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Wavelength-dependent photoreactions present an opportunity to achieve chemoselectivity of functional groups that
otherwise demonstrate similar reactivity under traditional thermal conditions. Relying on this concept, we demonstrate that

a difunctional iniferter with two thiocarbonylthio groups can be divergently photoactivated to prepare polymeric

nanoparticles via polymerization-induced self-assembly (PISA). A hydrophilic poly(oligoethylene glycol methacrylate)

macroiniferter was synthesized via selective activation of one thiocarbonylthio moiety with green light. The resulting green-

light-active w-end was then further chain extended with benzyl methacrylate to obtain well-defined nanoparticles by PISA

without activation of the blue-light-active a-end iniferter. The obtained nanoparticles could then be used as nanoparticle-

iniferters (nanoiniferters) by chain extending from the corona with N,N-dimethylacrylamide via blue-light-mediated

photoiniferter polymerization. This approach leverages the wavelength-dependent photolysis of thiocarbonylthio moieties

to both synthesize and modify well-defined polymer nanoparticles.

Introduction

The potential of photoiniferter polymerization has experienced
rapid growth in a variety of areas, including additive
manufacturing,2 advanced polymer architecture
development,34 ultrahigh-molecular-weight
synthesis.>7 Photoiniferter polymerization, via a mechanism
similar to that of reversible addition-fragmentation chain
transfer (RAFT) polymerization, imparts molecular weight
control during radical polymerization via both reversible
combination and degenerative chain transfer processes
involving a thiocarbonylthio-based compound.® However,
unlike the RAFT process, in which the polymerization is initiated
by the thermal decomposition of exogenous radical initiators,
photoiniferter polymerizations are initiated by carbon-centered
radicals produced from homolytic photolysis of the C-S bond
adjacent to a thiocarbonylthio moiety.® The resultant
propagating radicals can then either reversibly combine with
the thiocarbonylthiyl radical or degeneratively chain transfer to
thiocarbonylthio group. Since the amount of
permanently terminated chains is proportional to the amount
of exogenous initiator used in RAFT, photoiniferter
polymerizations can yield polymers with higher extents of end-
group retention, potentially enhancing reinitiation efficiency
during subsequent chain extension.l%11 Efficient chain
reinitiation is critical in producing well-defined block copolymer
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(BCP)-based materials, such as the BCP nanoparticles obtained
during polymerization-induced self-assembly (PISA).

PISA has become a powerful tool for the synthesis of
polymeric nanoparticles by combining the synthesis and
assembly of their constituent BCPs into one coincident
process.** Most reports of PISA rely on reversible-deactivation
radical polymerization (RDRP) techniques, with RAFT being the
most commonly employed variant.'>'3 Despite mechanistic
similarities to RAFT PISA, photoiniferter PISA (Pl PISA) remains
relatively unexplored. Recently, our group, as well as the groups
of Boyer and O’Reilly, have explored PI PISA technique
fundamentals to prepare well-defined
nanoparticles.’*'® However, BCP nanoparticles,
chemically diverse in terms of their composition, are not
generally designed with post-synthetic modification in mind.
Typically, BCP nanoparticles prepared via PISA retain their
reactivatable chain end within the core of the assembled
particles and do not possess terminal functional groups in the
coronae available for further functionalization or modification
by radical chemistry. However, reports on a-end modification
of BCPs in nanoparticles have been published, exploring
conjugation of the nanoparticles to biological entities!’*® and
incorporation of functional moieties such as aldehydes!® and
azides'”?0 onto the coronal chains via post-polymerization
modification.

In this work, we exploit the chemoselective photosensitivity
of a novel difunctional iniferter to prepare a-end functionalized
polymeric nanoparticles. Similar chemoselectivity has been
demonstrated in previous work by Matyjaszewski and
coworkers to obtain bottlebrush and comb copolymers via

polymer
while
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Fig. 1 (A) Previous work, wherein a methacrylate-functionalized blue-light-active iniferter (far left) is polymerized via green-light-mediated photoiniferter polymerization using a
green-light-active iniferter to yield a polymethacrylate bearing pendent blue-light-active trithiocarbonates on each repeat unit (center). N,N-Dimethylacrylamide (DMA) was

polymerized via blue-light-mediated photoiniferter polymerization from the pendent trithiocarbonate moieties as well as the backbone ®-end to yield bottlebrush polymers.? (B)
This work, wherein blue-light- and green-light-active trithiocarbonates were coupled to yield a difunctional iniferter that could be activated at one end with blue light and the other
end with green light. Under green light, a poly(oligoethylene glycol methacrylate) (POEGMA) macroiniferter was synthesized. Green-light-mediated photoiniferter polymerization-

induced self-assembly (PI PISA) was then carried out with benzyl methacrylate (BnMA), giving POEGMA-b-PBnMA nanoparticles with ®-end trithiocarbonate-functionalized coronal

chains. DMA could then be polymerized from the a-end iniferters without also adding to the @-ends sequestered in the nanoparticle cores.

difunctional iniferter reported here features two distinct
thiocarbonylthio moieties selected such that only one is
sensitive to green light irradiation. This selectivity enabled us to
employ green-light-mediated PI PISA for the preparation of
poly(oligoethylene glycol methacrylate)-b-poly(benzyl
methacrylate) (POEGMA-b-PBNnMA) nanoparticles that bear
unreacted blue-light-sensitive iniferters on the outside
peripheries of the coronae. Subsequent irradiation with blue
light allowed chemoselective chain extension from the a-
termini of the BCPs in the nanoparticle coronae with N,N-
dimethylacrylamide (DMA) without monomer addition to the
w-termini sequestered in the hydrophobic nanoparticle cores

2 | Polym. Chem., 2024, 00, 1-3

(Figure 1B). These divergent photochemical pathways used to
obtain highly tunable polymeric nanostructures could provide
possible new pathways for the synthesis and modification of
polymeric nanomaterials made via photoiniferter
polymerization.

Results and discussion
Difunctional iniferter synthesis
To start, we selected two iniferters that absorb distinct
wavelengths of visible light to achieve chemoselective
photoactivation. Inspired by the work of Matyjaszewski and
coworkers (Figure 1A),3 we chose 4-cyano-4-

This journal is © The Royal Society of Chemistry 2024
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((dodecylthio)carbonothioyl)thio)pentanoate (CDP) (blue- and
green-light-active) and 2-
((ethylthio)carbonothioyl)thio)propionate (ETPA) (green-light-
inactive but blue-light-active). UV-vis spectroscopy was used to
measure the excitation wavelengths for these iniferters (Figure
2B). With confirmation that ETPA did not absorb green light
(529 nm), while CDP did, we then synthesized a difunctional
iniferter via consecutive Steglich esterification reactions of
ETPA and CDP to 1,4-butanediol (Figure 2A). This compound
was characterized using 'H NMR spectroscopy (Figures S1-4)
and mass spectrometry (MS) (Figures S7-9).
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Fig. 2 (A) Reaction scheme of the difunctional iniferter synthesis. Reaction conditions: (i)
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 4-dimethylaminopyridine
(DMAP.;), 1,4-butanediol, dichloromethane (DCM), 6 h, 0 °C to rt. (ii) 4-cyano-4-
((dodecylthio)carbonothioyl)thio)pentanoate (CDP), EDC, DMAP,, DCM, 12 h, 0 °C to rt.
(B) UV-vis absorption spectra of CcDP (green), 2-
((ethylthio)carbonothioyl)thio)propionate (ETPA, blue) and the ETPA-CDP difunctional
iniferter (orange). Inlaid plot shows the negligible sensitivity of ETPA to green light.

350

Macroiniferter synthesis

Using ETPA-CDP, oligoethylene glycol methacrylate (OEGMA,
M, = 500) was polymerized via green-light-mediated
photoiniferter polymerization (529 nm, 100 mW/cm?), yielding
a poly(OEGMA) (POEGMA) macroiniferter (Figure 3A). Under
green light, the CDP end of the iniferter is selectively photolyzed
and chain transfer of the propagating methacryloyl chain end to
the ETPA is expected to be unfavorable, according to previous
reports.321 A monomodal shift to lower elution times (Figure
3B), linear pseudo-first-order kinetics (Figure S10), and good
agreement between theoretical and experimental molecular
weights were observed (Figure 3C), all consistent with a well-
controlled polymerization (M theo = 20.9 kg/mol, M sec = 20.3
kg/mol, b = 1.14). The 'H NMR spectrum of the macroiniferter
showed negligible change in the chemical shift of the methine
proton (6 = 4.81 ppm) of the ETPA moiety, indicating that the

This journal is © The Royal Society of Chemistry 2024
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blue-light active trithiocarbonate largely remained inactive
during polymerization (Figure 3D).

Control experiments were performed to further demonstrate
the divergent activation of the difunctional iniferter. When a
solution of ETPA and OEGMA in 1,4-dioxane was irradiated with
green light (529 nm, 100 mW/cm?), SEC analysis indicated no
POEGMA formation (Figure S13), confirming the insensitivity of
the ETPA moiety to green light as suggested by UV-vis
spectroscopy (Scheme S1A). Subsequently, a solution of
OEGMA (45 equiv) with CDP (1.0 equiv) and ETPA (1.0 equiv) in
1,4-dioxane was exposed to the same green light conditions
(Scheme S1B). We hypothesized that if chain transfer between
CDP and ETPA were to occur, the molecular weight of the
resultant POEGMA would be half that of POEGMA synthesized
only with 1.0 equiv of CDP (Scheme S1C). However, these two
polymerizations yielded POEGMA of near-identical molecular
weights, indicating no significant chain transfer of the
propagating methacryloyl chain end to the ETPA group under
green light conditions. Furthermore, the SEC traces of the
resultant POEGMA overlap with that of POEGMA synthesized
with the ETPA-CDP difunctional iniferter (Figure S13). Based on
our findings from these control experiments and previous
literature precedents, we concluded that the ETPA moiety is
insensitive to green-light-activation and does not participate in
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Fig. 3 (A) Reaction scheme showing the synthesis of ETPA a-end functionalized
POEGMA (ETPA-POEGMA) (B) Size exclusion chromatography (SEC) elugrams
taken during POEGMA synthesis, showing monomodal shifts toward lower elution
times indicative of increasing molecular weight. (C) M, s versus monomer
conversion, showing close agreement with M, e While maintaining low
dispersities (D). (D) 'H NMR spectra of ETPA-CDP (top, blue) and ETPA-POEGMA
(bottom, black) highlighting no change in the chemical shift of the methine proton
(red, 6§ = 4.81 ppm ) on ETPA during POEGMA synthesis, suggesting OEGMA
polymerization predominantly occurred via photoactivated homolysis of the CDP
moiety.
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degenerative transfer during OEGMA polymerization. After
confirming the divergent nature of the difunctional iniferter
reactivity, we then sought to synthesize polymeric
nanoparticles via photoiniferter polymerization-induced self-
assembly (PI PISA).

Photoiniferter polymerization-induced self-assembly (Pl PISA)
Pl PISA reactions were then performed by chain extending the
ETPA-POEGMA macroiniferter with benzyl methacrylate
(BnMA) under green light irradiation (529 nm, 100 mW/cm?) in
4:1 EtOH:H,0 (w/w) as the solvent at 20% w/w solids (Figure
4A). An ethanol/water solvent mixture was chosen to favor the
formation of kinetically trapped micelles that simplified
subsequent coronal chain extension and analysis. A core
number-average degree of polymerization (DP) of 200 was
targeted in order to further ensure spherical micelles were
obtained. SEC analysis revealed a monomodal increase in
molecular weight with minimal tailing observed, indicating high
maintenance of w-end fidelity (Figure 4B). Kinetic analysis of the
polymerization revealed a significant increase in the apparent
propagation rate constant (kp.pp) after self-assembly was
qualitatively observed (the solutions transitioned from
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Fig. 4 (A) Reaction scheme of the photoiniferter polymerization-induced self-
assembly (Pl PISA) of ETPA-POEGMA with benzyl methacrylate (BnMA) under
green-light irradiation in 4:1 EtOH:H,0 (w/w). (B) SEC elugrams of kinetic
timepoints taking during the polymerization showing monomodal shifts to shorter
elution times indicative of increasing molecular weights of the ETPA-POEGMA-b-
poly(BnMA) (ETPA-POEGMA-b-PBnMA) chains. (C) Pseudo-first-order kinetic plot
of the PISA reaction showing an increase in k; ,,, from before (blue region, k; .p, =
8.61 x 10 s1) and after (red region, 7.29 x 10 s?) self-assembly was qualitatively
observed. (D) Dynamic light scattering (DLS) trace of ETPA-POEGMA-b-PBnMA
nanoparticles crosslinked with ethylene glycol dimethacrylate (EGDMA, 1 mol%)
in 4:1 EtOH:H,0 (0.1 w/w%) (Z-average hydrodynamic diameter (D) = 81 nm, PDI =
0.085) (E) Transmission electron microscopy (TEM) image of ETPA-POEGMA-b-
P(BNMA-co-EGDMA) nanoparticles.

4 | Polym. Chem., 2024, 00, 1-3

transparent and yellow before self-assembly to
translucent/opaque-white, free-flowing  dispersions  of
nanoparticles), an observation consistent with typical PISA
kinetics (Figure 4C).2223 As the nanoparticles became larger and
the reaction solution became more turbid, a tapering of kp .pp
was observed, an observation we attribute to higher light
attenuation resulting from solution opacity increasing. Dynamic
light scattering (DLS) analysis of the resultant nanoparticles
yielded a Z-average hydrodynamic diameter (D;) of 81 nm with
a narrow polydispersity index (PDlI = 0.085) (Figure 4D).
Transmission electron microscopy (TEM) was used to discern
nanoparticle morphology. To prevent nanoparticle dissociation
during TEM sample preparation, crosslinked nanoparticles were
synthesized with 1 mol% ethylene glycol dimethacrylate
(EGDMA) in the core. Upon TEM image analysis, we observed
distinct spherical morphologies (Figure 4E).

Coronal chain extension

Once successful ETPA-POEGMA-b-PBNMA  nanoparticle
synthesis was confirmed, we then sought to chain extend from
the ETPA iniferter located at the @-end of the unimer chains. A
20% w/w solution of ETPA-POEGMA-b-PBnMA nanoparticle-
iniferters (nanoiniferters) was diluted with water and allowed
to equilibrate, after which a 2 M solution of N,N-
dimethylacrylamide (DMA) in was added. DLS
measurements showed no appreciable size change after
dilution and addition of DMA, suggesting that DMA did not
appreciably swell the nanoparticle cores (Figure S14). Coronal
chain extension was then carried out via blue-light-mediated
photoiniferter polymerization (452 nm, 8.5 mW/cm?)
exclusively at the @-end ETPA iniferter (Figure 5A). After 12 h of
irradiation, approximately 25% of the DMA had been
polymerized, forming a new poly(N,N-dimethylacrylamide)
(PDMA) block extending from the peripheries of the
nanoiniferter coronae. SEC analysis of the resultant PDMA-b-
POEGMA-b-PBNnMA revealed a clean shift to higher elution
times with no increase in tailing compared to ETPA-POEGMA
and ETPA-POEGMA-b-PBnMA, indicative of high a-end fidelity
(Figure 5B). A Z-average Dy, of 237 nm was measured via DLS for
the nanoparticles chain extended from their coronae (Figure
5C). TEM imaging of the nanoparticles that had been core-
crosslinked with EGDMA (1 mol%) showed little difference in
size before and after coronal extension; we attribute this
observation to the majority of contrast in the micrograph arising
from the nanoparticle core, which remained unchanged by the
chain extension. (Figure 5D).

To further elucidate the unique ability of ETPA-CDP to allow a-
end chain extension from the nanoiniferter coronae, we
performed control experiments using two molecules of CDP
tethered by 1,4-butanediol (diCDP) (Figures S5, S6).
Macroiniferter and nanoparticle syntheses were carried out
under identical conditions to those used to prepare ETPA-
POEGMA and ETPA-POEGMA-b-PBnMA, respectively. We
reasoned that the difunctional and symmetrical nature of diCDP
would result in a telechelic POEGMA macroiniferter, and that
chain extension with BhMA from both ends would yield PBnMA-
b-POEGMA-b-PBNnMA BAB triblock copolymers (Scheme S2).

water

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Reaction scheme for the chain extension from the blue-light-active a-end of ETPA-POEGMA-b-PBNMA nanoiniferter unimers. (B) SEC elugrams of ETPA-POEGMA (red),
ETPA-POEGMA-b-PBNMA (orange), and PDMA-b-POEGMA-b-PBNMA (yellow), showing a progression to shorter elution times indicative of an increasing molecular weight with each
chain extension. (C) DLS trace of PDMA-b-POEGMA-b-PBnMA nanoparticles in 4:1 EtOH:H,0 (0.1 w/w%) crosslinked with EGDMA (1 mol%) (Z-average Dy, = 327 nm, PDI = 0.192). (D)

TEM image of PDMA-b-POEGMA-b-P(BnMA-co-EGDMA) nanoparticles.

This block sequence should yield flower-like nanoparticles with
both terminal thiocarbonylthio moieties sequestered in the
PBnMA core, making coronal chain extension with DMA
impossible.24#2> Upon exposure to blue light in the presence of
DMA, the chains comprising the PBnMA-b-POEGMA-b-PBnMA
nanoparticles did not chain extend, as confirmed by SEC analysis
(Figure S13). Instead, the SEC elugram showed a high molecular
weight shoulder adjacent to the larger PBnMA-b-POEGMA-b-
PBnMA peak, which we attributed to chain coupling in the core
induced by blue light activation of the thiocarbonylthio moieties
located there in the absence of monomer. These model
experiments are consistent with the divergent chain extension
of the core and corona trithiocarbonates under the conditions
employed.

Conclusions

These results demonstrate the potential of exploiting
chemoselectivity via wavelength-dependent photoreactions to
enable chain extension from two functional groups that
otherwise demonstrate similar reactivity under traditional
thermal conditions. Our findings show that a difunctional
iniferter with two thiocarbonylthio groups can be divergently
photoactivated to prepare complex polymeric nanoparticles by
exploiting the self-assembly and selective solubility
quintessential to the PISA process. This approach leverages the
wavelength-dependent photolysis of thiocarbonylthio moieties
to both synthesize and modify well-defined polymer
nanoparticles and suggests that divergent photoiniferter

This journal is © The Royal Society of Chemistry 2024

polymerizations may provide new avenues for development of
functional and precisely customizable polymeric nanomaterials.
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