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Currently, there is no versatile method for the syn-
thesis of high molecular weight (MW) polymers
by controlled radical polymerization from a broad
range of monomers using a single agent. Herein, we
report a universal photoiniferter reversible addition-
fragmentation chain transfer (RAFT) polymerization
formulation using a suitable pyrazole-based chain
transfer agent (CTA) combined with blue light
irradiation. Well-controlled polymerization was ob-
served for methyl methacrylate (MMA), methyl
acrylate (MA), N,N-dimethylacrylamide (DMA), and
N-vinylpyrrolidone (NVP). High polymerization rates
were achieved, attributed to the high molar absorp-
tion coefficient of the pyrazole-based CTA and its
rapid rate of photolysis. Poly(methyl acrylate) (PMA)
and poly(N,N-dimethylacrylamide) (PDMA) synthe-
ses Yyielded low-dispersity ultrahigh MW chains
(>10° g mol’, ® < 1.3). High end-group fidelity

Introduction

Reversible deactivation radical polymerization (RDRP)
techniques have led to a paradigm shift in the radical
polymerization of vinyl monomers, enabling facile syn-
thesis of a broad range of well-defined functional poly-
mers with predictable molecular weight (MW), tunable
MW distribution, and complex architectures.”® RDRPs
generally proceed by either a reversible termination
mechanism, for example, atom transfer radical polymeri-

zation (ATRP),° or a degenerative chain transfer

enabled the preparation of well-defined high MW
diblock copolymers comprising both more activated
and less activated monomers, including PDMA-
b-PNVP and PMA-b-PNVP. Such syntheses demon-
strated that visible light-mediated photoiniferter
RAFT polymerization conducted using pyrazole-
based CTAs was both highly efficient and versatile.

Universal visible-light photoiniferter RAFT polymerization

N N < . /é\Y/
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Keywords: photoiniferter polymerization, universal
CTA, visible light, ultrahigh molecular weight, RAFT
polymerization

mechanism such as reversible addition-fragmentation
chain transfer (RAFT) polymerization.”

RAFT polymerization is a highly versatile technique
that is applicable to the majority of radically polymeriz-
able vinyl monomers and amenable to a wide range
of polymerization conditions.™™ RAFT polymerization
resembles conventional free radical polymerization, with
the only difference being the addition of a chain transfer
agent (CTA) to control the polymerization. A suitable
CTA possesses a thiocarbonylthio moiety substituted by
a “Z” stabilizing group and an “R” leaving group."™ For a
well-controlled RAFT polymerization, the CTA must be
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selected to match the monomer reactivity. The Z group
should promote radical addition to the thiocarbonylthio
double bond and stabilize the intermediate radical,
while the R group should readily fragment from the
intermediate radical and be able to initiate the polymeri-
zation. Although a wide range of chain transfer agents
(CTAs) with different Z and R groups has been devel-
oped to enable the well-controlled RAFT polymerization
of many vinyl monomers,'® the precise formulation for the
successful polymerization of a given monomer can be
puzzling for nonexperts.

Radically polymerizable monomers can be classified as
more activated monomers (MAMs) and less activated
monomers (LAMs)."” In MAMs, the double bond is conju-
gated to aromatic rings, carbonyl groups, or nitriles,
which enhances the monomer reactivity. In contrast,
LAMs typically have double bonds connected to saturat-
ed carbons or heteroatoms and exhibit relatively low
reactivity. According to the RAFT polymerization litera-
ture, MAMs and LAMs usually require different types of
CTAs to achieve a well-controlled polymerization. For
example, dithioesters or trithiocarbonates can provide
excellent control for MAMs but tend to inhibit or retard
the polymerization of LAMs.”® Similarly, CTAs that are
suitable for LAMs are generally less effective in control-
ling the polymerization of MAMs. Certain xanthate'®?° or
dithiocarbamate?® derivatives can provide good control
for the polymerization of either MAMs or LAMs but

not for both monomer classes. This problem poses a
significant challenge for the synthesis of low-dispersity
MAM-LAM diblock copolymers via RAFT polymerization
because a single CTA cannot provide good control for
both types of monomers.”?? In principle, developing a
“universal” CTA that confers good control for both MAMs
and LAMs should provide facile access to MAM-LAM
diblock copolymers.

Only a few universal CTAs have been reported to
control RAFT polymerization of both MAMs and LAMs.
Computational studies led Coote and coworkers®®?* to
propose the use of fluorodithioformate for RAFT poly-
merization, but this hypothesis still awaits experimental
validation owing to the synthetic difficulty of preparing
such CTAs. Benaglia et al.?>* examined N-pyridyl-substi-
tuted dithiocarbamates; such CTAs can control the po-
lymerization of MAMs in their protonated form and LAMs
in their neutral form. However, strong acids/bases are
required to switch between these two states, which may
lead to acid-activated background polymerization or
side reactions such as hydrolysis of CTA, monometr, or
polymer.?”2® More recently, Moad and coworkers? dem-
onstrated that 3,5-dimethyl-1H-pyrazole-1-carbodithio-
ates are extremely versatile CTAs that provide good
control for both MAMs and LAMs and enable convenient
synthesis of diblock copolymers consisting of N,N-
dimethylacrylamide (DMA) and vinyl acetate (VAc) (M,:
8200-11200 g mol™; £:1.24-1.44). In principle, the activity
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Scheme 1| (a) Visible light-mediated universal photoiniferter RAFT polymerization. (b) Chemical structures of CTAs

and monomers used in this work.
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of pyrazole-based CTAs can be enhanced by introducing
an electron-withdrawing substituent (e.g., Cl or Br) to the
pyrazole ring.*® However, such pyrazole-based CTAs
were only evaluated for thermally-initiated RAFT poly-
merizations, and relatively low MWs were reported, for
example, M,, < 50,000 g mol™ for poly(N,N-dimethyla-
crylamide) (PDMA).*°

Inspired by the broad applicability of pyrazole-based
CTAs for both MAMs and LAMs, herein, we report their
use as a new, universal platform for visible light-mediated
photoiniferter RAFT polymerization that provides good
control for both MAMs and LAMs under mild conditions
(Schemes 1a3,b). It is well-documented that the exoge-
nous radical initiator used for thermally initiated RAFT
polymerization continuously generates low MW chains,
which leads to broader MW distributions and contributes
to undesirable termination side reactions.**"*2 In contrast,
photoiniferter RAFT polymerization employs a CTA for
both initiation and polymerization control, so almost all
the polymer chains are initiated by the CTA and grow at
the same rate.®®** Thus, the proportion of low MW chains
and the extent of termination are both minimized, and
photoiniferter polymerizations typically exhibit excellent
pseudo-living character. Recently, these advantages
have been leveraged for the synthesis of ultrahigh mo-
lecular weight (UHMW, >10° g mol™) polymers.®** In the
present study, we show that photoiniferter RAFT poly-
merization conducted under blue light irradiation using
pyrazole-based CTAs enabled high polymerization rates
and high MWs to be achieved for a wide range of mono-
mers. Importantly, it allowed the convenient synthesis of
low-dispersity, high MW MAM-LAM diblock copolymers.

Experimental Methods
Syntheses

Synthetic details of CTAs can be found in the Supporting
Information.

General procedure of photoiniferter RAFT
polymerization

Photoiniferter polymerization was carried out in a 4 mL
glass vial with 30 min Ar deoxygenation. The synthesis of
PDMASOQO, in which [DMA]: [CTA2a] = 500/1, [DMA] =
4 M, was given as a representative procedure. DMA
(0.3965 g, 0.421 mL) and CTA2a (1.69 x 107° g, 8.0 x
10~° mol) were added in sequence to a 4 mL glass vial,
followed by the addition of dimethyl sulfoxide (DMSO) to
give a final total reaction volume of 1 mL, which was
degassed with argon for 30 min. The polymerization
solution was irradiated under a blue light-emitting diode
(LED) (465 nm, 17.0 mW cm™) at room temperature for a
predetermined time. After removal from the light source,
aliquots (2 x 40 pL) were removed for analysis by 'H

nuclear magnetic resonance (NMR) and gel permeation
chromatography (GPC); the remaining solution in the vial
was kept in the dark.

Characterization

General characterizations for the RAFT polymers were
NMR spectroscopy, GPC, UV-vis absorption spectrosco-
py, Fourier transform infrared (FTIR) spectroscopy, ma-
trix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), as listed in the
Supporting Information.

Results and Discussion

To establish pyrazole-based CTAs as a new platform for
universal photoiniferter RAFT polymerization, a commer-
cially available 3,5-dimthyl-1H-pyrazole-1-carbodithioate
(CTA2a) was initially investigated along with a xanthate
(CTA1) and a trithiocarbonate (CTA3). CTAl, CTA2a, and
CTA3 possessed the same R group but different Z groups;
they were selected to compare their spectroscopic prop-
erties and corresponding polymerization behavior. The
three pyrazole-based CTAs (CTA2a-2c¢c) had the same Z
group but different R groups; these reagents were chosen
to examine the effect of varying the nature of the R group
on the polymerization control.

Thiocarbonylthio-based compounds typically exhib-
ited two spectral features in their UV-visible spectra, a
strongly absorbing, n—n* UV transition and a weakly
absorbing n—r* transition at a longer wavelength.** To
identify a suitable wavelength for visible light-mediated
photoiniferter RAFT polymerization, the UV-visible spec-
trum of each CTA was recorded using DMSO as solvent
(Figures1a,b and Supporting Information Figures S4-S5).
CTA1 mainly absorbed UV light with an n—=* transition
located at a Amax Of 365 nm. The n—rx* transitions of
CTA2a (Amax = 420 nm) and CTA3 (Amax = 435 nm)
lay in the blue light region and overlapped significantly
with the emission spectrum of the blue LED light
(Amax = 465 nm) used for photoiniferter polymerization.
The n—r* transition of CTA2a exhibited the highest molar
absorption coefficient (¢) of the three types of CTAs
studied herein. By comparing the three pyrazole-based
CTAs, we found that CTA2a and CTA2b had similar Amax
and e. The Amax (435 nm) of CTA2c, which occurred at a
longer wavelength but its corresponding ¢ was weaker.

The strong absorption of visible light by CTA2 and its
successful prior use in the thermally-initiated RAFT po-
lymerization suggested that this reagent could be a
promising candidate for photoiniferter RAFT polymeri-
zation. To validate this hypothesis, a trial photoiniferter
RAFT polymerization was conducted under blue LED
light irradiation (465 nm, 17.0 mW cm™). The polymeri-
zation kinetics of methyl acrylate (MA), DMA, and
N-vinylpyrrolidone (NVP) in DMSO (4 M) when a
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Figure 1| Determination of molar absorption coefficients of CTAs: (a) UV-vis absorption spectra of CTAs (10 mM) and
emission spectrum of blue LED light (465 nm). (b) Plots of absorbance of n—n=* transition versus CTA concentration.

targeted degree of polymerization (DP) of 500 was
studied wusing CTAl, CTA2a, and CTA3 in turn
(Figure 2a-i, Supporting Information Figures S6-S7 and
Table S1). These three monomers were chosen to evalu-
ate the ability of CTA2a to act as a universal photoini-
ferter compared with CTAT and CTA3.

For all three monomers, the photoiniferter polymeriza-
tion conducted using CTA2a was significantly faster than
that produced in the presence of CTA1 and CTAZ3; the
former apparent polymerization rate constant was ~10-
fold higher than that obtained using CTA3 and 4-6 times
higher than that of CTAl No induction period was
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Figure 2 | Kinetic results of photoiniferter RAFT polymerizations in DMSO, target DP = 500, [monomer] = 4 M, blue
LED light (465 nm, 17.0 mW cm™): (a, d and g) plots of conversion versus time. (b, e, and h) plots of In([M]o/[M]) versus

time. (c, f and i) GPC traces at final monomer conversion.
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Figure 3 | Photolysis of CTAs in DMSO using TEMPO as a radical trap, blue LED light (465 nm, 17.0 mW cm™2), 30 min Ar
deoxygenation, [CTA] = 0.1 mM, [TEMPQO]J] = 0.2 mM. (a) Chemical scheme of photolysis reaction trapped by TEMPO.
(b) Evolution of UV-visible absorption spectra during photolysis of CTA2a. (c) A first-order kinetic plot of In([Abs]s/
[Abs]y versus time (calculated by CTA absorbance for the n—n* transition).

observed for polymerizations involving CTA2a, but a
discernible induction period was noted when either CTA1
or CTA3 was used for the polymerization of MA. Very
high monomer conversions were obtained for the poly-
merization of either MA (88%) or DMA (96%) using
CTA2a and the resulting polymers exhibited low disper-
sities (B ~ 1.1). The polymerization of MA or DMA using
CTAT1 led to relatively high conversions (~70%) but dis-
persities were relatively high (£ > 1.8), indicating a sig-
nificant loss of control during such MAM polymerizations.
Polymerization of NVP using CTA2a produced a moder-
ate conversion (46%) for this LAM monomer but only a
very low conversion could be achieved using either CTA1
or CTA3. The poly(N-vinylpyrrolidone) (PNVP) prepared
using CTA2a was subjected to GPC analysis, with a cal-
culated M, of 8.83 kg mol™ and a & of 1.25, indicating a
reasonably good polymerization control.

In the photoiniferter RAFT polymerization, the CTA
initiated and mediated the polymerization via coupled
mechanisms of reversible termination and degenerative
chain transfer. The rate of polymerization is correlated
with the radical flux generated by photocleavage of the
(macro-)CTA. To rationalize the differing polymerization
kinetics, the three CTAs were subjected to photolysis
during blue light irradiation in the presence of 2,2,6,6-
tetramethylpiperidinooxy (TEMPO), which acted as a
radical trap. The reduction in absorption for the n—=*
transition was monitored by UV-visible absorption spec-
troscopy (Figure 3a-c and Supporting Information Fig-
ure S8). The photolysis rate for CTA2 was much higher
than that for CTA3, while only minimal photocleavage of
CTAT1 was observed. For the three pyrazole-based CTAs,
the rate of photolysis increased in the order of CTA2a,

CTA2b, and CTA2c, consistent with the relative stabilities
of the corresponding R group radicals. Moreover, the
emission spectrum for blue light overlapped more signif-
icantly with the CTA2c spectrum than for the CTA2a and
CTAZ2b spectra, which accounted for the highest photol-
ysis rate observed for CTA2c (despite its smaller ¢).
Photoiniferter RAFT polymerization exhibited a high
degree of living character and has been used to prepare
UHMW polymers of relatively low dispersity.**® To ex-
plore the synthetic capability of achieving UHMWSs using
pyrazole-based photoiniferters, a series of polymeriza-
tions were conducted while targeting a range of DPs.
Initially, photoiniferter polymerizations of MA were con-
ducted in DMSO (4 M) using either CTA2a or CTA2b
(Supporting Information Table S2 and Figures S10-S11).
For the photoiniferter polymerizations conducted using
CTA2a, low-dispersity poly(methyl acrylates) (PMAs)
were produced when the target DP was increased from
200 to 30,000, with MWs increasing from 14.7 kg/mol
(B =1.18) up to an UHMW of 1556.0 kg/mol (b = 1.26)
(Entry 2, Table 1). The GPC traces (Figure 4) for such
PMAs were both symmetric and unimodal, suggesting
well-controlled polymerizations. It is worth mentioning
that UHMW PMAs have been synthesized using a trithio-
carbonate CTA combined with UV irradiation (365 nm,
7 mW cm™).* In the present study, UHMW PMA was
obtained via blue light irradiation (465 nm, 17 mW cm™)
within 200 min using a pyrazole-based CTA, whereas
practically no monomer conversion was observed for the
equivalent polymerization conducted using the xanthate
CTA1 and the trithiocarbonate CTA3 within the same
time scale (Supporting Information Table S3 and Figures
S12 and S13). Although UHMW polymers could be
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Table 1| Representative Examples of Polymers Synthesized via Photoiniferter RAFT Polymerization Using CTA2?

Entry Polymer Solvent Time (min) Conv. (%)° Mot (kg mol™)© M, (kg mol™)? b
1 PMAs5000 DMSO 70 92 396.0 3425 112
2°¢ PMAz0000 DMSO 200 72 1859.5 1556.0 1.26
3f PDMAs000 H,O 60 88 435.2 4446 1.19
4f PDMA 5000 H,O 80 90 1333.5 1195.0 1.29
59 PMMAso0 DMF 1260 93 46.8 53.2 1.46
6 PNVP,000 H,O 90 34 75.8 17.5 1.29
vd PNVPs5000 H,O 90 24 133.5 160.8 1.19

Polymerization conditions:

2[monomer] = 4 M, CTA2a, blue LED light (465 nm, 17.0 mW cm™), 30 min Ar deoxygenation.
5 Monomer conversion determined by FTIR or '"H NMR spectroscopy.

¢ Mnth = Mctat target DP x conversion% X Mmonomer-

MW and dispersity determined by DMF GPC equipped with refractive index and light scattering detectors.

¢ DMSO as solvent.
fH,0 as solvent.

9 [monomer] = 2 M, CTA2b, DMF as the solvent, blue LED light (465 nm, 5.0 mW cm™), in the presence of six molar

equivalents of tertiary amine.

achieved over much longer time scales (e.g., 17 h) using
CTA3 (Supporting Information Table S3), the GPC traces
were bimodal (Supporting Information Figure S13). This
indicated significant termination, which, presumably, was
related to the extended polymerization time. The ability
to efficiently access low-dispersity UHMW PMA under
mild conditions demonstrated the synthetic utility of
pyrazole-based CTAs as effective photoiniferters for vis-
ible light-mediated RAFT polymerizations.

For the photoiniferter polymerizations conducted
using CTA2b, low-dispersity PMAs with increasing MWs
were also obtained but the experimental MWs were
much lower than the theoretical values. GPC analysis
confirmed that tailing to low MW became more pro-
nounced when targeting higher DPs, suggesting that
termination occurred during the early stages of the po-
lymerization. CTA2a and CTA2b only differed in the
chemical structure of their R groups; the former

M, = 550.9 kg/mol, D =1.34

M, = 342.5 kg/mol, D = 1.12
M, =138.7 kg/mol, D =1.16

M, =453 kg/mol, D =1.13

M, =14.7 kg/mol, D = 1.18

14 16 18 20 22 24 26 28
Elution time (min)

Figure 4 | GPC traces of photoiniferter RAFT polymeri-
zation of MA using CTA2a, DMSO as the solvent,
[MA] = 4 M, blue LED light (465 nm, 17.0 mW cm™).

produced a primary radical but the latter produced a
secondary radical. The faster rate of photolysis observed
for CTA2b (Figure 3) generated a higher radical flux,
which might explain the enhanced termination observed
for polymerizations conducted with CTA2b. In principle,
greater control might be feasible by optimizing para-
meters such as light intensity, solvent choice, and mono-
mer concentration, which would be the subject of a
future study.

Encouraged by the successful synthesis of UHMW PMA
using CTAZ2a, the synthesis of PDMA homopolymers of
increasing MW was also attempted in DMSO (4 M) by
varying the target DP from 100 to 10,000 (Supporting
Information Table S5 and Figure S14). Low-dispersity
PDMAs (B = 1.04-1.25) were obtained by targeting DPs
up to 2000. However, high dispersities (& > 1.6) were
observed for target DPs of either 5000 or 10,000, and
GPC analysis revealed tailing to low MW, which sug-
gested that this poor control was the result of premature
termination by polymer radicals of relatively low MW.
Possible mechanisms for the continuous generation of
such radicals might include the following: (1) DMA self-
initiation (Supporting Information Table S4), (2) relative-
ly slow photocleavage of the PDMA macro-CTA com-
pared to that of the PMA macro-CTA, and (3) a relatively
low ky/ki value in DMSO under the polymerization
conditions.

Water is known to promote the rate of polymerization
of DMA via hydrogen bond formation with its amide
carbonyl group.®® This effect has been exploited for the
synthesis of UHMW PDMAs via photoiniferter polymeri-
zation using xanthate or trithiocarbonate CTAs.*®
Moreover, no background polymerization was observed
in our study when water was used as the solvent (Sup-
porting Information Table S4). Thus, the photoiniferter
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polymerization of DMA targeting high DPs was con-
ducted using CTA2a in water (4 M). Indeed, rapid poly-
merization ensued and an UHMW PDMA (M,, = 1556 kg
mol™ £ = 1.29) was obtained at 90% conversion within
80 min (Table 1 and Supporting Information Figure S15).
For comparison, photoiniferter polymerizations of DMA
targeting a DP of 5000 were conducted using CTAI,
CTA2a, and CTA3 (Supporting Information Table S5).
While the polymerization using CTA2a afforded a
predicted MW (M, = 444.6 kg mol™; B = 1.19) at 88%
conversion within 60 min, only a low conversion was
obtained within 300 min for polymerizations conducted
using either CTA1(33%) or CTA3 (43%) and the resulting
homopolymers had relatively high dispersities (£ = 1.87
and 1.42 for CTA1 and CTAZ3, respectively) (Supporting
Information Figure S16). This demonstrated that when
combined with blue light irradiation, the pyrazole-based
CTA was more efficient and more effective in controlling
photoiniferter RAFT polymerization than the corre-
sponding xanthate or trithiocarbonate CTAs.

Moad and coworkers?® reported using pyrazole-based
CTAs for the thermally-initiated RAFT polymerization of
a wide range of monomers. In this prior study, the poly-
merization of methyl methacrylate (MMA) conducted at
90 °C using CTA2a resulted in a high dispersity (b = 2.71),
indicating a complete loss of control. Moderate control
over the polymerization of MMA was achieved when
CTA2c was used, which provided a poly (P)MMA with
an M, of 9987 g mol™ and a D of 1.44. To examine the
broad applicability of pyrazole-based CTAs in visible
light-controlled photoiniferter RAFT polymerization for
various monomers, we explored their utility for the po-
lymerization of MMA (DP = 500) under blue light irradia-
tion (Supporting Information Table S6 and Figures S17
and S18). However, the polymerization of MMA (4 M)
using CTA2a - 2c in DMSO at a light intensity of 177 mW
cm~2 invariably resulted in high dispersities (© > 1.8).
Greater polymerization control was achieved when a
lower light intensity (5 mW cm™), a lower monomer
concentration (2 M), and dimethylformamide (DMF)
were used. This was because the latter conditions
reduced the polymerization rate and enhanced the prob-
ability of degenerative chain transfer.*® The polymeriza-
tion control was further improved by the addition of an
electron donor, triethylamine,*#* which most likely re-
duced the probability of a-H atom abstraction from the
propagating chain-ends in the photoiniferter RAFT po-
lymerization of MMA.*” Under these partially optimized
conditions, the photoiniferter polymerization of MMA
was reasonably controlled using CTA2b, producing an
M,, of 53.2 kg mol™ (P =1.46). This M, is 5-fold higher than
that reported for thermally initiated RAFT polymeriza-
tion using a pyrazole-based CTA.? The rate of photolysis
and stability of the R radical for the three pyrazole-based
CTAs followed the order CTA2c > CTA2b > CTA2a

(Supporting Information Figures S8 and S9). However,
the most controlled polymerization of MMA was ob-
served using CTA2b, which suggested that a relatively
photostable CTA with a moderate polymerization rate
(correlated with photolysis rate) to enhance the degen-
eration of chain transfer desirable for the photoiniferter
polymerization of MMA under the stated conditions.

Most of the current photoiniferter RAFT polymeriza-
tion studies have focused on MAMs. In contrast, LAM
studies remain scarce.***¢ Indeed, we were aware of only
one literature example of the photoiniferter RAFT poly-
merization of NVP, which was conducted in the bulk
under UV irradiation, affording a low MW PNVP (M, =
1500 g mol™; £ = 1.17) with minimal monomer conver-
sion.*® In our preliminary kinetic studies using various
monomers (Figure 1), a PNVP with an M, of 8.85 kg
mol™ (P = 1.19) was obtained. Encouraged by this result,
we attempted to target higher M, values by systemati-
cally varying the polymerization conditions (Supporting
Information Table S7 and Figure S19). Gratifyingly, a low-
dispersity high MW PNVP (M, = 160.8 kg mol™; £ = 1.19)
was obtained using CTA2a in water (Supporting Infor-
mation Table S8 and Figure S20), which was two orders
of magnitude higher than the M, value achieved by UV-
light photoiniferter polymerization.*® This successful syn-
thesis was attributed to the judicious combination of a
pyrazole-based photoiniferter, a relatively high mono-
mer concentration (4 M), and using water as the solvent.

Due to the absence of an exogenous radical source,
photoiniferter RAFT polymerization usually exhibited
high end-group fidelity. To verify the end-group fidelity
of a photoiniferter RAFT polymerization mediated using
the pyrazole-based CTA2a, a low MW PDMA was
prepared by targeting a DP of 30 (86% conversion)
(Supporting Information Table S9). After thorough puri-
fication, this homopolymer was characterized by GPC,
MALDI-TOF, and 'H NMR spectroscopy. GPC analysis
(Supporting Information Figure S21) indicated a well-
defined PDMA (M, = 3559 g mol™; © = 1.07). The
MALDI-TOF spectrum (Figure 5a,b) showed the pres-
ence of a single set of polymer peaks, with an m/z
increment corresponding to that expected for a single
DMA unit (99.13 g mol™). The polymer signal with an m/z
ratio of 3407.26 g mol™ corresponds to an individual
chain with a composition of CTA2a-DMAz,-Na*.'"H NMR
spectroscopy analysis (Supporting Information Figure
S22) of the characteristic end-groups derived from
CTA2a and the monomer repeat units suggested a num-
ber-average DP of 35, consistent with the GPC and
MALDI-TOF results within experimental error. These data
provided strong evidence that end-group fidelity was
retained during photoiniferter RAFT polymerization con-
ducted using this pyrazole-based CTA.

The high-end-group fidelity of this photoiniferter RAFT
polymerization was subsequently exploited for the
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Figure 5| (a) Full MALDI-TOF spectrum and (b) expanded partial MALDI-TOF spectrum of a low MW PDMA.

synthesis of various diblock copolymers via a one-pot
sequential polymerization protocol. Initially, the synthesis
of poly(MAM)-b-poly(MAM) was explored using CTA2a in
DMSO, targeting the following two diblock copolymers:
PMA-b-PDMA (M, = 99.3 kg mol™; © = 1.26) from a PDMA
macro-CTA (M, = 44.5 kg mol™; £ = 1.12) and PDMA-b-
PMA (M, = 91.5 kg mol™; ® = 1.13) from a PMA macro-CTA
(M, =44.5 kg mol™; ® =1.12). The four corresponding GPC
traces are shown in Figure 63a,b and Supporting Informa-
tion Tables S10-S11 and Figures S23-524.

Synthesis of poly(MAM)-b-poly(LAM) block copoly-
mers consisting of both MAM and LAM monomers of
discrete reactivities has remained a formidable technical
challenge for RAFT polymerization because the CTA
used to control the RAFT polymerization of a MAM
monomer is usually unsuitable for controlling the RAFT
polymerization of LAM monomers. Hence, there are few
reports of the synthesis of poly(MAM)-b-poly(LAM)
diblock copolymers via RAFT polymerization. Current

synthetic strategies include polymer coupling via click
chemistry,*” polymerization mechanism switching,*®™
the use of switchable CTAs,%?¢ the use of pyrazole-based
CTAs,?%%° and photoiniferter RAFT polymerization.*>4¢
However, these methods usually suffer multiple prepara-
tion steps, complex synthesis of initiators for mechanistic
switching, or the requirement for strong acid/base
to effectively switch the CTA activity. Importantly, the
block copolymers obtained by these methods almost
invariably have relatively low MWs (M, < 60 kg mol™).
To the best of our knowledge, there is only a single
literature example reporting the synthesis of UHMW
PDMA-b-PNVP (M,, = 998.2 kg mol™; £ = 1.35), PNVP-
b-PDMA-b-PNVP (M, = 978.5 kg mol™; B = 1.50) linear,
and PDMA-b-PNVP (M, = 1081 kg mol™; £ = 1.39) four-
arm star-shaped block copolymers via photoenzymatic
RAFT polymerization.®

Given that pyrazole-based CTAs could provide good
control over the photoiniferter RAFT polymerization of

poly(MAM)-block-poly(MAM)
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Figure 6 | Chemical structures and GPC traces recorded for the following four diblock copolymers. (a) PDMA-b-PMA,

(b) PMA-b-PDMA, (c) PMA-b-PNVP, (d) PDMA-b-PNVP.
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both MAMs (MMA, MA, and DMA) and a LAM (NVP), we
examined the synthesis of poly(MAM)-b-poly(LAM)
(Figure 6c¢,d and Supporting Information Tables S12-
S15 and Figures S25-S30). The synthesis of two types
of such diblock copolymers using CTA2a is described
here as representative examples (Figure 6). For the syn-
thesis of a PMA-b-PNVP block copolymer (DP = 500 for
each block) in DMSO, a PMA macro-CTA (M,, = 45.3 kg
mol™; B = 1.13) was first prepared at 95% conversion,
then this precursor was chain-extended by NVP to
afford the target PMA-b-PNVP block copolymer (M, =
104.9 kg mol™; B = 1.37) at 52% NVP conversion. For the
synthesis of a PDMA-b-PNVP block copolymer (DP =
5000 for each block) in water, a PDMA macro-
CTA (M, = 397.8 kg mol™; © = 1.18) was first prepared at
88% conversion and the subsequent one-pot chain-ex-
tension using NVP afforded a high MW PDMA-b-PNVP
block copolymer (M, = 741.5 kg mol™, © = 1.50) at 36%
conversion. The successful synthesis of such challenging
diblock copolymers while targeting high MWs demon-
strates the excellent versatility of pyrazole-based CTAs
when judiciously combined with photoiniferter RAFT
polymerization.

Conclusion

Blue light-mediated photoiniferter RAFT polymerization
has been developed using pyrazole-based CTAs. Such
formulations can be used to control the polymerization
of a broad range of monomers, including MAMs (e.g.,
MMA, MA, and DMA) and a LAM (NVP). Polymerization
rates using pyrazole-based CTAs are faster than those
using xanthate and trithiocarbonate CTAs. This is
explained in terms of the high molar absorption coeffi-
cients and the high photolysis rates of pyrazole-based
CTAs. Owing to the absence of an exogenous radical
source, this photoiniferter RAFT polymerization provides
access to much higher MWs than thermally initiated
RAFT polymerization using the same type of CTAs;
UHMWs can be achieved for both PMA and PDMA.
This photoiniferter RAFT polymerization exhibits high
end-group fidelity, which enables the preparation of
well-defined block copolymers. Remarkably, poly(MAM)-
b-poly(LAM) type diblock copolymers, as represented by
PMA-b-PNVP and PDMA-b-PNVP, can be prepared with
MWs up to 741.5 kg mol™. This study establishes pyrazole-
based CTAs as a new universal polymerization platform for
efficient visible light-mediated photoiniferter RAFT poly-
merization of a wide range of monomers.
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