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The livingness of poly(methyl acrylate) under
visible light photoiniferter-RAFT polymerization
mediated by trithiocarbonates+t

This study investigates the formation and evolution of dead chains during and after the photoiniferter-

RAFT polymerization of poly(methyl acrylate). Thermal gradient high-performance liquid chromatography

(TG-HPLC) was employed to quantify living and dead chains within the system. Through HPLC fraction-

ation, dead chains were directly separated and further analyzed using *H NMR spectroscopy and gel per-

meation chromatography. The results demonstrated a linear increase in dead chain formation over time,
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Introduction

Given the strong relationship between the properties of poly-
meric materials and their molecular structures, synthesizing
polymers with precisely defined architectures is essential for
polymer chemists." Reversible-deactivation radical polymeriz-
ation (RDRP) methods, such as atom transfer radical polymer-
ization (ATRP) and reversible addition-fragmentation chain
transfer (RAFT), have been widely utilized for this purpose.”®
These techniques enable the straightforward preparation of
well-defined and structurally complex polymers from a diverse
range of monomers under mild conditions.’
Photoiniferter-RAFT polymerization, a type of RDRP, was
first introduced by Otsu and colleagues in 1982.'>'" Renewed
interest in this method arose after 2015 studies by Qiao and
Boyer, which demonstrated the use of visible light, rather than
high-energy UV light, as the excitation source."*** This
approach employs a thiocarbonylthio (TCT)-based compound,
which acts as an initiator, transfer agent, and reversible ter-
minator. As shown in Scheme 1, light absorption by the TCT
moiety excites it, leading to the homolysis of the C-S bond and
the formation of an active initiating/propagating radical and a
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likely attributed to the continuous removal of thiocarbonylthio (TCT) end groups from living chains. The
relationship between light intensity and dead chain formation was also investigated; however, the dead
fraction exhibited a linear increase regardless of light intensity. These findings underscore the critical
importance of managing these dynamics to preserve the “living” nature of photoiniferter-RAFT systems.

TCT radical (TCT").">"® The initiating radical participates in
the degenerative chain transfer mechanism by transferring to
TCT-based molecules, while the TCT radical can reversibly de-
activate radical species, controlled
polymerization.

Unlike ATRP or traditional RAFT, photoiniferter-RAFT
polymerization proceeds without catalysts or conventional
radical initiators.””*° This eliminates challenges such as cata-
lyst contamination, unwanted by-products, and initiation het-
erogeneity. Additionally, dual deactivation mechanisms reduce
bimolecular radical termination and chain growth heterogen-
eity, providing advantages over conventional RDRP.***! This
process enables the synthesis of acrylic polymers with ultra-
high livingness,"® ultra-high molecular weight,**** new block
copolymer sequences,”® and even single-unit monomer
insertions.**® Its unique capabilities have led to a wide range
of applications, including surface functionalization,**~** novel
thermoplastic polyurethane elastomers,®® crosslinking-free
pressure  sensitive  adhesives,**®®  living  additive
manufacturing,*®*” and self-healing polymers.**

Applications such as living additive manufacturing and
self-healing polymer networks leverage the dynamic and
reversible properties of the C-S bond in TCT moieties under
light exposure. For instance, Matyjaszewski and colleagues
demonstrated that TCT groups incorporated into polymer net-
works, when photoactivated in the absence of monomers,
undergo C-S bond homolysis to generate active radicals. These
radicals then participate in chain transfer reactions and revers-
ible radical deactivation, reshuffling the matrix connections

growing ensuring

This journal is © The Royal Society of Chemistry 2025
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Schematic overview of this work.

and enabling photoinduced self-healing (Fig. 1a).*® Similarly,
Johnson and colleagues showed that embedding TCT moieties
in a gel network enables network expansion under light
(Fig. 1b).>® They used a symmetrical trithiocarbonate (TTC)
with two tertiary R-groups, each containing a norbornene unit,
to construct a network from polymeric precursors. These gels
could be extended after crosslinking through additional photo-
polymerization steps, where the TTC units cleaved within the
network, allowing monomer addition before deactivation.
These applications necessitate the activation of TCT groups
and the shuffling of polymer chains under monomer-free con-
ditions. However, TCT groups are known to decompose under
light irradiation, which endangers the reversibility of the

This journal is © The Royal Society of Chemistry 2025

(a) Previous works involving trithiocarbonate units for light-induced self-healing polymer networks and living additive manufacturing. (b)

system.*® Thus, for a more sophisticated design of systems uti-
lizing the direct photolysis of TCT compounds, it is essential
to deepen our understanding of the extent to which dead
chains form during polymer chain exchange.

To gain a clearer picture of dead chain formation during
monomer-free chain reshuffling involving TCT units, it is
essential to (i) identify the types of dead chains generated and
(ii) quantify their formation over time. Yamago and
Matyjaszewski separately investigated the termination of acry-
lates prepared via organotellurium-mediated radical polymer-
ization and ATRP, respectively.*"*> However, these studies
focused on different systems that did not incorporate TCT moi-
eties and, therefore, could not provide a comprehensive under-
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standing of TCT group involvement in the chain reshuffling
process. Guymon and colleagues performed a chain-end ana-
lysis of poly(butyl acrylate) (PBA) prepared via photoiniferter-
RAFT polymerization using gel permeation chromatography
(GPC) and deconvolution of GPC chromatograms. Their study
revealed a double molecular weight fraction at high conver-
sions, resulting from the formation of dead chains via bimole-
cular coupling of growing radicals.”> However, due to the
methodological limitations of GPC, this work could not
include the amount of dead chains formed via disproportiona-
tion or similar pathways, which yield molecular weights com-
parable to those of living chains.

Paik and colleagues successfully separated living and dead
poly(styrene) (PS) chains synthesized via thermally initiated
RAFT polymerization using thermal-gradient high-perform-
ance liquid chromatography (TG-HPLC), demonstrating
effective separation based on end-group functionality.**
Similarly, Kwon and colleagues conducted a comparative ana-
lysis of dead chains in poly(methyl acrylate) (PMA) synthesized
using photoiniferter-RAFT polymerization and thermally
initiated RAFT polymerization.”> However, none of these
studies chronologically tracked dead chain formation at a low
monomer concentration. To the best of our knowledge, no
prior work has quantitatively monitored the formation of dead
chains during polymer chain reshuffling mediated by acti-
vation of TCT groups in the absence of monomers.

In this study, we observed that extended light exposure
during photoiniferter-RAFT polymerization of methyl acrylate,
including after monomer depletion (>95%), significantly
reduces the proportion of living chains while increasing dead
chains. GPC and TG-HPLC revealed a linear increase in dead
chain formation, reaching approximately 17% after 168 hours.
This behavior suggests that the stability of TCT" is indeed
limited in a monomer-free environment, likely due to the
inherent chemical instability of TCT and its radical form
under constant light irradiation.

Results and discussion
Photoiniferter-RAFT polymerization of methyl acrylate

For this study, we utilized well-established photoiniferter-RAFT
polymerization conditions from our previous work.’* The com-
mercially available 4-cyano-4-(dodecylthiocarbonothioylthio)
pentanoic acid (CDTPA) served as the iniferter, methyl acrylate
(MA) as the monomer, and dimethyl sulfoxide (DMSO) as the
solvent (Fig. 2a). The reaction was carried out under commer-
cial blue light-emitting diodes (LEDs, 455 nm, 100 mW cm?)
under a nitrogen atmosphere at room temperature (Fig. S107).
To ensure consistency, the monomer to solvent volumetric
ratio was fixed at 1:1 (v/v) in all cases. The choice of CDTPA
and MA under 455 nm light was based on two key consider-
ations: (i) as shown in our prior study, this combination pro-
vides exceptional control over the polymerization process,
achieving exceptionally narrow molecular weight distribution
and high chain-end fidelity; and (ii) TG-HPLC analysis allows

1800 | Polym. Chem., 2025, 16, 17798-1806
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for complete separation of dead and living polymer chains by
distinguishing the presence or absence of the long alkyl chain
end derived from CDTPA. This capability facilitates the precise
quantification ~ of  polymerization  controllability.*****>
Photoiniferter-RAFT polymerization of MA was performed with
a molar ratio of [MA]: [CDTPA] = 100: 1 under the previously
described conditions. The reaction spanned 24 hours, with
samples collected hourly during the first 6 hours under inert
conditions from the same batch, followed by additional collec-
tions at 18 hours and at the end of the reaction at 24 hours.
Each sample was first analyzed by 'H-NMR to calculate
monomer conversion. During the initial stages, an induction
period of approximately one hour was observed (Fig. 2b and
Fig. S17). Following this, the reaction progressed rapidly,
achieving approximately 90% monomer conversion within the
first 6 hours. During this time, polymerization followed
pseudo-first-order kinetics. Beyond the 6 hour mark, monomer
conversion showed minimal further increase by the 24 hour
endpoint. These observations align well with previously
reported results for photoiniferter-RAFT polymerization,'*™?
including our own prior findings.

GPC analysis of the prepared PMA

To characterize the synthesized polymers, GPC measurements
were conducted to determine their molecular weights and dis-
persity (P) (Fig. 2a). All values were obtained using GPC
coupled with a multi-angle light scattering (MALS) detector, as
the conventional refractive index (RI) detector provided less
reliable results due to band-broadening.*® Polymers sampled
after 3 and 6 hours of reaction demonstrated a proportional
increase in molecular weight with monomer conversion. The
measured molecular weights closely agreed with theoretical
predictions. Consistent with previous studies, the polymers
exhibited exceptionally low dispersity values, indicative of
excellent reaction controllability. Polymers collected after
12 hours showed a more pronounced increase in molecular
weight relative to monomer conversion compared to the
6 hour sample. While the molecular weight distribution
remained narrow, it was slightly broader than that of the
6 hour sample. Samples obtained at 16 and 24 hours exhibited
trends similar to that of the 12 hour sample, with comparable
molecular weight and dispersity profiles.

A more detailed investigation was conducted on the
polymer collected after 16 hours of reaction. GPC was per-
formed using a setup equipped with ultraviolet (UV) detectors
at two excitation wavelengths (235 and 310 nm), along with RI
and MALS detectors. The chromatogram of the PMA sample
showed distinct signals across all detectors (Fig. 2¢). Notably,
the MALS detector—more sensitive to higher molecular weight
polymers than the other detectors—revealed a subtle high-
molecular-weight “shoulder” at an elution time between 32
and 34 minutes. This feature is attributed to dead polymer
chains formed via the bimolecular termination of growing
polymer radicals.

This journal is © The Royal Society of Chemistry 2025
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(a) Scheme of photoiniferter-RAFT polymerization of poly(methyl acrylate) using CDTPA as an iniferter in DMSO under a blue LED (Anax =

455 nm, 100 MW cm™2). Ageaq (%) = area of fraction/(area of all polymer peaks) x 100. (b) Pseudo-first order kinetic plot (black) and respective
monomer conversion plot (green). (c) GPC chromatogram of as-prepared PMA at 16 hours of reaction, Rl (green): refractive index detector signal,
Ry (red): multi-angle light scattering detector signal, As;o (blue): UV detector signal at 310 nm, and A;3s (black): UV detector signal at 235 nm. (d)
HPLC chromatogram of as-isolated PMA at 16 hours of reaction. (e) GPC chromatograms of fractioned “Fyeaq” and “Fiing”

TG-HPLC analysis of the prepared PMA

We further conducted a more detailed analysis of the resulting

polymers using TG-HPLC to separate the PMA collected after
16 hours of reaction, employing four detectors. As shown in

This journal is © The Royal Society of Chemistry 2025

Fig. 2d, the polymers eluted in two distinct peaks based on the
LS signal, RI detector, and UV detector at 235 nm. A clear dis-
tinction between the two peaks was observed in the UV detec-
tor at 310 nm, attributed to the absorption of the TCT group.
The RI signals of each peak were integrated to determine the

Polym. Chem., 2025, 16, 1798-1806 | 1801
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relative proportion of each fraction compared to the total
number of chains. The major fraction, designated as “Fijying”
and accounting for 97.7% of the sample, exhibited strong
absorption at 310 nm. In contrast, the minor fraction, labeled
as “Fgead” (2.3%), showed no absorption. The separation of
these fractions is likely influenced by the TCT units in the
living chains, which possess long alkyl groups. These groups
significantly affect the interaction of the living chains with the
column, enhancing their separation from the dead chains.*

The two fractions were then collected and reanalyzed by
GPC, as shown in Fig. 2e. The major fraction, “Fjying”, exhibi-
ted a slightly narrower peak compared to the as-prepared PMA
(D = 1.006) after the removal of “Fye,q”. This fraction is attribu-
ted to living chains, as they retain the TCT group. In contrast,
the “Fgeaq” fraction displayed a broad bimodal peak (B =
1.140). Since this fraction lacks the TCT moiety, it is assigned
to dead chains that were spontaneously terminated during the
polymerization via coupling and disproportionation
processes.* %7

The same TG-HPLC analysis was performed on polymer
samples collected after 3, 6, 12, and 24 hours of reaction
(Fig. 2a and Fig. S2t). The proportion of dead chains among
the total polymer chains increased over time, rising from 0.3%
at 3 hours to 1.9% at 12 hours. Interestingly, even in the
16 hour and 24 hour samples, where monomer conversion and
molecular weight showed minimal increase, the proportion of
dead chains continued to rise, reaching 2.3% and 2.5%,
respectively. Unlike conventional RAFT processes, the remark-
ably low formation of dead chains in photoiniferter-RAFT
seems to stem largely from the absence of an external initiator.
Furthermore, as noted earlier, the presence of two distinct de-
activation processes contributes to the low levels of dead chain
formation and the narrow dispersity observed.

Formation of dead chains under continuous light irradiation

The results from the 16 hour and 24 hour samples prompted
us to further investigate how continuous light exposure influ-
ences the formation of dead chains. To explore this, we
extended the photoiniferter-RAFT polymerization to a week (a
total of 168 hours). Samples were collected at 24 hour intervals
and analyzed using GPC and TG-HPLC (Fig. 3a and Fig. S2,
S31).

Fig. 3b shows the plots obtained by HPLC with an RI detec-
tor for samples collected from 24 hours to 168 hours. As
observed earlier, the peak corresponding to the dead chains
appears at a shorter elution time, while the broad peak at a
longer elution time of 4.8 minutes corresponds to the living
chains. This was further confirmed by separating each fraction
using HPLC, collecting the fractions, and reanalyzing the frac-
tion suspected to be dead chains by GPC (Fig. 3c). As observed
previously, a bimodal peak was detected. The peak at the
shorter elution time can be attributed to recombination, while
the peak at the longer elution time is assigned to
disproportionation.

The structures of the dead and living chains were further
confirmed through '"H NMR analysis. To facilitate detailed "H

1802 | Polym. Chem., 2025, 16, 1798-1806
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Fig. 3 (a) GPC chromatograms of samples under prolonged irradiation.
(b) HPLC chromatograms of isolated samples under prolonged
irradiation. The peak between "Fqeaq” and “Fiing” represents residual sol-
vents as well as small molecule impurities. (c) GPC chromatograms of
separated “Fyeaq”. (d) Plot of dead chain fraction vs. irradiation time.
Portion of combination (purple) and disproportionation (orange) calcu-
lated by deconvolution of fractioned “Fyeaq”

NMR characterization, photoiniferter-RAFT polymerization of
MA was performed with a molar ratio of [MA]:[CDTPA] =
25:1, while keeping all other conditions unchanged. Samples

This journal is © The Royal Society of Chemistry 2025
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irradiated for one week were fractionated using the same
TG-HPLC procedure and the resulting chains were character-
ized by "H NMR (Fig. S47). The "H NMR spectra of the living
fraction displayed signals corresponding to hydrogens adja-
cent to TCT units (6 3.38 ppm, 2H; § 4.9 ppm, 1H), confirming
that the fractionated living chains were indeed “living”
(Fig. S4bt). In contrast, the dead fraction lacked these signals,
indicating the absence of TCT units, consistent with the lack
of 310 nm absorption in the HPLC spectra. Additionally, the
"H NMR spectra of the dead fraction revealed the presence of
vinylic and alkyl hydrogens, suggesting a mixture of termin-
ation products formed through various pathways. However, a
detailed structural analysis of the dead chains was not possible
due to the limitations of the fractionation method used in this
study, which could not distinguish between the different ter-
mination products (Fig. S4ct).

Based on the HPLC results, we quantified the fraction of
dead chains over time and calculated the proportions of dis-
proportionation and recombination in the dead chains using
GPC (Fig. S5t and Table 1). Importantly, the fraction of
dead chains increased linearly with time (Fig. 3d), reaching
a total of ~17% after 168 h. Meanwhile, the ratio of dispro-
portionation to recombination remained consistent at
approximately 8:2, showing no clear directional trend. As
demonstrated in the recent work by Perrier and coworkers,
TCT" can also initiate polymerization, suggesting that it is
not completely persistent and can participate in other reac-
tions beyond reversible coupling with transient radicals.*®™°
From the experimental observation as well as the work done
by Perrier and coworkers, we could hypothesize that the
observation made above could stem from the instability of
TCT" (see the ESI{).*'>* However, we were unable to experi-
mentally observe the evidence of TCT instability, such as
CS, generation or isolation of thiols resulting from degra-
dation of TCTs.

Effect of light intensity on dead chain formation

To track the effect of light intensity on dead chain formation
after full monomer conversion, we conducted photoiniferter-
RAFT polymerization at 45 mW cm 2 80 mW cm >, and
200 mW cm™. Fig. 4a presents the plots of monomer conver-
sion over time under different light intensities, demonstrating
pseudo-first-order kinetics under all conditions. As the light
intensity increased, the apparent rate of propagation also
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polymerization conducted under different light intensities. (b) Plot of
the dead chain fraction of samples irradiated under different light
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increased. Since all other reaction conditions were identical,
the enhanced reaction rate with higher light intensity can be
attributed to an increase in radical concentration.*>** Fig. 4b
illustrates the amount of dead chains formed over time.
Polymer samples were observed for an additional 72 hours
after approximately 3% of dead chains formed. Such an arbi-
trary number was chosen because a dead chain fraction below
2% makes it challenging to distinguish the small RI signal
from the baseline (Fig. S6-S87). Higher light intensities led to
faster formation of dead chains, which is reasonable, as
higher radical concentration increases the likelihood of radical
cross-termination. However, interestingly, the formation of
dead chains increased linearly with time in the observed time-
frame, regardless of intensity.

Table 1 Values obtained from the integrated value of the HPLC refractive index signal

Fraction 24 h 48 h 72 h 96 h 168 h
Adead “ (%) 2.5 5.3 8.7 10 16.5
Acomp © (%) 0.35 (14) 1.39 (26) 1.66 (19) 2.81 (28) 4.74 (28)
Adisp (%) 2.15 (86) 3.91 (74) 7.04 (81) 7.19 (72) 11.96 (72)
Alying (%) 97.5 94.7 91.3 90 83.3

“ Adead or 1iving (%) = area of fraction/(area of all polymer peaks) x 100. 5 Acomb or aisp (%) = area of deconvoluted peak/(total area of all peaks) x
Ageaq; the numbers inside parentheses represent the percentage of Acomb or disp With respect to Ageaq-

This journal is © The Royal Society of Chemistry 2025
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Conclusion

In summary, we investigated the formation of dead chains
during and after the photoiniferter-RAFT polymerization of
poly(methyl acrylate). Using GPC, TG-HPLC, and "H NMR, we
successfully demonstrated the synthesis of poly(methyl acry-
late) with minimal dead chain formation (<2%) with exception-
ally low dispersity. We quantified dead chain formation after
monomer depletion and observed a previously unreported
phenomenon: the fraction of dead chains increased linearly
over time. HPLC fractionation of the dead chains, followed by
GPC reanalysis, revealed termination products with molecular
weights both similar to and higher than those of the living
chains. Furthermore, we found that dead chain formation was
influenced by light intensity, with higher-intensity irradiation
accelerating the process at low monomer concentrations. This
study quantitatively demonstrated the significance of identify-
ing the optimal reaction conditions, such as monomer conver-
sion, light intensity and irradiation time, to minimize dead
chain formation.
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