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Herein we present a simple batch method to control polymer dis-
persity using a mixture of two ATRP initiators with different reac-
tivities. A wide dispersity spectrum (P ~ 1.1-1.7) is achieved by
altering the ratio between the two ATRP initiators while sustaining
fairly monomodal molecular weight distributions. Depending on
the targeted dispersity, a distinct kinetic profile was observed and,
in contrast to previous ATRP approaches, near-quantitative conver-
sions were obtained even for the highest dispersities. High end-
group fidelity was also maintained in all cases as exemplified by
chain extensions. Significantly, this method can be applied to
various ATRP protocols as well as to various monomer classes.

One of the main variables of polymers is their molecular
weight distribution (MWD), commonly measured as dispersity
(P). It is defined as the ratio of the weight average molar mass
(M,,) over the number average molar mass (M,,)." Dispersity is
always greater than one due to the heterogeneity of synthetic
polymer chains. This is in contrast to biomacromolecules,
such as proteins and DNA, which have a dispersity of 1 owing
to their perfect uniformity.> Controlled radical polymerization,
also referred to as reversible deactivation radical polymeriz-
ation, has traditionally focused on minimizing the b of poly-
mers with low P becoming a trademark for high livingness
and a successful polymerization.>* However, polymers of
higher and intermediate Ps can also have advantageous
physicochemical characteristics and properties.”™*° To this
end, the first examples of methods to tailor polymer P while
maintaining high end-group fidelity —have recently
emerged.”>""

To control the breadth of molecular weight distributions,
two main approaches have been employed. First, the so-called
“engineering” methods rely on using flow, feeding or mixing
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strategies based on theoretical calculations and modelling. For
example, Fors and co-workers pioneered the field by introdu-
cing a clever feeding method to tune the shape and the
breadth of molecular weight distributions. In particular, the
initiating species were accurately fed in nitroxide-mediated,"
anionic,"® coordination'* and RAFT"® polymerizations at pre-
determined rates resulting in a continued initiation process
and full control over the MWDs. The same group subsequently
studied the effect of skewness and shape of MWDs in mechan-
ical properties and bulk self-assembly.’*'®'” Other noticeable
examples include blending approaches,”'® data encryption via
MWD fingerprints developed by the Junkers group,'®>* and
the use of elegant flow chemistry methods employed by the
groups of Frey, Boyer, Leibfarth, Guironnet, and Lu.>*>° The
vast majority of these methodologies include the design of
suitable equations and modelling systems to precisely tailor
MWDs and provide polymers with a high range of Ps.
Alternatively, “chemistry” methodologies have also been
developed in which the focus is to deviate from “ideal”/estab-
lished polymerization conditions in order to controllably tailor
the MWDs. For instance, Goto’s group added a small amount
of an acrylic co-monomer during the organocatalyzed polymer-
ization of methacrylates and efficiently tuned polymer disper-
sity in both linear and branched block copolymers.
Mechanistically, the presence of the co-monomer led to retar-
dation of the growing polymer chains, without compromising
the end-group fidelity.** In ATRP, tailoring polymer dispersity
is possible by altering the deactivator concentration, as inde-
pendently demonstrated by Matyjaszewski’s group and our
group.* " In particular, the lower the deactivator concen-
tration, the higher the dispersity achieved and the produced
polymers displayed high livingness regardless of their disper-
sity. Other efficient examples to tailor polymer b include the
use of reducing agents,*® polymerization retarders,**° photo-
chromic initiators,’® and termination agents.*"** In RAFT
polymerization, our group developed a simple strategy
whereby a mixture of two RAFT agents with vastly different
reactivity were employed.*® The ratio between the high and low
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activity RAFT agent was precisely tailored to control polymer
dispersity for a wide range of polymer classes and the concept
could be successfully applied in both thermal and PET-RAFT
polymerization.**

Inspired by our previous work in RAFT polymerization, we
present here a method to tailor polymer dispersity through
mixing two commercially available ATRP initiators with
different reactivities (Fig. 1a). To realize our concept, two suit-
able initiators have to be identified: one to enable the syn-
thesis of polymers with narrow molecular weight distributions
(e.g- D ~ 1.1) and one to generate polymers with much broader
molecular weight distributions (e.g. P ~ 1.7) under otherwise
identical conditions. The selection of the high reactivity ATRP
initiator is relatively simple as it has been a major focus of the
literature.*® For instance, 2-bromopropionate (EBP) is a com-
monly used initiator leading to excellent control over the
MWDs and low dispersity values. However, the choice of the
lower activity ATRP initiator can be more challenging. We envi-
sioned that ethyl 2-chloropropionate (ECP) could be an ideal
candidate due to the chlorine end-group which would, in prin-
ciple, lead to lower deactivation rate than the bromine ana-
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logue under the same catalyst loading.**™*” Importantly, apart
from the terminal halogen (chlorine versus bromine) both
initiators possess the same degree of substitution (i.e. second-
ary initiators) and an identical a-end group, without the latter
being the main determining characteristic.

To demonstrate the concept, we first employed photo-ATRP
as a model polymerization system. All reactions were per-
formed under UV light irradiation (36 W, Ay, = 360 nm) using
methyl acrylate (MA) as a monomer, tris[2-(dimethylamino)
ethyl]amine (Mes,TREN) as a ligand, CuBr, as the copper
source and dimethylsulfoxide (DSMO) as a solvent. When EBP
was employed as the alkyl halide initiator, a well-controlled
polymerization took place yielding poly(methyl acrylate) (PMA)
with narrow molecular weight distributions (P = 1.13, Fig. 1b
and Table S1,} entry 4), as characterized by size exclusion
chromatography (SEC). This result is in line with previous
reports.”® On the other hand, when EBP was replaced with
ECP, a much broader yet monomodal MWD was obtained, (D =
1.71, Fig. 1b and Table S1,1 entry 1). This verifies our initial
hypothesis that ECP would yield polymers with higher disper-
sity values due to its relatively low deactivation rate. It is noted
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Fig. 1

(a) Schematic representation of mixing ATRP initiators to tune polymer dispersity, (b) SEC analysis of PMA synthesized via photo-ATRP, illus-

trating the variation in dispersity as EBP and ECP are mixed in different ratios (aligned by M, value) and (c) SEC analysis of PMA synthesized via
photo-ATRP, illustrating the variation in dispersity as EBP and ECP are mixed in different ratios (aligned by M, value).
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that given the very low amounts of catalyst employed (0.01
equivalents with respect to the initiator), halogen exchange is
not expected to be the key factor which controls polymer dis-
persity. As we have identified the upper and lower D limits of
our system, we subsequently altered the ratio of these two
initiators aiming to tailor polymer dispersity (Fig. 1b and c).
As depicted in Fig. 1, a series of polymers with different b and
constant M, or M, values could be successfully synthesized fol-
lowing our strategy. For example, a ratio of EBP: ECP 20: 80
(mol %) resulted in PMA with D = 1.35 (Fig. 1b and Table S1,}
entry 3), while when the EBP:ECP ratio was 5:95, the
obtained PMA displayed higher dispersity b = 1.51 (Fig. 1b and
Table S1,T entry 2). These initial experiments demonstrate that
by simply mixing two commercially available alkyl halide
initiators with different reactivities, polymers with a range of
Ds can be synthesized through photo-ATRP.

To gain a deeper insight into the polymerization mecha-
nism when different ATRP initiators were employed, we con-
ducted comprehensive kinetic experiments. Through the exclu-
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sive use of EBP, a conventional linear first order kinetic profile
was observed (Fig. 2a) accompanied by a gradual decrease of
the P throughout the polymerization (from 1.23 to 1.08), as
expected from a controlled/living polymerization. The mole-
cular weight distributions shifted gradually to higher mole-
cular weights (MW) and a relatively good agreement between
theoretical and experimental molecular weights was achieved
(when compared to PMMA calibrants, Table S31). A similar
kinetic profile was also observed when mixtures of the two
ATRP initiators were employed (Tables S3-51). For instance,
under the ratio [EBP]: [ECP]=[40]:[60], a linear increase of M,
with conversion was also obtained as well as a linear depen-
dence of In([M]y/[M]) on time (Fig. 2b, Table S471). However, a
slightly worse agreement between theoretical and experimental
MW was noticed, which was attributed to slow initiation of the
chlorine initiator. Indeed, we found that when just ECP was
employed, slower initiation was observed when compared to
EBP: with ECP only 15% of the initiator was consumed at 17%
of conversion while with EBP 83% of the initiator was con-

. .
a)Low H b) Intermediate D c) High b
pu— —
—2 —
1.04 —1 104 —3 1.0
% _— 'Eo" — %.
g 5 - 5 %
3 e 3 — 3
H 6 3 6 H
° 7 ° 74 ©
B 05 — o 054 —F T 054
o @ k3
= — = — O =
£ g 5
= = -4
0.0 00+ 0.0+
1000 10000 100000 1000 10000 100000 1000 10000 100000
Mwt
100 i 5 100 My 5 100 —5
| |
| |
n | ]
80 -| - La 80 . " La 80 - u o 4
9 L s . = "
= ] = =
5 o . . [PE B ® . PE 5w . S
e 5 B . 5 3 =
E . = = * = z =
- Lo & - Lo C . Lo &
S w & 25 5§ . 25 § @ - & 25
L] * * * *
. 20 " d 1 20 ¢ 1
20 - L1 g L 4 -
* s * n ¢
LI * . * *
* [ ]
ole [ ole [ olma® [
[) 30 60 9 120 150 180 0 30 60 9% 120 150 180 [) 2 4 6 ) 10
30000 Time (min) 20 18000 Time (min) 20 18000 Nime (minj 20
" s s u
L1, - 19 . =" @ 19
26000 u L1.8 15000 - a® 18 15000 - 18
|}
¢
- r17 n F1.7 3 * 6,0 17
20000 n Lie 12000 - 16 12000 16
I3 ] s ] s
= 15000 [15Q= 15 Q= 15Q
J 9000
. F14 2% F1.4 14
P -
10000 r1.3 * 1.3 1.3
6000 6000
* s b2 . RIS SR P 12
5000 o L14 | :
L] * o 000 o 00} = 3000 i
1.0 1.0 1.0
o 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Fig. 2 SEC and kinetic analysis for the synthesis of PMA with different initiators: (a) only EBP, (b)a mixture of EBP: ECP in a ratio 40 : 60 and (c) only

ECP.
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sumed at 18% of monomer conversion (Fig. S1t). In addition,
when ECP was solely employed, a distinct kinetic profile was
noticed. Although the conversion and In([M]y/[M]) still
increased over time, the M, reached its’ highest value at a very
early stage of the polymerization without a significant further
increase throughout the reaction. The P was maintained at
>1.6 regardless of the monomer conversions. We attribute
these findings to the low kgeace Of ECP. Slow deactivation
enforces polymer chains to achieve their final MW at an early
stage of polymerization, without undergoing multiple acti-
vation-deactivation steps. Importantly, regardless of the final b
(i.e. low, intermediate or high), near-quantitative conversions
could be reached in all cases (>95%). This is an important
advantage over previous approaches in which only moderate
conversions (15-60%) could be achieved for either intermedi-
ate or high D polymers due to the cessation of the polymeriz-
ation as a result of the low catalyst loading.**** Instead, by
employing either a lower ATRP initiator or mixtures of high/
low ATRP initiators, no reaction plateau is observed, thus
allowing for the polymerizations to reach completion. The
linear kinetic profile suggests high end-group fidelity regard-
less of the initial D. In order to further examine the livingness
of the synthesized polymers, we also conducted chain
extension experiments. In particular, macro-initiators with b =
1.49 and 1.70 were initially synthesized and subsequently
chain extended by adding a second aliquot of MA. SEC
traces shifted to higher molecular weights thus indicating suc-
cessful chain extensions in both cases. (Fig. 3, Table S6,f
entries 1-4).

One of the advantages of our developed approach is that it
should, in principle, be compatible with any ATRP method as
it relies on the selection of two initiators with different reactiv-
ity. Instead, previous ATRP approaches are limited to systems
that start with only the deactivator (e.g. CuBr,) and tune the D
by altering the catalyst concentration. Thus, previous
approaches would be incompatible with, for example, Cu(0)-
RDRP.*™* To test the robustness of our methodology, EBP,
ECP and mixtures thereof were utilized as initiators in Cu(0)-
RDRP using copper wire and otherwise identical conditions
with the photo-ATRP experiments. Pleasingly, by changing the
ratio between the two initiators the P could be efficiently con-
trolled and chain extension experiments were also successful,
thus suggesting high end-group fidelity (Fig. 4, Tables S7-87).
These experiments also expand the scope of our method as we
are no longer limited to external stimuli, such as light, in
order to control polymer P which could enable additional
opportunities and directions.****** To further probe the
potential of our method we also conducted preliminary experi-
ments to control the D of other monomer classes such as
methyl methacrylate (MMA). By using mixtures of methyl
a-bromophenylacetate (MBPA) with EBP, polymers with
different D could be obtained (P ~ 1.3-1.67, Fig. S9 and
Table S27), albeit with a more pronounced tailing when com-
pared to the acrylate polymerizations. The observed tailing was
attributed to the polymerization of MMA and in line with pre-
vious reports.*® Thus, upon selection of an appropriate system,
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Fig. 3 SEC analysis of the block copolymers formed from chain exten-
sion of a PMA macro-initiators prepared with (a) EBP: ECP 60:40 (b)
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Ej—/\oﬁ\rc' E

Cu(0)-RDRP

e M= 13200-D= 1.22
e« M,= 25600-D= 1.20

Nommalised dw/dLogM
Normalised dw/dLogM

100000 1000 10000
MWt Mwt

1000 10000 100000

Fig. 4 SEC analysis of the polymerization of MA utilizing Cu(0)-RDRP,
illustrating (a) the variation in dispersity as EBP and ECP are mixed in
different ratios (aligned by M, value) and (b) a chain extension of a PMA
macroCTA prepared with EBP : ECP 60 : 40.

the concept of mixing ATRP initiators can apply in different
copper polymerization strategies.

Conclusions

In summary, we have developed a simple batch method based
on mixing two alkyl halide initiators with different activities,
which allows to tune the P of polymers. Dispersities between

This journal is © The Royal Society of Chemistry 2021
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~1.1-1.7 can be obtained while maintaining monomodal
molecular weight distributions and high livingness, as verified
through kinetic experiments and successful chain extensions.
Importantly, our developed approach can reach very high
monomer conversions regardless of the targeted dispersity
value, and can be applied to different ATRP approaches and
monomer families.
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