following the addition of MBP. This is in
contrast with the complete consumption of Cu(0) colloidal
nanoparticles generated from the disproportionation process in
DMSO upon addition of MBP (Fig. 10a). This result is in
agreement with the noticeably slower rate of polymerization of
MA in toluene than in DMSO,* and demonstrates visually the
dependence of the SET process on the nature of solvents.

To further confirm the enhanced rate of SET activation in
polar solvents, DMSO was added to the disproportionation
mixtures in toluene and hexane 40 min after addition of MBP.
After the addition of DMSO, Cu(0) was consumed by activation
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within 5 min (Fig. 11). A similar trend was observed when MeCN
was used as the second solvent (Fig. 12). The consumption of
Cu(0) nanoparticles formed from disproportionation in toluene
by addition of MeCN was slower than when DMSO was added,
reaching completion after 17 min. These visualization experi-
ments confirm the enhanced SET in polar solvents such as
DMSO and MeCN, attributable to the stabilization of the polar
charge transfer complex between the electron-donor Cu(0) and
the electron-acceptor alkyl halide.> Solvents that stabilize the
polar transition state should also enhance the rate of
activation.*”?®

Perspectives of the visualization of the disproportionation
process and of the Cu(0)-mediated activation by SET

Understanding the factors that affect the disproportionation of
CuX into Cu(0) and CuX, is critical to the elaboration of SET-
LRP methodologies. Here, the visualization experiments
demonstrate that N-ligands such as Mes-TREN, TREN and bpy
mediate the disproportionation of CuBr in a wide range of
commercial solvents and monomers with different polarity
profiles. Disproportionation of CuBr in polar monomers
including HEA, HEMA, OEOMEA, OEOMA and DMA, and in
alcohols and binary mixtures of alcohols and water mediated
by Mes-TREN and bpy suggests that the active catalyst in the
CuX-catalyzed ATRP of these monomers®**” is more likely the
extremely reactive nascent Cu(0) nanoparticles generated in situ
by disproportionation. Likewise, many other ATRP conditions
involving CuX-bpy in ionic liquid,® alcohols, including

(a) Toluene

(b) Hexane

[CuBr]/[Me,-TREN] = 1/1

MBP (10 eq) DMSO
—_— -
l ) . :

MBP (10 eq), DMSO
EEErre— -
40 min 5 min

Fig. 11 Visual observation of Cu(0) nanoparticles and CuBr;, generated from the disproportionation of CuBr in toluene (a

[CuBr] = 16.5 mM

); and hexane (b) before and after reaction

the with MBP at 25 °C. MBP was added to the disproportionation mixtures after 40 min, followed by addition of 1.8 mL of DMSO. Conditions: solvent = 1.8 mL, [CuBr] =

16.5 mM, [MBP]/[CuBr]/[Mes-TREN] = 10/1/1.
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Toluene, [CuBr]/[Me,-TREN] = 1/1, [CuBr] = 16.5 mM

MBP (10 pq MeCN
40 min | 2 min

Fig. 12 Visual observations of Cu(0

CF;CH,OH,*** and their binary mixtures with water,** and
CuX-Meg-TREN in alcohols,*! ionic liquids,** DMSO,* DMF and
its binary mixtures with water’?* promote the disproportion-
ation of CuX to generate the nascent Cu(0) activator and the
CuX, deactivator, and therefore, proceed via a SET-LRP
mechanism.

The unexpected discovery of the disproportionation of CuBr/
Mes-TREN in less polar solvents and monomers such as
dioxane, anisole, ethyl acetate, acrylates and methacrylates will
facilitate the design of experimental conditions for effective
SET-LRP of the less polar monomers in solution and even in
bulk. One important observation from this series of visualiza-
tion experiments is that the solubility of CuX,/N-ligand should
be taken into consideration when designing SET-LRP reaction
conditions. While disproportionation occurs in nonpolar
solvents or monomers such as hexane, toluene, dioxane and
styrene, the solubility of CuBr,/Mes-TREN complex in these
solvents is limited or negligible, leading to a “surface dispro-
portionation” event. In the context of Cu(0)-mediated poly-
limited solubility of CuX,/N-ligand or the
heterogeneity of the deactivation step would result in inefficient
reversible termination of the propagating radicals, leading to
increased bimolecular termination. This would explain the
progressive loss of chain-end functionality when the Cu(0)-
mediated polymerization of MA was performed in the nonpolar
solvent toluene,'**** and the limited conversion in the CuX-
Me,-TREN catalyzed ATRP in nonpolar solvents. It is anticipated
that improving the solubility of CuX,/N-ligand in nonpolar media
would increase the efficiency of the reversible deactivation, allowing
for retention of polymer chain-end functionality in SET-LRP of
nonpolar monomers.

The disproportionation of CuBr/Mes-TREN to Cu(0) and
CuBr, and the dependence of SET-mediated activation process
on the solvent polarity visually demonstrated in the above series
of experiments helps to explain the rate acceleration observed
when the CuX-catalyzed ATRP reactions were performed in
protic solvents such as H,0,?3%&3143435 g]cohols,*® and dipolar
aprotic solvents including DMSO,* DMF*” and ionic liquid.**?**
In polar media, disproportionation of CuX generates in situ
highly reactive nascent Cu(0) nanoparticles that undergo rapid
activation via SET of the alkyl halide initiator or dormant
polymer chains, and therefore, are responsible for the observed
rate acceleration.

Visualization of the disproportionation of CuX/N-ligand
provides an efficient method to evaluate combinations of

merization,
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) nanoparticles and CuBr;, generated from the disproportionation of CuBr/Meg-TREN in toluene before and after the activation
with MBP at 25 °C. MBP was added to the disproportionation mixtures after 40 min, followed by addition of 1.8 mL of MeCN. Conditions: toluene = 1.8 mL, [CuBr] =
16.5 mM, [MBP]/[CuBr]/[Mes-TREN] = 10/1/1.

ligands and solvents that promote the disproportionation of
CuX, and therefore, mediate effective SET-LRP of monomers
with different polarity profiles. This model reaction, in combi-
nation with the visualization of the SET activation of alkyl
halide initiator by nascent Cu(0) nanoparticles enable rapid
discrimination between SET-LRP, in which both the catalytically
active Cu(0) activator and CuX, deactivator are generated in situ
by disproportionation, and ATRP in which no disproportion-
ation of CuX occurs.

Conclusions

This article demonstrates that CuX,-stabilizing N-ligands such
as Me,-TREN, TREN and bpy can disproportionate CuBr in a
wide diversity of polar solvents and monomers. Unexpectedly,
insoluble Cu(0) nanoparticles were generated also in nonpolar
solvents and nonpolar monomers as visually observed. The
Cu(0) nanoparticles generated from the disproportionation in
DMSO are more stable than those generated in MeOH, and this
result has been used to explain why SET-LRP performed in
DMSO solvent exhibits a faster SET-LRP rate than in MeOH
despite the latter being more polar and producing a larger
extent of disproportionation. This combination of effects also
explains the synergistic mixed solvent effect in these combina-
tions of solvents. When disproportionation is performed in
polar solvents and polar monomers a solution disproportion-
ation occurs, with soluble CuBr, formed. When nonpolar
solvents and nonpolar monomers are used, a surface dispro-
portionation occurs and green insoluble CuBr, is observed on
the base of the UV-vis cuvette. Since nascent Cu(0) nanoparticles
are highly reactive, and since CuBr, is responsible for deacti-
vation in SET-LRP, these results have been used to explain the
rate acceleration previously observed during ATRP reactions
performed in polar solvents, and the loss of functionality
presently observed during SET-LRP and ATRP reactions per-
formed in nonpolar solvents.

The comparative rate of activation in DMSO, MeCN and
toluene has been demonstrated qualitatively by visualizing the
loss of insoluble particles after the addition of MBP to the Cu(0)
generated by disproportionation. It was shown that nascent
Cu(0) nanoparticles are the activating species, and that there is
no reduction of CuBr, by Cu(0) during the activation to form
CuX on the timescale of a polymerization reaction. Finally, it
was shown that polar solvents catalyze the reaction between
nascent Cu(0) and MBP, indicating a polar transition state for
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the activation process in this reaction. The visualization meth-
odology elaborated here will have significant implications for
the rapid discrimination between SET-LRP and ATRP and for
the elaboration of SET-LRP conditions demanded by the
synthesis of well-defined polymers with complex architecture.

Experimental
Reagents

All solvents were used as received except DMSO, which was
distilled over CaH, before use and stored in a glovebox. All
monomers were purified by passing through a short column of
basic alumina to remove inhibitor before use. Methyl 2-bro-
mopropionate (MBP) (Acros, 99%), tris(2-aminoethyl)amine
(TREN) (Acros, 96%), 2,2-bipyridine (bpy) (Aldrich, 99%) were
used as received. CuBr was prepared by the reduction of CuBr,
according to a literature procedure' and stored in the glovebox
before use. Tris[2-(dimethylamino)ethylJamine (Mes-TREN) was
synthesized and purified according to a literature procedure.*®
1-Butyl-3-methylimidazolium hexafluorophosphate (bmimPFy)
was synthesized according to a literature procedure.*®

DMSO, methyl methacrylate (MMA), methanol (MeOH),
ethylene glycol, N,N-dimethylformamide (DMF), acetonitrile
(MeCN), tetrahydrofuran (THF), acetone, hexane and toluene
were purchased from Fisher and were used as received.
n-Propanol, isopropanol, n-butanol (n-BuOH), ¢-butanol
(+-BuOH), n-octanol, diethylene glycol, propylene carbonate
(PC), methyl acrylate (MA), ethyl acrylate (EA), butyl acrylate
(BA), t-butyl acrylate (#BA), 2-hydroxyethyl methacrylate
(HEMA), oligo(ethylene oxide) methyl ether acrylate (OEOMEA),
oligo(ethylene oxide) methyl ether methacrylate (OEOMA) and
N,N-dimethyl acrylamide (DMA) were purchased from Sigma-
Aldrich and were used as received. Ethanol (EtOH, 95%), benzyl
alcohol (BnOH), 2,2,2-trifluoroethanol (CF;CH,OH), hexa-
fluoroisopropanol ((CF;),CHOH), methyl ethyl ketone (MEK),
2-hydroxyethyl acrylate (HEA) and 2-ethyl hexyl acrylate (2-EHA)
were purchased from Acros and were used as received. Styrene
was purchased from Lancaster and was used as received.

Instrumentation

Disproportionation experiments were performed in 3.5 mL
volume Starna UV-vis quartz cuvettes with airtight screw cap
fitting. The glovebox was an Innovative Technology Inc. model
operating under a nitrogen atmosphere, deoxygenated with a
copper catalyst and with moisture level ideally maintained
below 25 ppm. For best results the glovebox was purged
immediately before disproportionation experiments were per-
formed. Photographs were taken with a digital camera using a
white background. UV-vis spectra were recorded on a Shimadzu
1601 spectrometer with Shimadzu UV-Probe software.

Typical procedure for disproportionation in solvents and
monomers at [CuBr]/[Meg-TREN] = 1/1 mole ratio. Me,-TREN
and MBP were deoxygenated by bubbling with nitrogen for one
hour in a Schlenk tube and transferred into the glovebox. Two
microsyringes were kept in the glovebox to handle the ligand
and MBP initiator. CuBr (4.3 mg, 0.03 mmol) was measured into
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a UV cuvette and carefully transferred into the glovebox. Sepa-
rately, the disproportionation medium (solvent or monomer)
was deoxygenated either by bubbling with nitrogen for one
hour, by six cycles of freeze-pump-thaw from a dry ice/acetone
bath or liquid nitrogen, and transferred into the glovebox.
Inside the glovebox, 1.8 mL of solvent was delivered into the
cuvette containing CuBr using a disposable 3 mL plastic
syringe, followed by the addition of 8 uL of Mes-TREN (6.8 mg,
0.03 mmol) to achieve [CuBr] = [Meg-TREN] = 16.5 mM. The
cuvette was shaken and removed from the glovebox, and the
reagents were mixed by 1-2 min vortex. Photographs were taken
at different times throughout the reactions. As an alternative
procedure, the disproportionation medium and the ligand
could be prepared as a stock solution and degassed together
outside the glovebox before addition to the CuBr in the cuvette.
For activation of Cu(0) nanoparticles, the cuvette was returned
to the glovebox and MBP (50.2 mg, 35 uL, 0.3 mmol) was added
by a microsyringe.

Disproportionation of CuBr/Mes-TREN in water. This
experiment was performed outside of the glovebox due to
concern with introduction of moisture in the dry glovebox.
Therefore, two Schlenk tubes were connected. Deionized water
was purged with nitrogen in a Schlenk tube for one hour, and
then Me,-TREN was added to the water. After five further
minutes purging, a second Schlenk tube containing CuBr was
attached while a nitrogen atmosphere was maintained. Water
was decanted by rapid tilting onto the connected Schlenk tube
containing CuBr to start the disproportionation.

Effect of oxygen on reproducibility. The disproportionation
reactions are particularly sensitive to oxygen. In the presence of
traces of oxygen, the disproportionation mixture turned green/
blue corresponding to the formation of CuBr,/N-ligand complex
in solution, but the Cu(0) colloidal particles were not generated.
This indicates the oxidation of soluble CuBr/N-ligand in the
presence of oxygen. Therefore, thorough deoxygenation of
reagents and a well-maintained glovebox are important factors
when performing the disproportionation reactions. The
disproportionation of CuBr/Mes-TREN in MeCN, in which no
Cu(0) was observed, was repeated four times before being
considered valid.
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