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ABSTRACT

Thermal activation of the [(Salen*)Co™(OAc)] (Salen* = (R,R)-N, N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine)
complex (1) allows to initiate the radical polymerization of methyl methacrylate (MMA) and methyl acrylate (MA) via Co'—O
bond homolysis. Catalytic chain-transfer has been identified as the dominant mechanism in the case of MMA, leading
predominantly to a-H and w-unsaturated polymeric chains, as deduced from MALDI-ToF mass spectrometry (MS). In contrast,
the organometallic-mediated radical polymerization (OMRP) of MA is well-controlled, and the pseudo-livingness of the process
could be highlighted by a linear increase of poly(methyl acrylate) (PMA) molar mass with the conversion, low dispersities, and the

successful chain-extension of a Co™!

-capped PMA macroinitiator with n-butyl acrylate (BA), leading to a well-defined poly(methyl

acrylate)-block-poly(n-butyl acrylate) (PMA-b-PBA) block copolymer. MALDI-ToF MS and multinuclear NMR analyses allowed
to identify two competing initiation processes for the OMRP of MA.

1 | Introduction

Reversible-deactivation radical polymerization (RDRP) has
become a major tool for the preparation of well-defined
polymeric materials of diverse architectures [1, 2]. Radical
polymerization can be performed in solution, bulk monomer,
dispersed media [3], or on a solid surface [4, 5]. The high
tolerance of radical polymerization towards functional groups
and the chain-end(s) control allow the production of valuable
functional materials for applications in various fields, including
electronics, coatings, or biomedicine [6-8]. Reversible addition-

fragmentation chain-transfer (RAFT) polymerization and
atom-transfer radical polymerization (ATRP) are currently
dominating the field of RDRP. While the former makes use of
organic molecules, such as trithiocarbonates, xanthates, and
dithiocarbamates (general formula of the type [Z—C(=S)S—R?],
Z = SR [1], OR [1], NR!R?, respectively, R" = any organic group)
as chain-transfer agents to control the polymerization by the
degenerate transfer (DT) principle [9], the latter is based on
the ability of a redox-active transition metal (typically copper
or iron) complex ([L/Mt*], L = ligand, Mt = transition metal,
x = oxidation state) to reversibly abstract a halogen atom (Y)
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SCHEME 1 | OMRP-RT and OMRP-DT equilibria.

from a polymeric dormant chain (P,-Y) to create an active
radical/propagating chain (P,®) and the moderating complex
[L/Mt**1-Y] for control of the chain growth by the reversible
termination (RT) principle [10-12]. Organometallic-mediated
radical polymerization (OMRP) is another RDRP method that
takes advantage of the use of metal complexes to reversibly
deactivate the active chains [13, 14]. In the reversible termination
mode (OMRP-RT), the deactivation consists of the trapping of
the propagating/active radical species (P,®) by the complex in
its lower oxidation state ([L/Mt*], deactivator), leading to the
corresponding organometallic complex in its higher oxidation
state ([L/Mt**!-P,], dormant species), via a metal-carbon bond
formation and the activation occurs by the reverse process,
namely homolytic cleavage of the metal-carbon bond in the
dormant species to regenerate the propagating radical species
(P,®) and the deactivator ([L/Mt*]) (Scheme 1, top) [15, 16].
Using an excess radical initiator, OMRP can also work under
degenerative transfer mode (OMRP-DT) (Scheme 1, bottom).
Although OMRP may suffer, as any other RDRP techniques, from
limitations and side reactions [17, 18], it has achieved several
breakthroughs in the controlled polymerization of less-activated
monomers (LAMs), such as vinyl acetate (VAc) [19, 20], vinyl
amides [21, 22], vinylidene fluoride (VDF) [23] and so forth,
which remained challenging for other RDRP methods [24, 25].
Cobalt complexes are clearly dominating the area of OMRP [26-
28], albeit a few other transition metal complexes have also given
interesting results [29-33]. Among the various cobalt complexes
evaluated in OMRP, those supported by porphyrins and Schiff
bases are quite efficient for the controlled polymerization of more
activated monomers (MAMs) such as acrylates [34, 35], while
[Co(acac),] (acac = acetylacetonate) and other bis(5-diketonate)
analogs proved to be excellent moderators for the controlled
polymerization of LAMs [20, 23, 36, 37].

OMRP-RT initiation can be realized either in a reverse mode,
using an appropriate primary radical source, such as AIBN
(2,2'-azobis(2-methylpropionitrile)), and the [L/Mt*] deactivator
(Scheme 2a), or in a direct mode using an appropriate [L/Mt**!-
R,] unimolecular initiator (Scheme 2b, c). Both approaches
were successfully applied for the preparation of various well-
defined polymeric materials [20, 26, 38]. As a specific case of
reverse mode OMRP initiation, redox-initiated OMRP systems
combining peroxides with [Co(acac),], either alone or in the
presence of reducing agents such as ascorbic or citric acid, have

[L/IMEH—P, ]

dormant species

[LIME*'—P.] + P,

transfer agent active species

OMRP-RT

OMRP-DT

propagation @

been investigated. When used alone, peroxides such as benzoyl
peroxide or lauroyl peroxide can interfere with the OMRP process
through redox reactions with the cobalt complex, compromising
its role as a mediating species. However, combining the per-
oxide with a reductant enhances the polymerization rate while
preserving the control character of the cobalt-mediated radical
polymerization [39]. Nevertheless, direct initiation appears much
more attractive, because i) it does not require the use of thermally
sensitive azo- or peroxo-initiators and air-sensitive/easily oxi-
dized [L/Mt*] moderators and ii) it allows the introduction of the
corresponding “R,” group from the [L/Mt**'-R,] unimolecular
initiator at the chain end, which may be of interest for further
applications or modifications (Scheme 2b, c) [40]. However, most
of the [L/Mt**'-R,] initiators reported until now are thermally-
and/or air-sensitive compounds and the diversity of R, groups
remains limited (Scheme 2b). Therefore, the development of
bench-stable and efficient unimolecular initiators via a synthetic
approach that allows the introduction of various R, groups
remains of particular interest (Scheme 2c) [40]. Due to their large
diversity and availability, carboxylic acid derivatives appeared
to us as the building blocks of choice for the development
of such stable and “functional” unimolecular OMRP initiators,
provided that suitable conditions can be found to generate
carboxylate radicals and that these are able to initiate an OMRP
process. With this aim, we recently reported the synthesis of
the air-stable [Co™(acac),(0,CPh)] complex, by simple reaction
between [Co'(acac),] and commercially available benzoyl per-
oxide (2:1 ratio), and showed that it is able to readily initiate
the OMRP of VAc [41]. The carboxylate moiety appeared to
bring together the appropriate levels of stability and reactivity
for the desired application. However, this strategy still suffered
from the need to synthesize other peroxide reagents, (RCOO),
for R # Ph, to tailor the polymer a-chain-end. Therefore, we
considered the possibility to access other unimolecular cobalt(IIT)
carboxylate initiators of the type [L/Co™(O,CR,)], directly from
the corresponding (pro)ligand, cobalt precursor, and carboxylic
acid, and to study their ability to initiate and control an OMRP
process.

To our purpose, we turned our attention towards cobalt com-
plexes of Salen-type ligands (unsubstituted Salen = N, N’-
ethylenebis(salicylideneiminato), Figure 1, left) for the following
reasons. On one hand, a few studies mentioned the use of
cobalt complexes of Salen-type ligands as moderators and/or
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FIGURE 1 | Structures of the Salen ligand, cobalt(IT) complexes of Salen-type ligands, and the [(Salen*)Co'(OAc)] (1) complex.

(co)initiators in radical polymerization but none of them involved
a bench-stable initiator with a Co—O bond. Storr, Shaver, and
coworkers applied cobalt(IT) complexes of sterically and electron-
ically tuned Salen-type ligands (ortho- and para-substituents on
the phenol moieties, see Figure 1, middle) to the OMRP of styrene
(St), methyl methacrylate (MMA), and VAg, in the reversible ter-
mination mode (0.6 equiv. AIBN or V-70 vs. Co), and a controlled
polymerization of VAc could be achieved with the o-'Bu-p-OMe-
decorated Salen complex [42]. The group of Peng showed that the
cobalt(IT) complex [(Salen*)Co"] (Salen* = (R, R)-N, N*-bis(3,5-
di-tert-butylsalicylidene)-1,2-cyclohexanediamine, see Figure 1,
middle) readily mediates the controlled radical polymerization
of methyl acrylate (MA) and VAc, in the DT mode, using excess

AIBN (6.5 or 10 equiv. vs. Co) in benzene at 60°C [34]. More
recently, Wang, Poli and coworkers showed that [(Salen*)Co']
could be used as moderator to produce poly(vinyl acetate)-b-
polycarbonates via sequential ORMP-DT of VAc and ROcoP of
CO,/epoxides [43] and polyester-b-polyacrylates via sequential
ROcoP of anhydrides/epoxides and light-initiated OMRP of
acrylates [44]. These block copolymers were obtained through
original and unprecedented switches of the polymerization mech-
anisms. Finally, Peng, Fu and coworkers demonstrated that a
combination of the cobalt(III) complex [(Salen*)Co™(CO,Me)]
and the 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO)
photoinitiator (1:1 ratio) also allows a fast and controlled poly-
merization of acrylates, acrylamides and vinyl acetate through
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SCHEME 3 | Possible radical polymerization initiation paths by [(Salen*)Co(OAc)] (1), with (bottom) and without (top) decarboxylation.

light-initiated OMRP [45]. On the other hand, Jacobsen and
coworkers observed that a cobalt(II) complex of a Salen-type
ligand can be readily and cleanly oxidized in air, in the presence
of benzoic acid or acetic acid, to the corresponding Salen*-
cobalt(IIT) benzoate or acetate complexes [46-48]. Furthermore,
the [(Salen*)Co™(OAc)] complex (Figure 1, right) could also be
obtained in good yields (92%) by reaction between the free pro-
ligand, anhydrous [Co(OAc),] and excess glacial AcOH in the air
(presumably serving as an oxidant) [49]. It was then successfully
applied to a landmark hydrolytic kinetic resolution (HKR) of
terminal epoxides and has later found several other applications,
such as epoxides and epoxides/CO, (co)polymerization [50-52],
but has not been applied to radical polymerization, to the best
of our knowledge. The present work explores for the first time
the potential of [(Salen*)Co™(OQAc)] to act as an initiator for
the OMRP of various vinyl monomers, including conjugated and
non-conjugated ones.

2 | Results and Discussion

2.1 | Complex Stability/Reactivity and DFT
Calculations

The H,Salen* pro-ligand [53] and the corresponding cobalt(IIT)
acetate complex [(Salen*)Co™(OAc)] (1) [54] were prepared
according to published procedures (Scheme 3). The ability of com-
plex 1 to generate primary acetate radicals ("OAc) and therefore
act as an unimolecular initiator of radical polymerization, under
thermal activation, was then evaluated both computationally and
experimentally with various vinyl monomers (see below). The
initiation step would imply homolytic cleavage of the Co™—0Oa,
bond, furnishing both the [(Salen*)Co"] complex and a "OAc
radical, and the latter may; 1) add to a vinyl monomer and initiate
the polymerization or 2) undergo a decarboxylation reaction
(—C0,), leading to the "CH, radical, which would then add to the
monomer and initiate the polymerization (see Scheme 3 for these
two paths). This strategy has previously been seldom explored. In
1982, Kalpagam and coworkers reported that [(Salen)Co™(acac)]
thermally affords an acac’ radical, able to initiate the radical poly-
merization of methyl methacrylate, but the characteristics of the

AG (kcal/mol)

A

- AcO*
[(Salen*)Co"(OAc)] — [(Salen*)Co"]

FIGURE 2 | Gibbs energy profiles for the dissociation of the AcO’
radical from the [(Salen*)Co(OAc)| complex 1.

resulting polymer were as expected for a free-radical mechanism
[55]. More recently, we reported a series of acetato-cobalt(III)
[56] and acetylacetonato-cobalt(IIT) and iron(III) complexes [57]
supported by diamino-bisphenolate ligands, however, none of
them could thermally initiate a radical polymerization process.

The propensity of complex 1 to generate an AcO’ radical by
homolytic Co—O g,y bond cleavage was studied by DFT cal-
culations. As shown by the Gibbs energy profile depicted in
Figure 2, the release of the acetate radical follows a two-step
mechanism. First, the acetate switches from a bidentate chelating
to a monodentate coordination mode and second, Co—O o)
bond homolysis occurs. The overall Gibbs energy for the AcO’
dissociation is 36.3 kcal/mol under standard conditions (25°C),
of which 11.2 are needed for the initial rearrangement from x>
to x! and 25.1 for the homolytic cleavage from the 5-coordinate
intermediate complex. The feasibility of the Co—O,., bond
homolytic cleavage was further assessed by an NMR experiment
consisting in the thermal treatment (12 h at 70°C) of a CDCl,
solution of 1: the resonances of 1 broadened and new resonances
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FIGURE 3 | Gibbs energy profiles for the activation of unimer models of the organometallic dormant species formed during the radical

polymerization of (a) MMA, (b) MA, and (c) VAc.

attributable to paramagnetic [(Salen*)Co!] appeared (see Figure
S1). It should be noticed that, in the presence of Lewis bases
such as coordinating solvents or monomers, complex 1 readily
forms six-coordinated octahedral neutral adducts of the type
[(Salen*)Co(OAc)(L)] (L = Lewis base) [58], which consequently
induces the x* to x! coordination mode of the OAc ligand.
Indeed, Jacobsen and coworkers always reported L adducts of
such [(Salen*)Co(OAc)(L)] complexes (X = OAc, OBz, OTs...; L
= H,0, MeOH, PhCO,H) [47, 49]. Therefore, coordination of a
Lewis base may reduce the energetic barrier for the dissociation
of the initiating radical. This hypothesis seems supported by our
NMR investigations of solutions of complex 1 in the presence
of MA or VAc (1:1 complex/monomer ratio). Already at room
temperature, the formation of the cobalt(II) species was evident
and the spectra further evolved upon gentle warming from 40°C
to 70°C (see Figures S2 and S3).

Based on the hypothesis that the generated AcO" radical is
able to initiate the polymerization of MA, MMA and VAc, the
resulting PMA’, PMMA" and PVAc" growing chain may be
reversibly trapped by the [(Salen*)Co"] complex to yield the
[(Salen*)Co'™-PMA], [(Salen*)Co™-PMMA] and [(Salen*)Co'™-
PVAc] dormant chains, respectively. The trapping equilibria
were estimated using model complexes with the corresponding
unimers, namely [(Salen*)Co™-MA-H], [(Salen*)Co™-MMA-H]
and [(Salen*)Co™-VAc-H], respectively (see energy profiles in
Figure 3). The Gibbs energy gains are in a suitable range to
ensure reversible radical trapping. In light of these encouraging
results, the ability of complex 1 to initiate and moderate a radical
polymerization process was then evaluated.

2.2 | Attempts to Initiate the Radical
Polymerization of VAc

As stated in the Introduction, cobalt-based complexes are espe-
cially attractive for the controlled polymerization of LAMSs

under OMRP conditions. Therefore, we initially attempted to
use 1 to initiate the radical polymerization of VAc. Unfor-
tunately, heating a reaction mixture composed of complex 1
and VAc, in a 1:200 ratio, up to 90°C for 24 h did not lead
to the formation of any polymer (Table S1, entry 1). This
observation could be rationalized by either a lack of produc-
tion of primary radicals ("OAc or "Me) or the irreversible
trapping of the generated VAc oligomer. The first hypothesis
appears inconsistent with the above-discussed NMR evidence
of [(Salen*)Co"] formation from 1/VAc solutions in C,D, under
mild conditions (Figure 3). Thus, the latter hypothesis seems
more likely, since the calculated BDEs of the Co™-X bonds in
[(Salen*)Co™(x!-OAc)(L)] and [(Salen*)Co™(PVAc)] are respec-
tively AGE>A¢ = 251 kcal/mol and AG*VA® = 26.2 kcal/mol.
In principle, the [(Salen*)Co™(PVAc)] dormant species may be
stabilized even further by chelation of the acetate carbonyl group
in the Co-bonded VAc monomer, as shown in previous work for
the [(acac),Co™(PVAc)] dormant species [19, 59, 60]. However,
a DFT study of this chelation process on the unimer model
indicates that, contrary to the bis(acac) system, this process is
endoergic for the (Salen*) system, probably because of additional
strain imposed by the needed rearrangement of the Salen* ligand
from planar to butterfly (see Figure S4). Incidentally, chelation is
even less favored for the unimer models of the PMA and PMMA
dormant species, which contain more strained 4-membered rings.
The potential of complex 1 to initiate a radical polymerization
was therefore evaluated towards more activated monomers, i.e.,
methyl methacrylate (MMA) and methyl acrylate (MA), and the
results are discussed in the following sections.

2.3 | Methyl Methacrylate Polymerization

As shown in Figure 4, complex 1 readily initiated the polymer-
ization of MMA under bulk conditions ([Co]/[MMA] = 1/200)
at 60°C without any induction period, reaching nearly 70%
conversion after 6 h of reaction (Table S1, entries 2-4). The MMA
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FIGURE 4 | Time dependence of In([M],/[M]) for the bulk poly-
merization of MMA at 60°C initiated by complex 1 (initial ratio:
[1]/[MMA] = 1/200) (blue squares) and for the same reaction with
addition of excess TEMPO after 2 h (red diamonds). [M], and [M] are the
MMA concentrations at times 0 and ¢, respectively.
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FIGURE 5 | Dependence of PMMA molar masses (M,,, blue squares)
and dispersity indexes (P, blue crosses) on monomer conversion for the
bulk polymerization of MMA at 60°C initiated by complex 1 (initial ratio:
[1]/[MMA] = 1/200). The dotted black line represents the theoretical M,,
values.

polymerization rate is first-order in monomer, as assessed by
the linear dependence of In([M],/[M]) versus time. The radical
character of the polymerization reaction could be assessed by
a parallel experiment, in which the radical trap TEMPO was
added after 2 h. The MMA conversion stopped (Figure 4),
and the recovered polymer samples at longer reaction times
exhibited similar characteristics (M,, and P, Table SI, entries 5
8). Altogether, the aforementioned data highlight that complex
1 is an unimolecular initiator of radical polymerization via
homolytic cleavage of the Co™—Og,., bond. This is only the
second example of a bench-stable OMRP initiator, the first one
being [Co™(acac),(OC(O)Ph)], recently reported by us for the
OMRP of VAc 41,

The GPC analysis of the recovered PMMA samples revealed
significantly lower M,, ., than expected for a pseudo-living chain
growth (M, ), which decreases with the conversion, and nearly
constant and relatively narrow (1.44-1.59) dispersities (Figure 5,
Table S1, entries 2-4). These observations suggest the occurrence
of catalytic chain transfer (CCT) as an interfering/competing
process with OMRP [18, 61]. To support this hypothesis, further
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FIGURE 6 | Time dependence of In([M],/[M]) for the bulk poly-
merization of MA at 70°C initiated by complex 1 (initial ratio:
[1]/[MA] =1/200) (blue squares) and for the same reaction with addition
of excess TEMPO after 5 h (red diamonds). [M], and [M] are the MA
concentrations at times 0 and ¢, respectively.

analyses of the isolated PMMA samples by MALDI-ToF MS
were performed (Figures S5 and S6). The latter revealed the
presence of a major population of PMMA chains with H as a-
and an unsaturated MMA unit as w-chain ends, both resulting
from the CCT process (see Figures S7). Polymerization reactions
were performed both at 40°C and 70°C to study the influence
of temperature on the level of CCT (vs. OMRP). While the
temperature strongly affected the rate of polymerization, much
faster at 70°C (74% conv. in 4 h) and much slower at 40°C (66%
conv. in 48 h), than at 60°C, in both cases the discrepancy between
theoretical and experimental M, values agrees with extensive
CCT during the polymerization process (Table S1, entries 9-11).

While the most active cobalt-based CCT catalysts are supported
by tetradentate N, ligands, especially cobaloximes and porphyrin
derivatives, or by two bidentate N, ligands, some precedents with
Schiff base ligands were also reported, although their CCT activity
remained modest [62, 63]. It might be useful to underline that,
although CCT is an unwanted side reaction for our objectives, it
is useful for other applications [63].

2.4 | Methyl Acrylate Polymerization

The bulk polymerization of MA, using complex 1 as the initiator,
was initially attempted at 60°C. Contrary to MMA, which poly-
merized rapidly as shown in the previous section, no monomer
conversion was observed (Table S2, entry 1). Increasing the
polymerization temperature to 70°C, led to a rather slow, but
steady polymerization that reached 64% MA conversion after
25 h (Figure 6, Table S2, entry 2-7). The TEMPO quenching
experiment highlighted once again the radical nature of the
reaction because the conversion stopped after the addition of the
radical trap (Figure 6, Table S2, entry 8-10).

As shown in Figure 7, the M,, ., of the recovered PMA samples
increased nearly linearly as a function of the conversion, and their
dispersities remained relatively narrow (<1.31, Figure 7, Table S2,
entry 2-7). However, the experimental molar masses were much
higher than the theoretical ones (black dotted line in Figure 7),
reflecting a low initiator efficiency factor (<0.3). Thus, less than
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FIGURE 7 | Dependence of PMA molar masses (M, blue squares)
and dispersity indexes (P, blue crosses) on monomer conversion for the
bulk polymerization of MA at 70°C initiated by complex 1 (initial ratio:
[1]/[MA] = 1/200). The dotted black line represents the theoretical M,
values.

30% of complex 1 underwent the homolytic cleavage required to
start the macromolecular chain growth.

The DFT predictions described above qualitatively agree with
these experimental results. As a reminder, the computed Gibbs
energy change (AG) for the Co™-X homolytic bond cleavage
is 20.5 kcal/mol for X = carbomethoxyethyl (PMA model) and
15.1 kcal/mol for X = carbomethoxyisopropyl (PMMA model).
Thus, [(Salen*)Co™] has a stronger aptitude to trap the PMA radi-
cals and control the chain growth, whereas the weaker bond with
the PMMA radical opens the way to a greater impact of CCT. Note
also that the AG associated with the Co™—OAc bond cleavage in
the initiator (Figure 2) is higher, predicting a slow initiation and
thus a low initiator efficiency. However, the fact that no detectable
MA polymerization occurred at 60°C, a temperature at which a
fast MMA polymerization could be observed, is probably due to a
too-slow reactivation of the [(Salen*)Co™CH(COOMe)CH,0Ac]
dormant species resulting from the first MA insertion.

In order to confirm the controlled character of the MA poly-
merization initiated by complex 1 and the possibility to adjust
the molar mass of PMA, the MA polymerization was performed
again at 70°C using the lower MA/1 ratio of 100 (Table S2,
entries 11-15). Again, M, regularly increased with the monomer
conversion (Figure S8), and the SEC chromatograms of the
recovered polymers (Figure S9) clearly shifted towards lower
elution volume along the monomer conversion, in line with
controlled chain growth. The experimental molar masses were
again greater than the theoretical ones, and the initiator efficiency
factor remained lower than 30% (Table S2, Figure S8). This further
confirms the controlled character of the MA polymerization and
the possibility to tune the molar mass of the PMA by varying the
monomer/complex ratio.

Furthermore, with the objective of improving the initiator effi-
ciency factor, the polymerization of MA was performed at 80°C
instead of 70°C (Table S2, entries 16-21). While the reaction
kinetics were essentially unchanged over the first 10 h, the
reaction became much faster afterward and reached 77% after
19 h (vs. 64% after 25 h at 70°C, Figure S10). The molar masses of
the recovered PMA samples were greater than the expected ones,

and their dispersities were much broader (P = 1.34-2.05) than
those of the PMA samples prepared at 70°C (Tables S2, Figure
S11). Altogether, these results indicate that operating at higher
temperatures is not a good option for improving the initiator
efficiency factor and the polymerization control.

Mechanistic considerations bring us to the question of the
primary radical structure. To confirm whether AcO’ is the
primary radical initiating the polymerization, its presence at
the a-chain-end position must be demonstrated. To this end,
a PMA sample of low molar mass, obtained by 1-propanethiol
quenching after a short polymerization period (MA/1 = 100,
3 h, 15% conv., M, = 6100 g/mol, P = 1.25, see Experimental
Section for details), was isolated and analyzed by NMR and
MALDI-ToF MS. The treatment with thiol of the polymer chain
synthesized by OMRP is able to replace the cobalt complex with
an H atom at the w chain-end (Figure S12) [64]. The MALDI-
ToF mass spectrum of the isolated PMA sample revealed the
presence of three isotopic envelopes, each one exhibiting the
expected separation of 86.1 g/mol (corresponding to one MA
unit) between subsequent peaks (Figures S13-S16). The first
population, corresponding to the most abundant envelope, has
m/z values consistent with the presence of a hydrogen atom at
both a and w chain-ends and sodium as a cationizing agent from
the matrix (Figure S14). The second population has a similar
formula; however, it presents a potassium ion as a cationizing
agent instead of sodium (Figure S15). The isotopic distribution
of the third population is consistent with an H atom at the
chain-end and a Me group at the a chain-end (Figure S16), in
agreement with an initiation process involving a decarboxylation
step (see Figure 8, blue pathway), and with the NMR analyses
(see below). For all populations, the presence of an H atom
at one chain end is expected to result from the 1-propanethiol
quenching process. The presence of a H atom at the second chain-
end in the major populations suggests that, at the early stage
of the OMRP process, a 8-H transfer from the unimer radical
species (AcO-CH,C'(H)CO,Me) to the [(Salen*)Co"] complex
occurs, leading to the (AcO-CH = CHCO,Me) molecule and the
corresponding [(Salen*)Co™—H] complex, which then initiates
the OMRP of MA (see Figure 8, green pathway). The pseudo-
living character of the MA polymerization (see above) excludes
the occurrence of extensive CCT, furthermore supported by the
absence of polymer chains with unsaturated chain-end (see
Figures S17-S20), therefore we ruled out the occurrence of $-
H transfer from the PMA" propagating species, even originating
from the Me’ initiation or from Co—H initiation (see Figure 8,
orange pathway). PMA chains capped by an H atom at the
chain-end (PrSH quenching) and an AcO group at the « chain-
end, resulting from the AcO" initiation, are another population
that could be anticipated to be observed by MALDI-ToF analysis
(see Figure 8, purple pathway), but no signal corresponding to
such structure was observed. NMR data obtained for the same
sample support the latter suggestions. Indeed, the 'H, COSY,
and HSQC NMR experiments (see Figures S17-S20) revealed the
presence of a signal at § = 1.15 ppm, attributed to a Me group at
the o chain-end, that originates from the OAc initiating group
after decarboxylation. On the other hand, no signal attributable
to an OAc a chain-end could be observed. Indeed, such a signal
should appear in a more downfield-shifted region in the 'H
NMR spectrum compared to a Me group (e.g., § = 2.05 ppm for
CH;—C(O)OEt in CDCl,), where intense signals of the PMA CH,
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FIGURE 8 | Proposed mechanisms leading to different populations observed by MALDI-ToF mass spectrometry.

groups are present. As a confirmation, no signal corresponding
to the methyl of the terminal acetate function was observed in
the HSQC spectrum (Figure S20) at the expected chemical shifts
of 2 ppm for 'H and 21 ppm for *C.

2.5 | Chain-Extension Reaction

A PMA macroinitiator of low molar mass (M, = 5100 g/mol,
D = 1.18) was first prepared as described in Figure 9 (left) and
isolated (see Experimental Section) under strictly controlled con-
ditions to avoid loss of the cobalt complex from the w chain end.
The latter was then reactivated in bulk butyl acrylate (BA) at 70°C
(BA/Macroinitiator = 750) for 18 h, to yield the corresponding
PMA-b-PBA block copolymer (Figure 9, left). The success of the
chain-extension experiment could be established by GPC and 'H
DOSY NMR analyses. While the (Salen*)Co-PMA macroinitiator
exhibited a monomodal distribution with M, = 5100 g/mol and
D = 1.18 (Figure 9, right, blue signal), the GPC signal clearly
shifted to a higher molar mass (M, = 29 200 g/mol, D = 1.48,
Figure 9, right, orange signal) and remained monomodal after the
chain-extension, although with an evident tailing at low molar
masses. Moreover, the '"H DOSY NMR spectrum (Figure S21) of

the recovered polymer shows the O—CH, and O—CH, character-
istic signals of the PMA and PBA blocks, respectively, on the same
diffusion line. Altogether, these results confirm the occurrence of
chain extension, rather than BA homopolymerization.

This experiment highlights the living character of acrylate
polymerization using the system reported here by evidencing
the presence of the cobalt complex at the polymer chain-end,
thereby enabling macromolecular engineering. Nevertheless, as
previously demonstrated [64], the addition of nitroxides or
alkanethiols to polymers prepared by cobalt-mediated radical
polymerization allows for the almost quantitative removal of
cobalt from the polymer.

3 | Conclusions

We have shown that the easily accessible and air-stable
[(Salen*)Co(OAc)] complex 1 acts as an unimolecular initiator
and moderator for radical polymerization processes. Catalyzed
chain-transfer (CCT) was identified as the predominant mech-
anism for the radical polymerization of MMA, whereas a well-
controlled chain growth takes place in the radical polymerization
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FIGURE 9 | Synthesis of a PMA macroinitiator and of a PMA-b-PBA block copolymer via OMRP initiated and mediated by complex 1 (left) and
corresponding GPC traces (right). The M,, and D values were determined by GPC using PMMA standards.

of MA in bulk at 70°C. However, complex 1 exhibited a moderate
initiator efficiency. MALDI-ToF MS and multinuclear NMR
analyses of the PMA produced with complex 1 as initiator
revealed two mechanisms of initiation. One mechanism involves
the preliminary Co™—OAc bond homolysis, followed by decar-
boxylation of the 'OAc radical species, and the resulting Me’
radical initiates the OMRP process, leading to a-Me PMA chains.
Another mechanism involves the addition of the "OAc radical,
prior to decarboxylation, to one MA molecule, and the resulting
unimer undergoes a -H elimination process, leading to a dead
small unsaturated molecule and a Co—H initiating species that
generates a-H-terminated PMA chains. The livingness of the
OMRP of acrylates mediated by complex 1 could be further
established by a chain-extension experiment, leading to the
formation of a well-defined PMA-b-PBA block copolymer. These
findings contribute to the development of novel (bench-stable)
initiators for OMRP, supporting innovative strategies for polymer
design.

4 | Experimental Section
4.1 | General Considerations
4.1.1 | Materials

TEMPO (1-oxy-2,2,6,6-tetramethylpiperidine, Apollo Scien-
tific), 1-propanethiol (99%, Sigma-Aldrich), Co(OAc),
(anhydrous cobalt(I) diacetate, 98%, Alfa Aesar), 3,5-
di-tert-butyl-2-hydroxybenzaldehyde (Apollo Scientific),
(1R,2R)~(-)-1,2-diaminocyclohexane (Apollo Scientific), 1,3,5-
trioxane (>99%, Sigma-Aldrich) and CDCI; (99.8%D, Euriso-top)
were used as received. Vinyl acetate (VAc), methyl meythacrylate
(MMA), and methyl acrylate (MA) were purchased from Acros
Organics (>99%), dried over CaH,, distilled under static vacuum,

and stored under argon. Laboratory Reagent grade (99.5%) diethyl
ether, n-pentane, dichloromethane, toluene, and methanol were
purchased from Sigma-Aldrich and used as received. Complex 1
was synthesized according to a previously reported procedure,
and its purity was confirmed by 'H and BC{'H} NMR and by
elemental analysis [49].

4.1.2 | Characterizations

All NMR spectra were recorded on a Bruker Avance III 300 or
400 MHz spectrometer at, unless otherwise specified, ambient
temperature. The 'H and *C chemical shifts (§) were determined
using the residual 'H solvent peak as the internal standard and
reported in ppm versus SiMe,. The M, ., and D of the polymers
were determined by GPC using a Shimadzu system equipped with
a Shimadzu RID-20A refractive index detector with two PSS SDV
analytical columns (1000 and 100 000 A, 5 pm, 8 x 300 mm).
THF was used as the eluent at a flow rate of 1 mL/min at 35°C.
Linear PMMA standards were used for calibration. MALDI-ToF
mass spectra were recorded by the technical staff of the mass
spectrometry platform of the Toulouse Institute of Chemistry on
a Q-Tof Premier (Waters) instrument using nitrogen as a drying
agent and nebulizing gas and MeCN as solvent. The acquisition
software was Masslynx (Waters), and the spectra were processed
using Masslynx and Polymerix 3.0 (Sierra Analytics).

4.2 | Typical Procedure for a Polymerization
Initiated by Complex 1

In a glovebox, complex 1 (50 mg, 0.075 mmol) was placed into a
flame-dried Schlenk tube equipped with a magnetic stirring bar.
The desired dry and degassed monomer (100 or 200 equiv. vs. 1)
was then added by syringe, and the tube was sealed with a rubber
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septum. The resulting brown mixture was stirred and heated
at the chosen reaction temperature in the dark. Aliquots were
withdrawn from the reaction mixture at the desired times. Each
of these aliquots was separated into two fractions. One fraction
was used to determine the conversion by gravimetry (evaporation
of the residual monomer under vacuum until constant weight).
The other fraction was used to isolate a polymer sample after
precipitation by the addition of pentane, washing, and drying
under vacuum. The dried polymers were then dissolved in THF
(at concentrations between 3 and 5 mg/mL) for the GPC analyses.

4.3 | TEMPO Quenching Reactions

For a specific polymerization reaction and at the desired reaction
time, an aliquot was withdrawn from the reaction mixture, and
the monomer conversion was determined by gravimetry. At the
same reaction time, a solution of TEMPO (100 mg) in dry toluene
(1 mL) under argon was injected into the polymerization reaction
mixture. The evolution of the monomer conversion was then
followed over the desired duration by gravimetry from aliquots
withdrawn from the reaction mixture at several reaction times.

4.4 | Synthesis of a Short PMA Sample by
1-Propanethiol Quenching for MALDI-ToF Analysis

Complex 1 (132 mg, 0.20 mmol) was placed in a flame-dried
Schlenk tube under argon, equipped with a magnetic stirring bar,
and three vacuum argon cycles were applied. Dry and degassed
MA (1.8 mL, 1.72 g, 20 mmol, MA/1 ratio = 100) was added
by syringe. The reaction mixture was then plunged into an oil
bath at 70°C. After 3 h, aliquots were withdrawn and quenched
with TEMPO for the NMR and GPC analyses. To the residual
reaction mixture, 1-propanethiol (45.7 mg, 0.60 mmol) was added
to quench the polymerization, and the resulting mixture was
further stirred for 1 h at 70°C before removal of the residual
monomer under vacuum. The residue was dissolved in acetone
and filtered. Heptane was added dropwise into the filtrate and
the precipitated polymer was collected and dried at 60°C under
vacuum. The PMA sample was analyzed by 'H, BC{H}, COSY,
and HSQC NMR, and by MALDI-ToF MS (see ESI).

4.5 | Synthesis of a PMA-b-PBA Bock Copolymer
via OMRP Using Complex 1

4.5.1 | Synthesis of the PMA Macroinitiator

In a glovebox, solid complex 1 (100 mg, 0.15 mmol) was placed
in a flame-dried Schlenk tube equipped with a magnetic stirring
bar. Dry and degassed MA (1.35 mL, 1.30 g, 15 mmol, MA/1
ratio = 100) was then added by syringe and the tube was
sealed with a rubber septum. The resulting brown mixture was
stirred and heated at 70°C for 3 h in the dark. An aliquot was
withdrawn from the reaction mixture to determine the monomer
conversion and characterize the PMA macroinitiator by GPC. The
remaining mixture was dried under vacuum and the residue was
washed twice with pentane to remove any trace of unreacted MA.
Conversion: 13%. M, = 5100 g/mol, b = 1.18.

4.5.2 | Chain-Extension Experiment

Dry and degassed BA (2.16 mL, 1.94 g, 15 mmol, BA/Co ratio = 750)
was added by syringe to the previously synthesized PMA
macroinitiator (100 mg, 0.02 mmol based on MW = 5100 g/mol)
and the tube was sealed with a rubber septum. The resulting
mixture was stirred and heated at 70°C for 24 h in the dark. An
aliquot was withdrawn from the reaction mixture to determine
the monomer conversion. The remaining mixture was dried
under vacuum and the residue was washed twice with pentane
to remove any trace of unreacted BA. The isolated brown solid
was analyzed by GPC, 'H NMR, and 'H DOSY NMR. Conversion:
66%. M, =29 200 g/mol, D =1.48.

4.5.3 | Computational Details

The computational work was carried out using the Gaussian09
suite of programs [65]. Gas-phase geometry optimizations were
performed without any symmetry constraint using the B3PW91*
functional, which is a reparametrized version of B3PW91 with
the same parameters previously optimized for B3LYP [66], and
the 6-311G(d,p) basis functions for all light atoms (H, C, N,
and O), whereas the Co atom was treated with the SDD basis
set augmented by an f polarization function (o = 2.780) [67].
The unrestricted formulation was used for open-shell molecules,
which typically yielded only minor spin contamination for all
mononuclear systems (<S*> at convergence was very close to
the expected values, namely 0.75 for doublet states). All final
geometries were characterized as local minima by verifying that
all second derivatives of the energy were positive. Corrections
for dispersion were carried during the B3PW91* geometry opti-
mizations using Grimme’s D3 empirical method (BPW91*-D3),
using SR6 and S8 parameters identical to those optimized for
B3PWO1 [68]. Thermochemical corrections were obtained on the
fixed optimized geometries at 298.15 K on the basis of frequency
calculations, using the standard approximations (ideal gas, rigid
rotor, and harmonic oscillator). A correction of 1.95 kcal/mol
was applied to bring the G-values from the gas phase (1 atm)
to the solution (1 mol/L) standard state [69]. The Cartesian
coordinates, electronic energies, and 1M-corrected Gibbs energies
of all geometry-optimized molecules are available in Table S4.
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