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Copolymerization of more activated methacrylates and less activated vinyl
esters is challenging because of their large difference in reactivity ratio. This
severely limits the development of high-performance materials. Herein, we
design a side-armed bisoxazoline (SaBOX)/CoBr, catalyst with sheltered
coordination environment to achieve strong binding ability to propagating
radicals in photoinduced cobalt-mediated radical polymerization (CMRP) of
vinyl ester and methacrylate. This enables the efficient synthesis and structure
regulation of methacrylate-vinyl ester copolymers. The catalytic system effi-

ciently and directly produces di- and tri-block copolymers via in-situ chain
extension. Moreover, homogeneous random copolymers of vinyl ester and
methacrylate are also facilely synthesized. The mechanistic studies are con-
sistent with the polymerization results, which validate the CMRP mechanism
and our catalyst design concept.

It is a great challenge to conveniently synthesize the copolymers of
more activated and less activated monomers because of their sig-
nificant differences in reactivity and polymerization behavior, severely
impeding the development of high-performance materials. To over-
come this issue, a semi-batch or semi-continuous monomer feeding
strategy was developed, in which the monomer with higher activity is
slowly added to the system. By this strategy, random and even
homogeneous random copolymers of monomers with vastly different
reactivity ratios, mostly methyl acrylate (MA) and vinyl acetate (VAc),
were successfully synthesized, however, which requires the precise
control of feeding process through painstaking design'™. In addition,
for two monomers with more immense differences in reactivity, such
as methyl methacrylate (MMA) and VAc®/, the synthesis of homo-
geneous random copolymers by this strategy is more challenging
and requires more elaborate design and more precise control of the
feeding process, otherwise the resulting copolymers would have a very
non-uniform composition or even be blends of homopolymers’°. With
the excellent design of catalyst or mediator, controlled radical

polymerization (CRP) enables the building of precise and complex
macromolecular structures” . However, CRP also fails to efficiently
achieve the direct copolymerization of vinyl ester and methacrylate, as
almost all CRP systems only can efficiently control the polymerization
of one type (more activated or less activated) of vinyl monomer” %,
Even the relatively easily accessible di-block copolymers of methacry-
late and vinyl ester, were always synthesized by indirect methods, such
as the combination of CRP techniques®*, the stimuli-responsive RAFT
system depending on switching external conditions”* and the post-
modification of di-block copolymer of MMA and methyl vinyl ketone®.
However, all these methods require toilsome synthetic processes and/
or exhibit low efficiency, and are difficult to synthesize multi-block and
homogeneous random copolymers of vinyl ester and methacrylate.
Thus, one strategy for facile access to homogeneous random and block
copolymers of vinyl ester and methacrylate has rarely been achieved,
let alone the precise regulation of their structures.

To tackle the challenge, we analysed the copolymerization
process carefully. As shown in Fig. 1a, during the copolymerization
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of VAc with MMA, there are 4 different propagation processes. It is
thermodynamically unfavourable for the chain end bearing MMA- to
attack monomer VAc, due to that the process is the transforming of
conjugated 3° carbon radical to non-conjugated 2° carbon radical
(usually AG>0) in essence (Fig. 1c) and prone to the reverse reac-
tion. This should be the main obstacle of the copolymerization
process. Based on this, we designed a SaBOX/CoBr, complex as
CMRP catalyst, which has tetracoordinated twisted tetrahedral
configuration with two side arms towards metal center’*%, As the
sheltered coordination environment can protect the catalytic centre
from coordination of solvents and monomers, compared with the
traditional CMRP-catalyst such as cobalt acetylacetonate and por-
phyrin cobalt®**°, the SaBOX/CoBr, catalyst is promising to have
stronger binding and stabilizing ability to the propagating radicals,
especially those bearing the smaller and more active VAc-. And thus,
the thermodynamic stability of the product of MMA- + VAc could be
greatly enhanced after being captured by SaBOX/CoBr, to generate
dormant species, inhibiting the reverse reaction and resolving the
main obstacle to VAc/MMA copolymerization (Fig. 1d). Considering
that the dormant species might be too thermodynamically stable to
reactivate, the photo-activation process was introduced to bypass
thermodynamic stability and directly activate the dormant species,
namely, to promote the cleavage of C-Co in the species to generate
radicals for polymerization (Fig. 1e). The SaBOX/CoBr, catalyst
achieves the convenient synthesis of homogeneous random copo-
lymers of vinyl ester and methacrylate with high efficiency and
controllability under common photoinduced CMRP conditions?.
Besides, this catalytic system could directly and efficiently produce
the di- and tri-block copolymers of them via in-situ chain extension,
without the limitation of monomer feeding order.

Results

CMRP of VAc and ligand effect

We are working on the development of efficient CRP catalytic systems
these years and observed strong ligand effects*™*. Thus, we first
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Fig. 1| The analysis of the VAc/MMA copolymerization process. a Propagation of
VAc:-terminated chains and MMA--terminated chains. b Illustration of energy
change in processes 1, II, and IV. ¢ lllustration of energy change in process IIl.

explored the effect of bisoxazoline (BOX)-derived ligands (Fig. 2) in
CMRP of VAc, by using in-situ formed BOX/CoBr, complex as catalyst
and TPO as photoinitiator under the irradiation of 24 W white light for
3 h (Table 1). In absence of ligand, the conversion was low (36%) and
the polymerization controllability was poor, as the molecular weight
was much higher than theoretical value (run 1). When using the iso-
propyl- or phenyl-substituted BOX ligand (L1 or L2), the polymeriza-
tion was suppressed (runs 2-3), obtaining even lower conversions.
When indane-substituted BOX (In-BOX) L3 with rigid skeleton was
used as ligand, the monomer conversion was comparable with the case
without ligand (38%), and the controllability of molecular weight was
still poor (run 4). Subsequently, L4 containing two benzyl side arms
was used and faster polymerization rate was obtained, giving 56%
conversion in 3 h, but the molecular weight was still much higher than
theoretical value (run 5). L5 containing two pyridine side arms was
then employed, as the pyridine side arms might have a remote weak
coordination with the metal centre, so as to play a better shielding
effect. Despite the molecular structure of L5/CoBr, obtained by X-ray
characterization shows that the pyridine side arms do not coordinate
with the cobalt centre (Supplementary Fig. 1), they orient towards the
metal centre and act as good shelter. As expected, the polymerization
by L5/CoBr; was very fast and the polymerization controllability was
excellent, giving high conversion of 93% within 3 h with narrowly dis-
tributed molecular weight (P = 1.23) close to theoretical value (run 6).
These results show that both the pyridine arms and the In-BOX ske-
leton are necessary for an excellent ligand. It should be noted that the
polymerization used only 0.1 mL of THF solvent for catalyst prepara-
tion and proceeded at a relatively low temperature. Consequently,
chain transfer to solvent*® was not significant, and no obviously
reduced molecular weight compared to the theoretical value was
observed.

The whole process of VAc polymerization by L5/CoBr, (run 6,
Table 1) was tracked and the polymerization kinetics was studied.
Analysis reveals first-order kinetics for monomer consumption with
negligible induction phase (Fig. 3a). Molecular weights consistently
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Table 1| The photoinduced CMRP using different catalysts

Run® M DPyarget t (h) Cat. Conv.® (%) M, cpc (kg/mol) >} M, theory” (kg/mol)
1 VAc 200 3 CoBr; 36 20.3 1.45 6.2
2 VAc 200 3 L1/CoBr, 18 22.5 1.78 3.1
3 VAc 200 3 L2/CoBr, 26 26.7 1.72 4.5
4 VAc 200 3 L3/CoBr, 38 26.4 1.52 5.2
5 VAc 200 3 L4/CoBr, 56 26.3 173 9.6
6 VAc 200 8 L5/CoBr, 93 18.6 1.23 16.0
7 MMA 200 9 L5/CoBr, 85 21.3 1.35 17.0
8° MMA 200 9 Co(acac), 62 64.6 4.52 12.4
o° MMA 200 9 Co'(Salen) 38 36.5 1.79 7.6
10° MMA 200 9 Co'(TMOP) 44 30.4 1.67 8.8

24 mmol monomer, using 24 W white light, 0.1 mL THF for VAc, 0.25 mL THF for MMA, at ambient temperature, [M]o/[CoBr,]o/[Ligand]o/[TPOlo = 200/1/1/0.6. °[Mlo/[Cat.]o/[TPO]o = 200/1/0.6.

°Determined by 'H NMR. *Mj, theory = [Monomer]o/[Colo X Myionomer X Conv?’.

align with theoretical predictions while maintaining narrow
dispersities (P = 1.18-1.32) throughout the reaction (Fig. 3b), sug-
gesting characteristics of highly controlled polymerization. In VAc
homopolymerization, our L5/CoBr, catalyst achieves molecular
weight control matching or surpassing established systems (Co(acac),,
Co"(B-ketiminato), Co"(Salen), etc.”**"%; Fig. 2), as demonstrated by
experimental-theoretical value agreement and low dispersity. Excel-
lent temporal regulation and photoswitching capability are shown in
Fig. 3c: polymerization immediately initiates upon irradiation (“on
state) and ceases completely in darkness (“off” state) across multiple
cycles. The control on molecular weight is preserved under these
switching conditions (Fig. 3d). These results indicate that, in the CMRP
of VAc, the dormant species generated from the combination of pro-
pagating radicals with L5/CoBr; is stable, and the cleavage of C-Co in
the species to produce radicals requires the absorption of energy
under light (Supplementary Fig. 2), that is, the reactivation of dormant
species is controlled by the switching of illumination, so as to facilitate
the temporal control of polymerization process. This is one of the
advantages of photoinduced CMRP** and other forms of photo-
induced controlled radical polymerization***>",

CMRP of MMA
Next, we conducted CMRP of MMA by L5/CoBr,. The polymerization
was also fast and highly controllable. The monomer conversion was

85%in 9 h, and the molecular weight was close to theoretical value with
b of 1.35 (run 7). The process was tracked and the polymerization
kinetics was studied (Fig. 3e, f), which are consistent with a well-
controlled polymerization process. By contrast, in the polymerization
of MMA mediated by Co(acac),, the MMA conversion was 64% in 9 h,
but the controllability was very poor (run 8), as the molecular weight
was much higher than theoretical value with a very wide P of 4.52.
Similarly, the catalysts (§,5)-(+)-N,N-Bis(3,5-di-tert-butylsalicylidene)
-1,2-cyclohexanediamino cobalt(ll) (Co'"(Salen)) and cobalt tetra-
methoxyphenylporphyrin (Co'(TMOP)) also exhibit poor control over
the polymerization of MMA, as the resulting polymers have molecular
weights significantly higher than the theoretical values and broad
molecular weight distributions (runs 9-10). These results are consistent
with the literature reports® that it is difficult for conventional CMRP
catalysts to mediate the controlled polymerization of methacrylates,
highlighting the superiority of the L5/CoBr, catalytic system.

The preparation of di-/tri-block copolymers of vinyl esters and
methacrylates via in-situ chain extension

As L5/CoBr, catalytic system could efficiently mediate controlled
polymerization of both vinyl ester and methacrylate, we attempted to
directly synthesize block copolymer of VAc and MMA via in-situ chain
extension (Supplementary Table 4). After 4 mmol VAc was nearly
completely transformed (Conv.yac=93%) in 3 h, 4 mmol MMA were
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(run 7, Table 1). f M,, (black) and B (M,,/M,, red) versus conversion during the CMRP
of MMA (run 7, Table 1). g Monomer conversion versus time during the random
VAc/MMA copolymerization with [VAc]o/[MMA], of 10/1 (run 5, Table 2). h M,
(black) and B (M,,/M,, red) versus total monomer conversion during the random
VAc/MMA copolymerization with [VAc]o/[MMA], of 10/1 (run 5, Table 2).

added. The in-situ chain extension gave MMA conversion of 61% in 6 h.
After chain extension, The GPC curve shifted entirely toward the
higher molecular weight region, exhibiting a symmetrical peak shape
with no tailing (Fig. 4a). The final molecular weight was close to the-
oretical value with a narrow P of 1.35. The kinetics of the chain
extension process demonstrates the characteristics of CRP (Supple-
mentary Fig. 3). The isolated block copolymer was thoroughly char-
acterized by a suite of NMR techniques, including 'H NMR, 13C NMR,
DEPT 135, two-dimensional NMR analyses (HSQC and HMBC), and
DOSY-NMR. The characterization results (Supplementary Figs. 4-9)
suggest that the obtained block copolymer PVAc-b-PMMA has a
structure as designed and expected, with no homopolymer detected.
The block copolymer of VAc and MMA was directly prepared via in-situ
chain extension in one CRP system, without the combination of dif-
ferent technologies and/or the change of external conditions. By
contrast, in the chain extension process mediated by Co(acac), under
the same conditions, the conversion of MMA was 42% in 6 h, with wide
b of 1.67 and GPC curve presenting a triple peak (Supplementary
Fig. 10), suggesting an obvious residue of the first block. These results
verify that the common CMRP catalyst could not prepare the block
copolymer of MMA and VAc via in-situ chain extension, further con-
firming the superiority of our catalytic system. By adding a different
methacrylate as second monomer, the block copolymer of VAc and
2-methoxyethyl methacrylate (MEMA) was also successfully synthe-
sized (Fig. 4b). Similarly, the block copolymers of vinyl pivalate (VPi)
and MMA was conveniently produced by adding VPi as the first
monomer (Fig. 4c).

Besides, we changed the monomer feeding order and successfully
synthesized di-block copolymer PMMA-b-PVAc, with MMA and VAc
conversions of 99% and 64%, respectively. The final molecular weight is
close to theoretical value, and the GPC peak is symmetrical (Fig. 4d)
with a relatively narrow distribution (b = 1.46). The MALDI-TOF MS
spectrum of low-molecular-weight PMMA-b-PVAc, synthesized at low
targeted polymerization degree and purified via quenching-
adsorption steps to remove C-Co end groups (Supplementary
Fig. 16), supports the formation of a block copolymer, as a single
polymer chain contains both VAc and MMA units. The peak pattern
exhibits discrete characteristics, with signal peaks corresponding to

combinations of different block lengths*®**. This result demonstrates
that L5/CoBr, mediated the synthesis of block copolymers of vinyl
ester and methacrylate is not limited by monomer feeding order.
Based on this, we conveniently synthesized the tri-block copolymers of
vinyl ester and methacrylate via in-situ chain extension, in which the
three monomers VAc, MMA and vinyl butyrate (VBu) were added
successively (Supplementary Table 6). After each chain extension, the
GPC curve moved towards higher molecular weight with a final b of
1.40, and the GPC peak patterns were symmetrical without any tailing
or shoulder peak (Fig. 4e). The triblock copolymer PMMA-b-PVAc-b-
PMEMA was also facilely synthesized by changing the feeding
sequence of vinyl ester and methacrylate (Fig. 4f). Triblock copolymers
between various vinyl esters and methacrylates can be produced in any
order by a single catalyst. These results further demonstrate that L5/
CoBr; is the long-awaited and excellent CRP catalytic system that is
really adapt to both vinyl esters and methacrylates.

Random copolymerization of VAc with MMA

In absence of catalyst, ignorable VAc conversion (<5%) was detected
when MMA conversion reached 95% (Table 2, run 1) in the random VAc/
MMA copolymerization ([MMA]o/[VAclo=1/10). This result is con-
sistent with literature reports®’. The same result was obtained when
introducing Co(acac),, Co"(Salen) or Co" (TMOP) as CMRP catalyst
(Table 2, runs 2-4), demonstrating that common CMRP catalysts also
could not mediate the homogeneous random VAc/MMA
copolymerization.

As the synthesis of block copolymers of vinyl ester and metha-
crylate by L5/CoBr, is not limited by monomer feeding order, which
indicates that this catalytic system could achieve interlaced chain
propagation of vinyl ester and methacrylate, and thus is promising to
efficiently regulate random VAc/MMA copolymerization. We con-
ducted the random VAc/MMA copolymerization using L5/CoBr, as
catalyst, by setting [MMA]o/[VAclp as 1/10 and 1/20, respectively
(Table 2, runs 5~ 6). The reactions were stopped after 6 h and 2.5h,
respectively, yielding VAc/MMA conversions of 54%/94% and 55%/93%.
The molar ratios of VAc and MMA units in the isolated copolymers are
6.4/1 and 12.0/1, respectively, close to the values calculated based on
the feeding ratio and conversions of VAc and MMA ([VAc unit]/[MMA
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unit]eacutation). The GPC curves show single distribution, with B of
1.4 ~1.5. The random copolymerization of VAc and MMA involves two
radicals and two monomers with large differences in reactivity, leading
to substantial differences in the rates of the four chain propagation
reactions. Additionally, the reaction also involves the formation and
reactivation of two types of dormant species. These factors collectively
exacerbate the heterogeneity in polymer chain size. Therefore, the
control over the molecular weight in the random VAc/MMA copoly-
merizations is inferior, compared with the cases of VAc or MMA
homopolymerizations. We tracked the copolymerization process with
[VAclo/[MMA]o of 10/1 (Supplementary Table 7). In the whole copo-
lymerization process (Fig. 3g), MMA was converted faster than VAc,
but both monomers were gradually consumed with time. The con-
version ratio of two monomers varied in a small range (1.7 ~ 2.4) during
the whole random copolymerization of MMA and VAc, indicating that
the MMA/VAc copolymer synthesized by L5/CoBr, has a relatively
uniform composition. Besides, the molecular weights gradually
increased over the total monomer conversion and with relatively
narrow s of 1.3 - 1.5 (Fig. 3h), meaning a sufficiently high frequency of
activation-deactivation cycle and suggesting the characterizations of
“living” radical polymerization. Comprehensive NMR characterization
(*H NMR, 13C NMR, DEPT 135, HSQC and HMBC) of the resultant
copolymer (Supplementary Figs. 11-15) reveals that the carbon signals
of -CH,- in the polymer backbone were not concentrated at 39 ppm,
caused by the continuous insertion of VAc, and at 54 ppm, caused by
the continuous insertion of MMA, respectively. Instead, the signals
were dispersed between 39 and 54 ppm, indicating that the MMA and
VAc units are randomly distributed along the polymer chain. The
MALDI-TOF MS spectrum of low-molecular-weight poly(MMA-co-VAc),
synthesized at low targeted polymerization degree and purified by

quenching and adsorption to remove C-Co end groups (Supplemen-
tary Fig. 16), supports the formation of a homogeneous random
copolymer, with a single polymer chain containing both VAc and MMA
units. Due to the random monomer arrangement, its peak pattern
shows a continuous distribution, where the mass differences between
adjacent peaks primarily correspond to the mass differences of the
monomer units’**°. The DOSY-NMR spectrum shows only one diffu-
sion coefficient for the polymer (Supplementary Fig. 17), confirming
that the random copolymer has a relatively uniform structure and the
content of homopolymers can be ignored. According to the
literatures®*>*?%2 the resultant MMA/VAc copolymer with a rela-
tively uniform structure can be called homogeneous random
copolymer.

Although the focus of this study is on the copolymerizations of
vinyl esters with methacrylates, we have also employed L5/CoBr; cat-
alyst to conduct the random copolymerization of VAc with another
type of more activated monomer, N,N-dimethylacrylamide (DMA),
under similar conditions, by setting [DMA]o/[VAc]o as 1/10 (Supple-
mentary Table 8). The DOSY-NMR spectrum shows only one diffusion
coefficient (Supplementary Fig. 18) for the polymer, confirming that
the resultant random copolymer has a relatively uniform structure and
the content of homopolymers can be ignored. We also directly syn-
thesize the block copolymer of VAc and DMA via in-situ chain exten-
sion (Supplementary Table 4). After chain extension, GPC curve moved
towards higher molecular weight with a symmetrical peak pattern
(Supplementary Fig. 19). The final molecular weight was close to the-
oretical value with a relatively narrow D of 1.38. These results indicate
that our catalytic system has the potential to efficiently access chal-
lenging copolymers of other two kinds of monomers with large dif-
ference in reactivity.
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Table 2 | The random copolymerization of VAc with MMA

Run Cat. [VAclo/ [MMA], t(h) Conv. (%) M, cpc (kg/mol) D [VAc unit]/ ([VAc unit]/ [MMA
(VAc/MMA) [MMA unit] unit])catcutation”

1 / 101 14 trace/95 / / / /

2° Cof(acac), 10/1 14 trace/92 / / / /

3° Co'(Salen) 101 14 trace/94 / / / /

4° Co"(TMP) 10/1 14 trace/>99 / / / /

5% L5/CoBr, 101 6 54/94 24.2 1.52 6.4/1 5.7

6° L5/CoBr, 20/1 25 55/93 26.5 1.42 12.0/1 11.8/1

Reaction condition: using 24 W white light at ambient temperature, 4 mmol VAc, 0.1 mL THF. ?[VAc]o/[TPO], = 200/0.6. °[VAc]o/[Cat.]o/[TPO]o = 200/1/0.6. °[VAc]o/[CoBr,]o/[L5]o/[TPOl, = 200/1/1/
0.6. “Determined by 'H NMR. “Calculated based on the feeding ratio and conversions of VAc and MMA.

The thermodynamic properties of the typical copolymers

The glass transition temperatures (73) of the homopolymers PVAc and
PMMA (Table 1, runs 1 and 7) were 42°C and 129 °C, respectively
(Supplementary Fig. 20 and Supplementary Table 9). The Tgs observed
for PVAc and PMMA in this study are higher than the typically reported
values®’. We speculate that the enhanced chain regularity of polymers
obtained via controlled radical polymerization at ambient tempera-
ture, compared to those produced by conventional radical poly-
merization at elevated temperatures, may account for this T,
elevation. The initial degradation temperature of PMMA is significantly
lower than that of PVAc (T45=261°C versus 316 °C) (Supplementary
Fig. 21). Besides, the degradation of PMMA occurs rapidly in a single
stage, corresponding to the scission of the main chain, whereas the
degradation of PVAc occurs in two distinct stages, involving initial side-
group elimination followed by backbone decomposition. PVAc and
PMMA end their degradation at 550 °C and 410 °C, respectively. By
comparison, PVAc exhibits higher thermal stability than PMMA. For
random copolymer poly(MMA-co-VAc) with a VAc and MMA unit ratio
of 6.4/1 (Table 2, run 5), the T is 48 °C, and degradation also occurs in
two stages. But both the initiation and termination of the second-stage
thermal degradation occur earlier than those of PVAc. These results
suggest that the random introduction of relatively rigid MMA units
into the chain of PVAc increases Tg, and promotes thermal degrada-
tion, aligning with the highly reversible cross-propagation process
present in the VAc/MMA copolymerization. For the block copolymer
PVAc-b-PMMA (Supplementary Table 4, run 2), the thermodynamic
property lies between those of homopolymers PVAc and PMMA. There
are two Tgs, at 45 °C and 126 °C, respectively. The degradation occurs
in two stages, starting at 315 °C and ending at 520 °C.

Mechanism studies

CMRP or ATRP. Since the L5/CoBr, complex bears bromine, it is
assumed that the polymerization might follow ATRP mechanism.
Therefore, it is important to find out the polymerization mechanism.
First, we conducted the DFT calculations towards CMRP deactivation
(process A). For simplification, VAc- and MMA- were used to represent
propagating chains bearing VAc- and MMA-, respectively. As shown in
Fig. 5a, the CMRP deactivation process is favorable thermodynamically
according to the binding energy of L5/CoBr, towards VAc-
(AGyact=-14.5kcal/mol, AHypc*=-333kcal/mol) and MMA-:
(AGpma? = -3.8 kcal/mol, AHyma? =-12.9 kcal/mol). Therefore, L5/
CoBr; can act as an efficient CMRP deactivator for polymerizations of
both VAc and MMA to maintain low radical concentration and avoid
side reactions, and thus achieve excellent polymerization controll-
ability. We also conducted DFT calculations towards ATRP deactiva-
tion (process E, Supplementary Note 2). For polymerizations of both
VAc and MMA, the ATRP deactivation is a process of absorbing energy
(6.7 kcal/mol and 17.1 kcal/mol, respectively), which is very unfavor-
able in thermodynamics. Therefore, ATRP mechanism looks unwork-
able for the polymerizations of MMA and VAc by L5/CoBr,.

In order to further verify the CMRP mechanism, we found out
whether the end of the “living” polymer chain contains C-Br or C-Co
bond by carrying out the cobalt-mediated radical coupling (CMRC)
reaction towards PVAc obtained under the same conditions as run 6 in
Table 1. When the conversion reached 94%, isoprene was added in situ
as coupling reagent ([VAclo/[IP]lo/[COBr,]o =200/37/1). After 2 h, the
molecular weight of the polymer doubled to 40.4 kg/mol, which sug-
gests that the polymer end contains C-Co bond (run 1, Supplementary
Table 10). Compared with VAc polymerization, MMA polymerization
seems to be more likely to follow ATRP mechanism, as the well-
controlled CMRP of MMA is very difficult to realize. Therefore, we also
conducted the CMRC reaction of PMMA (M,, =22.2 kg/mol) obtained
under the same conditions as run 7 in Table 1 (run 2, Supplementary
Table 10), which also resulted in the doubling of molecular weight
(M, =45.8 kg/mol). This result suggests that the chain of the resultant
PMMA (run 7, Table 1) bears C-Co end. On the contrary, the doubling of
molecular weight was not detected after the atom transfer radical
coupling (ATRC) reaction (n(Cu)/n(Ligand)/n(CuBr,)/n(PMMAL)/
n(styrene) = 16/8/4/1/2) of low molecular weight PMMA (PMMAL,
M, = 6.4 kg/mol), which was prepared with a low monomer conversion
of 42% under the CMRP conditions as run 7 in Table 1 and sufficiently
purified by removal of metal complex (run 3, Supplementary Table 10).
This result demonstrates that PMMAL does not contain C-Br end.

Under the similar conditions as Table 1 and Table 2, respectively,
low molecular weight PVAc and PMMA were synthesized at low con-
version without removal of metal. Notably, the laser irradiation in
MALDI-TOF MS measurement readily causes cleavage of the fragile
C-Co chain end. After cleavage, chain transfer to solvent, impurities,
etc., leads to the formation of polymers containing H at the chain end.
Consequently, detecting PVAc chains with C-Co chain ends via MALDI-
TOF MS is challenging”, even though the C-Co bond at the PVAc chain
ends is relatively stable. Based on the significant difference in binding
energy of the catalyst towards MMA- and VAc- radicals
(AGyac™ =-14.5kcal/mol vs. AGyma =-3.8 kcal/mol), the C-Co bond
at the PMMA chain end is particularly fragile, making the detection of
cobalt-terminated PMMA signals more difficult. The MALDI-TOF MS
measurements of both PVAc and PMMA successfully detected peaks
corresponding to cobalt-terminated chains (Supplementary Fig. 16),
although the signals for PMMA-Co were very weak due to the high
fragility of C-Co bond. In the MALDI-TOF MS spectra, no C-Br termi-
nated polymer components were observed. After rigorous purification
to remove metal complexes, no bromine was detected (<0.01 wt%) by
elemental analysis for both low molecular weight PVAc and PMMA.

The results of these characterizations and control experiments
are consistent with the DFT calculations. Together, they demonstrate
that the homopolymers of vinyl ester and methacrylate obtained by
L5/CoBr, contain C-Co rather than C-Br at the chain end and the CRP in
this work follows CMRP rather than ATRP mechanism. In the CMRP
process, TPO is cleaved under irradiation, and the generated radicals
initiate the continuous addition with monomers to form propagating
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radicals, which are reversibly deactivated by cobalt complex (Supple-
mentary Fig. 2)*.

Ligand effects. The polymerization results indicate significant ligand
effects, that is, both the pyridine arms and the indane-substituted BOX
skeleton of the ligand are necessary for an efficient and controlled
polymerization. We also performed DFT calculations on the CMRP
deactivation process regulated by other four BOX/CoBr, catalysts (L1/
CoBr; to L4/CoBr,), that is, the DFT calculations on the binding ability
of these catalysts towards propagating radicals. The results show that
the four catalysts are very efficient in binding propagating radicals, in
other words, the CMRP deactivation processes regulated by L1/CoBr,

to L4/CoBr; are favorable thermodynamically (Supplementary Fig. 26).
In the CMRC reaction using isoprene as coupling agent, the molecular
weight of the PVAc obtained by L4/CoBr, increased significantly
(Supplementary Table 10, run 5), indicating that some of the polymers
were coupled and these polymers contained C-Co bonds at the chain
end, that is, there is a binding interaction between the catalyst and
propagating radicals. These results suggest that for the series of BOX/
CoBr; catalysts, the binding strength towards propagating radicals is
not the determining factor in controlling the polymerization.

It was found that the VAc polymerization using phenyl-substituted
BOX ligand (L2) is suppressed, compared with the case in the absence
of ligand (Table 1), which indicates that L2 in the cobalt complex might
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quench the propagating radical. The DFT calculation finds out that the
tertiary H of BOX might be abstracted by VAc: (Fig. 5b, process B).
Although the spin state of the transition state TS(L-H-abs) and the
corresponding side-product CoBr,-L: can be quintet or triplet, the
calculation results showed that the influence of the spin state on
energy is quite small. For the complex with L2, this H-abstraction
process is much more favorable than the chain propagation
process (VAc: + VAc in process C, Fig. 5d) both dynamically and ther-
modynamically, with energy barriers (AG') of 5.9 kcal/mol versus
11.4 kcal/mol and releasing energy (AG) of -17.4 kcal/mol versus
-8.4 kcal/mol. That is, the radical quenching reaction is irreversible
once occurs. This process leads to the destruction of the ligand
structure and results in significant chain termination from the early
stages of polymerization. As a result, the catalyst L2/CoBr, exhibits
poor control over the polymerization, obtaining polymers with higher
molecular weight than predicted and broad molecular weight dis-
tribution. The calculation shows that the energy barrier and heat
release of the H-abstraction process are similar to those of the chain
propagation process by the catalyst with rigid In-BOX L3, suggesting
that these two processes are competitive and radical quenching is
unavoidable. By contrast, for the catalyst with ligand containing two
pyridine arms (L5), the H-abstraction process is dynamically and
thermodynamically unfavorable, compared with the chain propaga-
tion process (VAc- + VAc in process C). This suggests that two pyridine
arms can effectively prevent the propagating radicals from grabbing
the H on BOX, thus protecting the polymer chain from being termi-
nated and resulting in well-controlled polymerization. The molecular
structure of L5/CoBr, obtained by X-ray characterization shows that
the pyridine side arms do not coordinate with the cobalt center
(Supplementary Fig. 1). However, the presence of pyridine arms leads
to a sheltered conformation of the complex with large steric hin-
drance. That is, the pyridine side arms enfold the metal center and the
active H on BOX. It is conceivable that L3 without side arms is unable to
well protect the metal center and the corresponding active H.

In terms of the H-abstraction reaction, the case for the system of
L4 with benzyl side arms is between those for the L3 and L5 systems, in
both dynamic and thermodynamic. Notably, the results of the com-
petitive reactions (the propagation reaction and the H-abstraction
reaction) depend on the relative activation free energy between them.
The activation free energy AG* of the VAc polymerization is 11.4 kcal/
mol, while the AG* for VAc- radical to abstract the H atom of the ligands
L1 to L4 and L5 is 5.9 ~10.2 kcal/mol and 12.1 kcal/mol, respectively.
Therefore, among all the BOX/CoBr; catalysts we studied, only for L5/
CoBr,, the H-abstraction reaction would be well suppressed as its AG*
is higher than that of the polymerization reaction. For the ligands L4
and L5 with similar structures, the difference in the AG* for the
H-abstraction reaction is small (1.9 kcal/mol). However, according to
Boltzmann distribution, at 298.15K, the 1.9 kcal/mol AAG* between L4
and LS is equal to 25 times reaction rate. Besides, as indicated by the
shortest distance between the side arm and the active H (4.91 A versus
3.77 A, Fig. 5c), compared with the pyridine side arms, the phenyl side
arms deviate away from the oxazoline skeleton and expose more space
for H-abstraction. This might be due to that the hindrance of C-H in
phenyl is larger than the N atom of pyridine. Thus, the phenyl side arm
in L4 would be pushed farther away from the center by the O atom of
the skeleton compared with the pyridine side arm in L5 (161.0° versus
176.2°). Due to the different conformation of the side arm, in the
H-abstraction transition state (TS(L4-H-abs)" and TS(L5-H-abs)"), the
shorter distance between the skeleton and VAc- is shown in TS(L5-H-
abs)" (2.26 A for L5 and 2.39 A for L4), which indicates larger steric
repulsion and thermodynamic instability for TS(L5-H-abs)”
(AG*=12.0 kcal/mol (L5) versus 10.0 kcal/mol (L4)). Thus, the pyridine
side arms can better suppress the H-abstraction process.

For the above mechanism studies, we carried out control experi-
ments. Under conditions similar to Table 1, VAc polymerization was

carried out using L3 and LS as ligands, respectively, and the poly-
merization was stopped after 30 min. The retention degree of the
corresponding active H on BOX skeleton (Fig. 5b) was detected as 88%
and 98% for the systems with L3 and L5, respectively. For the system
with L2, even if the polymerization was stopped within 10 min, the
retention degree of the corresponding active H was only 38%. These
results are consistent with the DFT calculations above, which
indicate that both In-BOX skeleton and pyridine side arms inhibit the
H-abstraction process (radical termination side reaction), thus they are
necessary for an efficient and controlled polymerization.

The random VAc/MMA copolymerization. As well recognized in the
literatures including textbooks®**°, many radical chain propagation
processes are reversible, probably due to that some products of radical
addition reactions are very thermodynamically unstable. We con-
ducted the DFT calculations of different kinds of chain propagation
processes in random VAc/MMA copolymerization. In absence of cat-
alyst, it is more favorable for propagating chain to attack the more
activated monomer MMA than VAc, both kinetically and thermo-
dynamically, whether the chain end bears MMA- or VAc: (Process C,
Fig. 5d). Three of the four chain propagation reactions are thermo-
dynamically favorable and can proceed readily without the need for a
catalyst to alter the reaction tendency. Crucially, as we hypothesized,
the process for MMA- + VAc is nearly impossible to proceed or ther-
modynamically inhibited (AG; = 2.2 kcal/mol), because it involves the
transformation from a tertiary radical to a secondary radical, which
should be the fundamental obstacle of random VAc/MMA copoly-
merization. Once the radical MMA- forms, the whole system tends to
the self-propagation of MMA. Therefore, in the radical copolymer-
ization system, MMA is first converted to near depletion before VAc
polymerization begins, producing blends of homopolymers, and
homogeneous random VAc/MMA copolymerization cannot be rea-
lized. L5/CoBr, exhibits a very strong binding affinity for the VAc:
chain end (AGyac"=-14.5kcal/mol, Process A, Fig. 5a), and the
complexation reaction between the propagating radical MMA-VAc-
and the catalyst is highly thermodynamically favorable
(AG’3=-18.5 kcal/mol, Fig. 5e). Therefore, the product of this pro-
pagation reaction can be stabilized, preventing the reverse reaction,
which makes it possible for propagating chains with MMA- to effi-
ciently attack monomer VAc.

In the absence of catalyst L5/CoBr,, the nascent MMA-VAc- pro-
pagating radical faces two pathways: chain propagation (MMA-VAc: +
VAc > MMA-VAc-VAc-) or depropagation (MMA-VAc- > MMA- + VAc).
The activation energies for these two paths are very close
(11.2 kcal/mol vs. 11.9 kcal/mol, respectively), suggesting they should
be in intense competition. However, depropagation holds a kinetic
advantage as it is a diffusion-independent unimolecular process,
whereas propagation is a bimolecular reaction constrained by diffu-
sion. Consequently, without the catalyst, depropagation predominates
and occurs readily, severely impeding MMA/VAc copolymerization.
The critical function of L5/CoBr lies in its effective suppression of this
detrimental depropagation pathway, enabled by the catalyst’s strong
complexation affinity for the MMA-VAc- radical. Under sustained
photoactivation, L5/CoBr, mediates barrierless, rapid, and reversible
radical capture, forming a stable intermediate (AG'3 =-18.5 kacl/mol,
Fig. 5e). This sequestration efficiently suppresses the depropagation
reaction, which possesses a significant inherent barrier (11.9 kcal/mol).
The deactivation/activation cycle persists until the transiently released
propagating radical randomly collides with and attacks a proximal VAc
monomer. This propagation step is thermodynamically favored
(AGs =-7.7 kcal/mol, Fig. 5e), yielding the stable MMA-VAc-VAc-
adduct. Thus, through strong complexation, L5/CoBr significantly
eliminates the “completely free” MMA-VAc: radical that is prone to
depropagation. This propagating radical exists predominantly either
catalyst-bound or actively propagating. The suppression of the
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depropagation pathway of MMA-VAc- radical by catalyst L5/CoBr,
facilitates efficient VAc/MMA copolymerization.

In addition, DFT calculations suggest that the catalyst exerts no
acceleration effect on the propagation processes since it does not
participate in their kinetics (Supplementary Note 4). The propagation
and the deactivation of its product are stepwise processes. Conse-
quently, the critical role of catalyst L5/CoBr» in the random copoly-
merization of MMA and VAc lies in affecting the thermodynamics of
the key propagation process, namely, the catalyst can efficiently bind
the addition product of propagating chains bearing MMA- with VAc to
prevent the reverse reaction.

The reactivity ratios of MMA and VAc were determined by low
conversion copolymer composition experiments. The average reac-
tivity ratios are calculated as r(MMA)=7.850 and r(VAc)=0.698,
respectively, via Fineman-Ross, Mayo-Lewis and Kelen-Tudos methods
(Supplementary Table 11, Supplementary Fig. 22)°“*’. As reported®’,
the reactivity ratios of MMA and VAc in free radical copolymerization
differ by more than three orders of magnitude, for example,
r(MMA) =27.8 and r(VAc) = 0.014. Therefore, the difference of reac-
tivity between MMA and VAc is significantly reduced by the L5/CoBr,
catalytic system. Notably, it is meaningless to compare the specific
values of reactivity ratio here, because the methods used to calculate
reactivity ratio in the literature do not consider that the chain propa-
gation might be reversible, that is, the premise of these methods is that
each step of chain propagation is irreversible. As mentioned above, it is
believed that the main obstacle of the random MMA/VAc copolymer-
ization is that the product of MMA- + VAc is thermodynamically
unstable. This step of cross-propagation is highly reversible or ther-
modynamically inhibited (AG = 2.2 kcal/mol). Therefore, the premise
of the methods used in the previous literature to calculate the reac-
tivity ratios of MMA and VAc might not be valid’**°, Therefore, we also
fitted the kinetic data of VAc/MMA copolymerization ([VAcl/[MMA] =
10/1) to the Beckingham-Sanoja-Lynd (BSL) copolymerization model
to determine reactivity ratios (Supplementary Note 5)*. This method
does not require changing the monomer composition, and the reac-
tivity ratios are calculated based on the kinetics of one copolymer-
ization reaction. The values of reactivity ratio were determined as
r(MMA)=3.133 and r(VAc)=0.316 using BSL integrated model.
Besides, we also employed the method recommended by IUPAC™ to
determine the reactivity ratios from copolymer composition and
overall conversion measurements, by carrying out four reactions at
three different initial feeding compositions. The IUPAC method was
implemented in the existing free ware Contour (Supplementary
Table 12), giving the values of reactivity ratio as r(MMA) =4.052 and
r(VAc) = 0.435, which are on the same order of magnitude as those
obtained by the classical linear methods and BSL method.

The above reactivity ratio data indicate that although catalyst L5/
CoBr> can promote the effective VAc/MMA copolymerization, the
reactivity ratio of MMA remains significantly higher than that of VAc
(differing by approximately an order of magnitude) in the random
copolymerization by L5/CoBr,. Consequently, a relatively high con-
centration of VAc relative to MMA (e.g., 10/1) is required for the
copolymerization to proceed effectively.

Comparison with one typical CMRP catalyst. At last, we would like to
illustrate the superiority of L5/CoBr, to one typical CMRP-catalyst,
Co(acac),. According to literatures, Co(acac), is complexed with THF
in THF solution®. Since it is difficult to consider the chemical potential
of solvent THF, the enthalpy change (AH) is used to estimate the
binding ability of Co(acac), to propagating radicals (Process A’, Fig. 5f).
In terms of AH, Co(acac), is obviously worse than L5/CoBr;, for binding
propagating chains, whether the chain end bears MMA- or VAc-.
(AHyac =-33.3 kcal/mol (L5/CoBr,) versus AHya.* =-28.6 kcal/mol
(Co(acac),), AHmma=-12.9 kcal/mol (L5/CoBry) versus AHyma? =
-9.1kcal/mol (Co(acac),)). As reported, CMRP of VAc mediated by

Co(acac), could proceed smoothly at 30 °C without irradiation”, while
VAc polymerization could not proceed by L5/CoBr, when the light was
turned off, which show that the ability of Co(acac), to bind propa-
gating chain is indeed much worse than that of L5/CoBr,. Therefore,
thanks to the strong enough ability to bind or trap propagating chains,
which leads to the efficient deactivation process and levelling effect on
the reactivity of monomers, L5/CoBr, can not only well regulate the
homopolymerizations of methacrylates and vinyl esters, but also
conveniently achieve the challenging homogeneous random copoly-
merization and block copolymerization of these two kinds of mono-
mers with high efficiency.

On the other hand, we conducted kinetic studies on the Co(a-
cac)>-mediated polymerization of MMA and found that there is an
induction period during this process (run 7, Table 1). After this
induction period, the polymerization rate by Co(acac); is faster than
that of the L5/CoBr, system (Supplementary Fig. 30). According to
literature®, the induction period in the Co(acac), system is attributed
to the need for radicals to react with the cobalt(ll) complex, in situ
generating a dormant species (cobalt(Ill) complex), which serves as a
clean source of radicals for polymerization. However, the real cause of
the induction period remains uncertain and lacks definitive evidence.
In our catalytic system, no obvious induction period was observed in
both CMRP of MMA and VAc. This might be because, compared to
Co(acac),, while the L5/CoBr; catalyst has a stronger binding ability to
the propagating radicals, it has a weaker binding ability to the initial
radicals generated from the cleavage of initiators (Processes F and F’).
Therefore, in the L5/CoBr, catalytic system, not only the deactivation
process can efficiently occur, avoiding the occurrence of side reac-
tions, but also the formation and reactivation of dormant species can
efficiently and reversibly proceed at the early stage, resulting in no
obvious induction period. The DFT calculations (Supplementary
Fig. 31) on the binding energies of both catalysts with the initial radicals
support the above hypothesis (AH;" = -37.3 kcal/mol (L5/CoBr,) versus
AH;F =-46.7 kcal/mol (Co(acac),), AH,"=-31.5kcal/mol (L5/CoBr,)
versus AH>" =-41.0 kcal/mol (Co(acac)y)).

Discussion

We have developed a SaBOX/CoBr, catalyst for photoinduced CMRP.
This catalytic system achieves the highly efficient and well-controlled
polymerization of both less activated vinyl ester and more activated
methacrylate. More remarkably, this catalytic system can facilely pro-
duce the di-/tri-block and even homogeneous random copolymers of
vinyl ester and methacrylate. The mechanism studies are highly con-
sistent with the polymerization results, which validate CMRP
mechanism and our catalyst design concept. This work makes a
breakthrough for efficiently accessing challenging copolymers of
monomers with a very large difference in reactivity by rational catalyst
design, which would contribute to the development of high-
performance catalysts and polymer materials.

Methods

Materials

Unless stated otherwise, all manipulations with air- and moisture-
sensitive chemicals and reagents were performed using standard
Schlenk techniques on a dual-manifold line, or in an inert gas (Ar)-filled
glovebox. Unless otherwise stated, the monomers vinyl acetate (VAc)
(>99.0%, Tokyo Chemical Industry (TCI), Japan), vinyl butyrate (VBu)
(>98.0%, TCI), vinyl pivalate (VPi) (>99.0%, Shanghai Acmec Bio-
chemical Co., Ltd), methyl methacrylate (MMA) (>99.8%, TCI), and
2-methoxyethyl methacrylate (MEMA) (>95%, TCI) were purchased and
dried over activated CaH, overnight, followed by vacuum distillation.
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) (>97%, Beij-
ing Innochem Science & Technology (Innochem)), cobalt(ll) bromide
(>99%, Beijing Hwrkchemical) and extra dry tetrahydrofuran (THF)
(&K) were used as received. Prior to characterization and
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measurement, all polymers underwent comprehensive purification via
quenching, adsorption, and filtration to ensure complete removal of
cobalt complexes, unless otherwise specified.

Instruments and characterizations

Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent
400 MHz spectrometer, or a Bruker 400 MHz spectrometer in chloro-
form-d at 298 K. Molecular weights were measured by the GPC equipped
with a DAWN EOS multi-angle laser light scattering (MALLS with 18
angles) detector (Wyatt Technology) and a T-rEX refractive index
detector (Wyatt S6 Technology) connected with three 300 x 8.0 mm
columns of MZ-Gel SDplus 10E3A 3 pm, 4 pm and 5 pm. The instrument
was performed at 40 °C using THF eluent at a flow rate of 1 mL/min and
calibrated using PMMA standards to give the relative molecular weight.
High resolution mass spectra were determined on JMS-T100LP Accu-
TOF™ LC-Express (ESI) mass spectrometers. TGA was carried out on a
TGA Q500 system. The instrument was equilibrated at 40 °C. The sam-
ple was heated up to 600°C at a heating rate of 10°C/min under
nitrogen atmosphere. DSC was carried out on a DSC2A-013118, DSC2A-
00307 and DSC Q2000 system. The sample was heated from 40 to
150 °C at a heating rate of 10 °C/min under nitrogen atmosphere, fol-
lowed by cooling to —50 °C at 10 °C/min for two cycles. The reported
DSC data was collected on the second heating cycle. Matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) was performed on a Bruker UltrafleXtreme TOF/TOF mass
spectrometer (Bruker Daltonics GmbH & Co. KG, Bremen, Germany
Bruker Daltonics, Inc., Billerica, MA) equipped with an Nd: YAG laser
(355nm).  Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyli-dene]
malononitrile (DCTB, purchased from TCI) was applied as the matrix,
and PMMA (M,,=5.0 kDa) were used for calibration. The matrix was
dissolved in CHCI; at 10 mg/mL, and the polymers were dissolved in
CHCI3 at 1 mg/mL. The sample was conducted in reflection mode. And
the data analysis was conducted with Bruker’s FlexAnalysis software.
Sample preparation involved depositing 0.5 pL of matrix/salt mixture on
the wells of a 384-well ground-steel plate, allowing the spots to dry,
depositing 0.5 puL of each sample on top of a dry matrix/salt spot, and
adding another 0.5 pL of matrix/salt on top of the dry sample (sandwich
method); compared to the commonly used dry droplet method, in
which a mixture of matrix/salt and sample is deposited onto the target
plate, the sandwich method minimizes the disintegration of labile sub-
stances and allows for facile variation of the matrix to maximize the
signal intensity. Elemental analysis of Br was acquired on 905 Titrando
(Metrohm). The sample was fully combusted into the oxygen flask,
according to the oxygen flask combustion method of Pharmacopoeia of
the People’s Republic of China. After the combustion products were
completely absorbed into KOH aqueous solution (5 wt.%), the content of
bromine in the aqueous solution was determined by potentiometric
titration, according to Chemical reagent - General rule for potentiometric
titration (GB T 9725-2007).

Procedure for polymerization

General procedure for the synthesis of homopolymers. In a typical
run, catalyst was made by mixing ligand and CoBr, ([CoBr;lo/
[ligandlo =1/1) in THF solution, which was stirred for 2 h. To the cata-
lyst solution in a Pyrex Schlenk flask (with 2.2 cm diameter), allotted
amounts of VAc and TPO were added. The mixture was irradiated using
a white light with an output optical power of 24 W and a wavelength of
350-900 nm (Wuhan GeAo Chem Technology Co., Ltd) under argon
atmosphere at ambient temperature (25 °C + 5 °C) with magnetic stir-
ring. A powerful fan was used to remove the heat of polymerization
from the flask. After stirring for the allotted period, the polymerization
reaction was quenched with chloroform (0.5mL). Conversion was
determined by integration of the monomer vs. polymer resonances in
the 'H NMR spectrum of the polymerization system. After completion
of the reaction, the contents of the ampules were dissolved in DCM.

The adsorption-treated filtrate was added to an approximately 50-fold
excess of rapidly stirred n-hexane. The precipitate that formed was
filtered, washed with n-hexane and dried to constant weight in
vacuum.

General procedure for the synthesis of block copolymers. In a
typical run, catalyst was made by mixing ligand and CoBr, ([CoBr;]o/
[ligandlo =1/1) in THF solution, which was stirred for 2 h. To the cata-
lyst solution in a Pyrex Schlenk flask (with 2.2 cm diameter), allotted
amounts of VAc and TPO were added. The mixture was stirred and
irradiated by 24 W white light. After the allotted period, a small aliquot
was taken in an anhydrous and oxygen-free environment, quenched by
adding deuterium chloroform and analyzed to give the monomer
conversion and polymer molecular weight. After the nearly complete
conversion of VAc, allotted amounts of MMA and THF were added into
the system in situ. The mixture continued to be stirred and irradiated
by 24 W white light for the allotted period. Conversion was determined
by the 'H NMR spectrum of the polymerization system. After com-
pletion of the reaction, the contents of the ampules were dissolved in
DCM. The adsorption-treated filtrate was added to an approximately
50-fold excess of rapidly stirred n-hexane. The precipitate that formed
was filtered, washed with n-hexane and dried to constant weight in
vacuum.

General procedure for the synthesis of random copolymers. In a
typical run, catalyst was made by mixing ligand and CoBr, ([CoBr;]o/
[ligandlo =1/1) in THF solution, which was stirred for 2 h. To the cata-
lyst solution in a Pyrex Schlenk flask (with 2.2 cm diameter), allotted
amounts of VAc, MMA and TPO were added. The mixture was irra-
diated using a white light with an output optical power of 24 W and a
wavelength of 350-900 nm (Wuhan GeAo Chem Technology Co., Ltd)
under argon atmosphere at ambient temperature (25°C+5°C) with
magnetic stirring. A powerful fan was used to remove the heat of
polymerization from the flask. After stirring for the allotted period, the
polymerization reaction was quenched with chloroform (0.5mL).
Conversion was determined by integration of the monomer vs. poly-
mer resonances in the 'H NMR spectrum of the polymerization system.
After completion of the reaction, the contents of the ampules were
dissolved in DCM. The adsorption-treated filtrate was added to an
approximately 50-fold excess of rapidly stirred n-hexane. The pre-
cipitate that formed was filtered, washed with n-hexane and dried to
constant weight in vacuum.

Data availability

All supplementary information relating to methods, mechanistic stu-
dies, computational studies, characterizations are available in Sup-
plementary Information. Crystallographic data for L4/CoBr, (CCDC
2306200) and L5/CoBr, (CCDC 2306214) can be obtained free of
charge from the Cambridge crystallo-graphic Data Centre via www.
ccdc.cam.ac.uk/data request/cif. The cartesian coordinates of the
optimized structures in this study are available as source data. All data
are available from the corresponding author upon request. Source
data are provided with this paper.
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