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The application of cationic RAFT polymerization in photocuring has enabled the fabrication of stimuli-
responsive materials. However, these systems mainly rely on UV light, limiting their broader applications.
In this study, we introduce a metal-free, NIR-sensitive radical-promoted cationic RAFT polymerization
system using IR-780 as the photocatalyst. The system offers excellent control over polymer molecular
weights and narrow molecular weight distributions, enabling precise polymerization even under deep
curing conditions. By employing a combination of cationic RAFT agents and NIR light, we achieve con-
trolled polymerization of a range of vinyl ethers, demonstrating the versatility and efficiency of the
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approach. Additionally, the method is applied to photocuring applications, demonstrating its potential for
fabricating complex 3D structures and welding applications. This work provides a strategy for deep photo-
curing with spatial and temporal control, expanding the potential applications of RAFT polymerization in

rsc.li/polymers biocompatible and large-scale manufacturing systems.

initiator or mediator on-demand in situ, enabling fine control
of polymer dispersity by modulating light on-off cycles during
polymerization."*'* Fors et al. developed a dual-catalyst system

Introduction

Living cationic polymerization (LCP) has long been established
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as a reliable technique for producing well-defined polymers
with controlled molecular weight and narrow molecular
weight distribution (MWD)."™* Meanwhile, photoinduced cat-
ionic polymerization has found extensive use in photocuring
applications due to its simplicity and efficiency.>® However,
these non-living photopolymerization systems lack precise
control over the polymerization process, often resulting in
polymers with uncontrolled molecular weight and broad
MWDs. In recent years, photo-controlled cationic polymeriz-
ation has garnered significant attention for its ability to
provide excellent spatial and temporal control, enabling the
synthesis of polymers with tailored structures.” " For instance,
Chiu’s group demonstrated the use of a photoswitchable
Brensted acid initiator to manipulate polymer dispersity in the
cationic polymerization of vinyl ethers.’> Our group developed
the latent mediator or initiator strategy, which can generate
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that alternates between cationic and radical polymerization via
different light sources, allowing for precise control over
polymer sequences and structures.'® This strategy is used for
spatial control of the physical properties of thermosets,
enabling the fabrication of multimaterial thermosets.'®"”
Despite these advancements, the light wavelengths used in
controlled cationic polymerization are predominantly limited
to UV and visible light. These wavelengths, while effective,
suffer from limited penetration depth, posing challenges for
applications requiring deep curing. In contrast, near infrared
(NIR) light offers superior penetration and is ideal for in-depth
photocuring.'®* Yagci and Liu reported NIR-induced radical-
promoted cationic polymerization wusing upconverting
materials,”>>” showcasing its potential for fabricating macro-
scale and multi-scalable structures.?*° However, these NIR
systems typically rely on non-living polymerization, lacking the
molecular weight and dispersity control critical for advanced
polymeric materials. Our group has previously addressed this
limitation by employing cationic RAFT agents in radical-pro-
moted cationic polymerization, achieving well-controlled poly
(vinyl ether)s.*** This system demonstrates compatibility
with a wide range of photocatalysts across UV to NIR wave-
lengths. For instance, we utilized Fe(Cp),(CO), as an NIR
initiator,>*** but its limited NIR absorption and the residual
metal in the resulting polymers restricted its applicability, par-
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ticularly in biocompatible systems. To overcome these chal-
lenges, we selected a NIR-sensitive organic dye, IR-780,*° to
develop a metal-free, NIR-induced radical-promoted cationic
RAFT polymerization system (Fig. 1). This study introduces a
versatile and efficient strategy for synthesizing well-defined
polymers with controlled molecular weights and MWDs,
extending the application of cationic RAFT polymerization to
deep photocuring and biocompatible systems.

Results and discussion

The polymerization was performed by using S-1-isobutoxyethyl
N,N-diethyl dithiocarbamate (DTCB) as the cationic RAFT

Radical promoted cationic RAFT polymerization
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Fig. 1 Radical sources used for radical promoted cationic RAFT
polymerization.
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agent, diphenyliodonium hexafluorophosphate (DPI) as the
oxidant to generate initiating protons, and IR-780 as the NIR-
sensitive photocatalyst. A solvent mixture of toluene and di-
chloromethane (DCM) (v/v = 9:1) was employed to dissolve
IR-780. The influence of each component on the polymeriz-
ation of isobutyl vinyl ether (IBVE) was first explored. The
polymerization rate decreased with reduced amounts of DPI
(Table 1, entries 1-3), and no polymerization occurred in its
absence (Table 1, entry 4), confirming that DPI is essential for
generating initiating cations. Increasing the amount of IR-780
accelerated polymerization (Table 1, entry 5), likely due to an
enhanced photo electron/energy transfer (PET) process,
whereas reducing IR-780 slowed polymerization (Table 1, entry
6). Interestingly, polymerization still occurred slowly without
IR-780 or in the dark (Table 1, entries 7 and 8), attributed to
the weak Lewis acidity of DPL>® The molecular weight of the
obtained polymers was tunable by adjusting the IBVE-to-DTCB
molar ratio (Table 1, entries 9-11). In the absence of DTCB,
uncontrolled polymerization occurred, yielding polymers with
broad MWDs (Table 1, entry 12), highlighting the critical role
of the RAFT process in achieving controlled polymerization.
The proposed polymerization mechanism is illustrated in
Scheme S171 according to our previous work.>" Upon NIR light
irradiation, IR-780 reaches its excited state and undergoes oxi-
dation by DPI via the PET process, reducing DPI and generat-
ing an aryl radical. This radical adds to the monomer or RAFT
agent to form a vinyl ether-type radical, which reacts further
with DPI to generate the initiating cation necessary for cationic
RAFT polymerization. Proton nuclear magnetic resonance (*H
NMR) confirmed the chain-end structure of the obtained
PIBVE (Fig. S2t). A characteristic peak at 6 ppm, corresponding
to the proton attached to the carbon bonded to the sulfur of
the dithiocarbamate-terminated chain end, verified the incor-
poration of the RAFT agent. Additionally, the peak at

Table 1 Polymerization of IBVE in toluene and DCM (v/v = 9:1) at 25 °C under a 780 nm NIR light

A Me _S. _NEt,
\O"Bu * Y \n/
OBu S

Me S _NEt
DPI, IR-780 W \n/ 2
—_——

780 nm NIR O'Bu OBu S
IBVE DTCB PIBVE

Entry [IBVE],/[DTCB],/[DPI],/[IR-780], Time Conv. (%) My (g mol™) My sec” (g mol™) D

1 100/1/0.1/0.01 30 min 89.1 9200 9100 1.13
2 100/1/0.05/0.01 60 min 88.6 9100 9200 1.16
3 100/1/0.01/0.01 3.5h 59.2 6200 6400 1.23
4 100/1/0/0.01 24 h — — — —

5 100/1/0.1/0.05 10 min 90.0 9200 9200 1.14
6 100/1/0.1/0.001 5h 88.9 9100 9000 1.07
7 100/1/0.1/0 6h 88.6 9100 9200 1.16
8¢ 100/1/0.1/0.01 6h 78.2 8000 7600 1.25
9 25/1/0.1/0.01 10 min 88.5 2500 2700 1.18
10 50/1/0.1/0.01 10 min 98.6 5200 5200 1.12
11 200/1/0.1/0.01 40 min 89.3 18100 18300 1.17
12 100/0/0.1/0.01 10 min 98.3 9800 63 000 3.46

“Calculated based on conversion (M, 4 = [M]o/[CTA]y X Misye X conversion + Mprcg). ” Determined by tetrahydrofuran (THF) SEC using poly-
styrene (PS) calibration.  Polymerization in the dark.
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Fig. 2 Polymerization of IBVE with [DPI]o/[IR-780]o = 0.1/0.01, 0.1/0.005 and 0.1/0.01 (3 mm pig skin) under a 780 nm NIR light at 25 °C in toluene
and DCM (v/v = 9:1), Vigve = 1 mL, Viowent = 1 mL. (A) In([M]o/[M],) versus time. (B) Molecular weight (M,) and molecular weight distribution (D)
versus monomer conversion. (C) SEC traces of the PIBVE before and after chain extension. (D—F) SEC traces of the obtained PIBVE.

~7.2 ppm (peak j) indicated the radical addition of the aryl
radical to the monomer.

Kinetics experiments were conducted to investigate the
polymerization behavior. As depicted in Fig. 2A, a first-order
linear relationship was observed in the semilogarithmic plot of
monomer concentration versus polymerization time, indicating
a constant cation concentration during the polymerization.
Higher IR-780 concentrations accelerated polymerization,
likely by increasing initiating cation production. An induction
period was observed, especially at lower IR-780 concentrations,
due to the relatively slow interaction between IR-780 and DPI.
Thanks to the high penetration ability of NIR light, polymeriz-
ation was carried out successfully with 3 mm thick pig skin as
a translucent barrier, demonstrating efficient polymerization.
The molecular weight of PIBVE increased linearly with
monomer conversion, while the MWDs remained narrow
(Fig. 2B). SEC traces displayed monomodal, symmetrical distri-
butions that shifted smoothly toward higher molecular
weights with increasing conversion (Fig. 2D-F). An in situ
chain-extension experiment further validated the living nature
of the polymerization. A clear shift in the SEC trace after the
addition of a second monomer (Fig. 2C) demonstrated suc-
cessful chain extension.

The monomer scope was screened using the optimized
conditions ([Monomer], : [DTCB], : [DPI], : [IR-780], =
100:1:0.1:0.01). The results are summarized in Table 2.
Controlled molecular weights and narrow MWDs were
observed for the polymerization of ethyl vinyl ether (EVE),
butyl vinyl ether (BVE) and propoxy ethylene (PVE) (Table 2,
entries 1-3). The polymerization of cyclohexyl vinyl ether

This journal is © The Royal Society of Chemistry 2025

Table 2 Polymerization of IBVE in toluene and DCM (v/v = 9:1) under
various conditions at 25 °C under a 780 nm NIR light

O
AN N0 o ~~
EVE BVE PVE CyVE
Time Conv. My m” Mn_SECb
Entry M (min) (%) (g mol™) (gmol™) P
1 EVE 15 95.6 7100 7100 1.13
2 BVE 20 73.6 7600 7300 1.25
3 PVE 20 86.2 7700 7400 1.16
4 CyVE 15 80.0 10300 9800 1.50

“Calculated based on conversion (M« = [M]o/[CTA], x My x conver-
sion + Mpycp). ? Determined by tetrahydrofuran (THF) SEC using poly-
styrene (PS) calibration.

(CyVE) showed relatively broad MWDs, likely due to a steric
effect, which is consistent with a previous report (Table 2,
entries 4).>” These results demonstrated the broad applica-
bility of this method for synthesizing well-defined polymers.
Finally, we applied this polymerization method for photo-
curing. As depicted in Fig. 3, a photomask with the transpar-
ent slit word ‘RAFT’ was placed on a glass container filled with
printing resins consisting of diethylene glycol divinyl ether
(DDE), CyVE, DTCB, DPI, and IR-780 at a molar ratio of
[DDE],/[CyVE]o/[DTCB]o/[DPI]o/[IR-780], = 70/30/1/0.5/0.01
under 780 nm NIR light (A = 780 nm, 1.8 W cm?). The
photomask was then illuminated for 1 minute. After removing
the photomask and unreacted solution, the clear 3D word

Polym. Chem., 2025, 16, 1613-1618 | 1615
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Fig. 3 Photocuring using resin with a molar ratio of [DDE]y/[CyVE]o/
[DTCBIo/[DPI]o/[IR-780]p = 70/30/1/0.5/0.01 with a photomask under a
780 nm NIR light for (A) 1 minute and (B) 6 minutes with a A4 paper. (C)
Polymer welding experiment.

‘RAFT’ was observed (Fig. 3A). Subsequently, photocuring was
performed with a sheet of A4 paper positioned between the
light source and the mask. The 3D word ‘RAFT’ was success-
fully constructed after 6 minutes (Fig. 3B), demonstrating the
excellent penetrating ability of the NIR light. Moreover, a suc-
cessful polymer welding experiment was conducted by paint-
ing the resin containing DDE, DPI and IR-780 between two ‘F’
letters, followed by NIR light irradiation for 1 minute (Fig. 3C),
showcasing great potential of this system for deep

photocuring.

Conclusion

In conclusion, we have developed a versatile and efficient NIR-
induced radical-promoted cationic RAFT polymerization
system that offers exceptional control over polymer molecular
weight and dispersity. The use of the NIR-sensitive organic dye
IR-780 as a photocatalyst in combination with a cationic RAFT
agent provides a metal-free and effective approach for polymer
synthesis, even under deep curing conditions. The successful
polymerization of various vinyl ethers with well-defined mole-
cular characteristics demonstrates the broad applicability of
this method. Additionally, the ability to conduct photocuring
in a range of applications, including 3D printing and polymer
welding, highlights the potential of this system for advanced
manufacturing and biocompatible systems. Future work will
focus on expanding the monomer scope and optimizing the
system for even deeper curing processes, potentially opening
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new avenues in industrial applications requiring high pre-
cision and biocompatibility.
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