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Tris(trimethylsilyl)silane (TTMSS) is introduced as a non-toxic and
kinetically superior hydrogen source for the photo-driven
reduction of trithiocarbonates from poly(methyl methacrylate),
polystyrene, and poly(vinyl pyridine)s (PVP)s created through RAFT
polymerization. No other reagents were necessary and quantitative
reduction is achieved under UV- and blue-light irradiation. PVP
reduction and sequestering of chain combination events is investi-
gated for the first time.

Introduction

Reversible addition-fragmentation chain transfer (RAFT) has
matured as a robust and versatile controlled radical polymeriz-
ation (CRP) technique that is utilized for creating a large scope
of polymers, copolymers, and macromolecular architectures.”
Although this technique presents many advantages, one
notable disadvantage is the thiocarbonylthio functionalities
installed on the polymer chain ends. These moieties cause
coloration, reduced thermal stability, potential reactivity,
unpleasant odor, and potential toxicity that ultimately limit
the value and scalability of the resulting materials.> Research
continues to explore facile methods for the removal of these
moieties. Of the many chemical transformations explored,**
replacing the thiocarbonylthio groups with a hydrogen has the
advantage of “capping” the polymer chain with a strong and
inert C-H bond. This strategy mitigates the disadvantages
listed above and typically employs a degenerative chain trans-
fer reaction on the thiocarbonylthio species in the presence of
a highly reactive hydrogen source. Trialkylstannane reagents,
such as tributylstannane (n-BuzSnH), are an effective hydrogen
source but suffer from tin byproducts that are toxic and
difficult to remove.>® Chong et al. explored radical-induced
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reduction strategies initiated by azobisisobutyronitrile (AIBN)
at higher temperatures (>100 °C) using alternative and non-
toxic hydrogen sources.® Notable reducing agents of the
highest activity included tris(trimethylsilyl)silane (TTMSS) and
N-ethylpiperidine hypophosphite (EPHP) that were both
capable of reducing trithiocarbonates (TTC) and dithioesters
quantitatively within 2-4 h. While effective, AIBN was required
and the use of high temperatures (>100 °C) is energy intensive
for scalability of this process. Alagi et al. recently showed rapid
removal of a variety of thiocarbonylthio groups at ambient
temperatures using trialkylboranes in the presence of oxygen.”
While a majority of the resulting polymers were effectively
capped with hydrogen, some peroxy and alkyl chain ends were
also evident.

Light-mediated removal of thiocarbonylthio end groups has
recently received increased attention due to its facile approach
and performance at ambient temperatures. Mattson et al
reported irradiation at 380 nm to remove TTC groups from
poly(tert-butyl acrylate) over the course of 48 h while incorpor-
ating 10-phenylphenothiazine (PTH) as a photoredox catalyst
in the presence of tributylamine and formic acid.® Soon after,
Discekici et al. utilized 465 nm irradiation and a photocatalyst,
Eosin Y, to promote hydrogen replacement of TTC groups in
the presence of hexylamine and tri-n-butylphosphine.’
Carmean et al. reported a photoinduced removal of TTC,
dithiobenzoate (DTB), xanthate, and dithiocarbamate (DTC)
agents using EPHP at ambient temperatures and without the
need for additional initiators or photocatalysts.'® This method
was effective for a variety of polymers (acrylamides, acrylates,
methacrylates, styrenes, and pyrrolidones) with little degra-
dation but also required long irradiation times (>24 h) for
complete removal of TTC, DTB, and DTC agents. Another
notable conclusion from this study was that the concentration
of EPHP had little effect on the reduction kinetics and the rate
limiting step was concluded to be photolysis of the C-S bond
connecting the thiocarbonylthio group to the polymer chain
end.'® Uchiyama et al. recently investigated thermal and
photo-driven xanthate, DTB, and TTC removal from poly(vinyl
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acetate) (PVAc), PS, and poly(methyl acrylate) (PMA)."" Using
triphenylsilane (Ph;SiH) as a hydrogen source and n-dodeca-
nethiol as a polarity reversal catalyst, quantitative removal of
the CTAs under irradiation (1 = 365 nm, 0.70 mW cm™?)
occurred after >75 h. Notably, they also showed rapid increase
in reduction kinetics when irradiating with blue light (1 =
470 nm, 70 mW cm™?) in the presence of a photo-radical
initiator, biphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO).

To the best of our knowledge, there have been no studies
on the reduction of thiocarbonylthio reagents from poly(2-
vinylpyridine) (P2VP) systems and poly(4-vinylpyridine) (P4VP)
that are receiving increased interest for association of variety
of guests through pyridine coordination.'> Due to compli-
cations with copper association on PVPs during atom transfer
radical polymerization (ATRP),"**> RAFT has become the CRP
of choice to produce PVPs and a study focused on the facile
removal of their CTA end groups is needed. While early studies
showed success using DTB CTA for the RAFT synthesis of P2VP
and P4VP,'° a large number of recent manuscripts, including
ours,"”” have used TTC CTAs to produce both isomers with
good control.**%°

The investigation of CTA removal from PVPs is warranted
due to the aromaticity of the pyridine pendant groups. This is
analogous to PS which has been highly studied and is consist-
ently problematic in earlier reports. A major issue stems from
the benzylic radical chain end produced upon scission of the
C-S bond on PS and its competitive termination through com-
bination versus hydrogen abstraction. This results in the
appearance of high molar mass shouldering in size exclusion
chromatography (SEC) analysis and concludes significant
chain coupling (doubling in molar mass) during the reduction
reactions. Additionally, the benzylic radicals are comparatively
stable. Photoinduced end group removal is therefore sluggish
and often requires days of irradiation with non-quantitative
removal.'® PVPs are also prone to termination through
combination.>**" Investigating whether similar complications
occur with reduction of PVPs was the initial motivation for
this study. However, we were also intrigued by the recent yet
promising results of Ph;SiH as a hydrogen source for photo-
driven reductions (both UV and blue light)."! Alternatively,
TTMSS is a non-toxic hydrosilane that exhibited much faster
reduction kinetics in the thermally driven reduction methods.®
Herein we introduce TTMSS as a powerful and rapid reducing
agent, requiring no additional reagents, for photo-driven
reduction of PMMA, PS, P2VP and P4VP for the first time.

Results and discussion

All polymers in this study were synthesized through RAFT
using 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl |penta-
noic acid (CDPA) as the CTA and their characterizations are
summarized in Table 1 (ESIT). UV-visible (UV-Vis) spectroscopy
was used to measure A of the # — ¥ and n — n* absorption
of CDPA (Fig. S2t) and each polymer bearing the TTC end
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group (Fig. S46 and S47%) in addition to molar absorptivities
(Table S11). PMMA-TTC (M, = 6.1 kg mol™", P = 1.08) was
chosen for initial photoinduced reduction due its high reactiv-
ity in previous studies (Table 1, entry 1)."* PMMA-TTC was dis-
solved with TTMSS (15 equiv. to TTC) in THF (5.5 mM TTC)
and irradiated (1 = 365 nm, 1.0 mW cm?) at a fixed distance
of 2.5 cm from the emission source. UV-visible (UV-Vis) spec-
troscopy was used to measure the loss in the = — n* absor-
bance over time (Fig. S31). For the studies throughout, the
reduction reaction was considered complete (>99% TTC
removal) once the measured absorbance decreased to <0.1 O.D.
Complete reduction of PMMA-TTC occurred in 1 h and the
time needed to reach half of the original PMMA-TTC absor-
bance (t;,) was 12 min. To confirm successful TTC removal,
PMMA-H was purified and analyzed by "H NMR (Fig. $31). The
absence of dodecyl methylene signals associated with TTC
(3.28-3.20 ppm) confirms quantitative reduction of the PMMA
chain ends (Fig. S4 and S57). SEC analysis of PMMA-H revealed
only a slight shifting of the curve to higher elution time as a
result of the loss of the TTC group and no observable broaden-
ing or shouldering of the peak (P = 1.08) (Fig. S31). Unlike PS,
PMMA has a high propensity for disproportionation over com-
bination.?” "H NMR revealed only trace olefin proton signals
resulting from disproportionation (Fig. S5,f inset) and is
notable since disproportionation is not observed by SEC
analysis.

We were encouraged by the greatly enhanced reduction
kinetics of TTMSS (1 h) versus those reported using identical
molar equivalents of EPHP on acrylic-TTC end groups (24 h)
previously.'” To ensure this disparity in kinetics was not an
artifact of our own experimental setup, we recreated the
reduction of PMMA-TTC under the exact same conditions with
the exception that TTMSS was replaced with EPHP (Table 1,
entry 2). After an initial rapid decrease in the UV-Vis absor-
bance of TTC (t;/, = 2 h), the reaction rate decreased and total
loss of TTC absorption required 18 h (Fig. S6 and S77). The ¢y,
value for TTMSS (0.2 h) was an order of magnitude faster than
EPHP (2 h) (Table 1). Interestingly, SEC analysis after reduction
to PMMA-H using EPHP revealed some shouldering at higher
molar mass (P = 1.14, Fig. S8t). The rate limiting step for
EPHP reduction was proposed to be photolytic degradation of
the C-S bond,® however, such a drastic difference in reduction
kinetics by changing the hydrogen source may indicate other
mechanistic aspects need consideration.

To investigate RAFT agent removal from PVPs, we began
with P2VP-TTC (M, = 8.5 kg mol ™", P = 1.08) (Table 1, entry 3).
Reduction of P2VP-TTC using TTMSS (15 equiv. to TTC) in
THF (5.5 mM TTC) (Fig. 1a) resulted in complete reduction in
1.5 h (t» = 24 min) (Fig. 1b and c) and was accompanied by a
visible change in appearance from a yellow to colorless solu-
tion (Fig. S91). "H NMR analysis of P2VP-H (Fig. 1e and S10%)
displayed a complete loss of TTC dodecyl methylene signals
(~3.2 ppm), indicating quantitative removal. SEC of P2VP-H
(Fig. 1d) displayed a small increase in elution time and a
slight broadening (P = 1.12) at the higher molar mass side of
the peak, indicating some chain combination has occurred.

Polym. Chem., 2020, 11, 5962-5968 | 5963
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Table 1 Characterization and kinetic data for the photoinduced removal of TTC functional group on various polymers using TTMSS and EPHP

After TTC
removal
ID  Polymer My sec (kDa) M, nmg (kDa) P Hydrogen source 1), d (h) % TTC removal® Duration’ (h) Mygece P
1 PMMA-TTC 6.1 5.9 1.08 TTMSS 0.2 >99 1 5.8 1.08
2 PMMA-TTC 6.1 5.9 1.08 EPHP 2 >99 18 6.2 1.14
3 P2VP-TTC 8.5 8.3 1.08 TTMSS 0.4 >99 1.5 8.3 1.12
4 P4VP-TTC — 7.6 — TTMSS 0.3 >99 1.25 — —
5 PS-TTC 7.8 7.8 1.1 TTMSS 2.4 >99 6.25 7.8 1.16
6 P2VP-TTC 8.5 8.3 1.08 EPHP 5 >99 26.5 6.5 1.19
7° P4VP-TTC — 7.6 — EPHP 4 >99 24 — —
8¢ P2VP-TTC 8.5 8.3 1.08 TTMSS 0.6 >99 1.25 8.1 1.10

“All reactions were performed with hydrogen source:TTC of 15:1, ([TTS], = 5.5 mM) in THF and irradiated at 365 nm otherwise noted.
b A 50: 50 solvent mixture of DMAC : toluene was used, and molecular weight was characterized via "H NMR end group analysis. ¢ Irradiated with
452 nm. ?Values were determined as the irradiation time in which initial absorbance [TTC], was reduced by half. ¢ TTS removal was evaluated by
UV-Vis spectroscopy and determined to be >99% when <0.1 OD was achieved./ Irradiation time needed to reach <0.1 ABS determined by UV-Vis.
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Fig. 1

(a) Reaction scheme for photoinduced (1 = 365 nm) removal of TTC from P2VP-TTC in THF ([TTClp = 5.5 mM) using TTMSS: TTC of 15:1.

(b) Normalized absorbance at 309 nm as a function of time. (c) UV-Vis absorption spectra from aliquots taken at known time intervals throughout
the reaction. (d) Normalized SEC-RI trace overlay (THF mobile phase, 23 °C) of P2VP-TTC before (black solid) and after (red dashed) the reaction.
(e) Offset *H NMR (CDCls, 25 °C) spectra of the methylene proton signal (S-CH,-Cy;H,3) before (top) and after (bottom) the reaction.

However, the absence of pronounced shouldering suggests
these events are not as prominent compared to PS (vide infra).
Due to insolubility of PAVP-TTC (M, = 7.6 kg mol™") in THF,
reduction kinetics were investigated in a 50: 50 v/v mixture of
N,N-dimethylacetamide = (DMAC): toluene using TTMSS
(15 equiv. to TTC) (Table 1, entry 4). UV-Vis analysis revealed

5964 | Polym. Chem., 2020, 1, 5962-5968

slightly faster reduction than P2VP-TTC and complete after
1.25 h of irradiation (¢;, = 20 min) (Fig. 2b and c). The loss of
dodecyl TTC methylene signal by "H NMR was also confirmed
(Fig. 2d). Therefore, TTMSS is a fast and efficient hydrogen
source to remove and replace the TTC end group on both P2VP
and P4VP isomers.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Reaction scheme for photoinduced (4 = 365 nm) removal of TTC from P4VP-TTC in DMAC/toluene (50 :50) ([TTClo = 5.5 mM) using
TTMSS : TTC of 15:1. (b) Normalized absorbance at 309 nm as a function of time. (c) UV-Vis absorption spectra from aliquots taken at known time
intervals throughout the reaction. (d) Offset 'H NMR (CDCls, 25 °C) spectra of methylene proton signal (S-CH,-CyHy3) before (top) and after

(bottom) the reaction.

Although the SEC trace for P2VP-H indicates minor chain
combination events, we compared this outcome to a reduction
on PS-TTC (M, = 7.8 kg mol™, P = 1.10) under identical con-
ditions (Table 1, entry 5). UV-Vis analysis revealed complete
reduction in 6.25 h (¢, = 2.4 h) (Fig. S117) which is the fastest
of any photo-driven reductions on PS to date. Successful
removal of the TTC was again confirmed by "H NMR (Fig. S11
and S127). SEC analysis of PS-H revealed substantial shoulder-
ing at higher molar mass indicative of prominent chain coup-
ling (Fig. S117), consistent with previous reports. Therefore, we
conclude P2VP to be much less prone to combination events
in comparison to PS.

For additional comparison, the use of EPHP as a hydrogen
source was also explored for P2VP-TTC and P4VP-TTC under
the same conditions used for TTMSS (Table 1, entries 6 and 7).
EPHP reduction on P2VP and P4VP resulted in longer reaction
times of 26.5 h (t;, = 5 h) and 24 h (¢;, = 4 h), respectively, to
reach complete removal of the TTC groups (Fig. S6t). The
reduction of P4VP was, again, slightly faster than P2VP. 'H
NMR analysis confirmed complete removal of the TTC groups
(Fig. S13-S1571), while SEC analysis indicated a higher increase
in dispersity (1.19) and shouldering (Fig. S16f). The final
absorbance of P2VP-H and P4VP-H minimized at ~0.12 O.D.
and the reaction solution maintained a light yellow-orange

This journal is © The Royal Society of Chemistry 2020

color throughout. Interestingly, reductions performed on P2VP
and P4VP with TTMSS resulted in a colorless solution (<0.1 O.D.
in the visible region) and a white polymer upon workup. This
suggests that EPHP may be interacting with the PVP systems to
cause some discoloration.

Comparative reduction kinetics for each polymer were ana-
lyzed by plotting logarithmic concentration of reduced TTC
groups (In([CTA]/[CTA]) as a function of time (Fig. 3). Kinetic
studies were validated for each polymer with linear calibra-
tions of [TTC], as a function of ABS (Fig. $38-5457). Consistent
with previous studies,'® the kinetics of reduction follow a
quasi-first order trend with a linear progression at the onset
followed by a monotonic increase at later reaction times. This
deviation is more obvious for P2VP and P4VP versus PMMA
and PS within the axis limits of Fig. 3, however, PS interest-
ingly remains linear throughout (Fig. S171). Nevertheless, the
kinetic profiles clearly indicate that the rate of reduction
follows the trend of (PMMA > P4VP > P2VP > PS).

Thermogravimetric analysis (TGA) was performed on
PMMA-TTC and P2VP-TTC before and after reduction to deter-
mine if the TTC end group effects thermal stability. Congruent
with earlier reports by Chong et al.,>> PMMA-TTC displays an
early multistep decomposition (175 °C initial onset) when
capped by a TTC end group (Fig. S18t). Removal of the TTC

Polym. Chem., 2020, 11, 5962-5968 | 5965
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Fig. 3 Logarithmic normalized concentrations of remaining TTS CTA
(In[CTAIlo/[CTA]) as a function of time (h) using TTMSS (15 equiv. to CTA)
in THF at 28 + 3 °C ([CTAlp = 5.5 mM) while irradiating with 365 nm light
While a linear first order kinetic profile exists for the initial stages of
reduction, a monotonic increase is seen at increasing reaction times for
P2VP and P4VP and suggests a pseudo-first order kinetic profile.

end group via TTMSS resulted in an observed 92 °C increase
in thermal stability (271 °C onset). Alternatively, P2VP showed
little difference in thermal stability regardless of end group
(Fig. S197).

Chong et al. showed that toluene can act as a weak,
additional hydrogen source when used as a solvent during
reduction.® To investigate reduction of combination events on
PS-TTC, we replicated entry 5 in Table 1 and replaced THF
with toluene as the solvent. Indeed, suppression but not elim-
ination of combination was observed by SEC (Fig. S207%).
Additional attempts to reduce combination of PS-TTC by
dilution ([TTC], = 2.25 mM) and increasing the stoichiometry
of TTMSS:TTC (30:1) also showed little improvement
(Fig. S20t). P2VP-TTC is only partially soluble in toluene.
Instead, a mixed solvent system (75:25 v/v) of toluene : THF,
respectively, was utilized to investigate suppression of combi-
nation events. The mixed solvent system under identical con-
ditions as entry 3 in Table 1 resulted in slight improvement to
the broadening of the SEC trace (Fig. 4, green trace) when com-
pared to THF (blue trace). However, by increasing TTMSS : TTC
(30:1), sequestering of combination events was achieved
(Fig. 4, red trace). With this success, it was hypothesized that
toluene was not necessary. By recreating a 30 : 1 TTMSS to TTC
in pure THF, similar sequestering of combination events
occurred, concluding that concentration of TTMSS is a critical
parameter (Fig. S217).

Although using TTMSS with 365 nm irradiation is promis-
ing, this wavelength lies on the low energy edge of the & — =n*
absorption band of TTC (Fig. S471). Alternatively, the lower
energy n — ©* transition, while much weaker in molar absorp-
tivity, has a peak maximum at ~450 nm (Fig. S47,T inset) and
its excitation with blue light (452 nm) may promote reduction

5966 | Polym. Chem., 2020, 11, 5962-5968

View Article Online

Polymer Chemistry

——P2VP-TTC
——P2VP-H (THF, 15:1, 5.5 mM)

—— P2VP-H(75/25 PhMe/THF, 15:1, 5.5 mM)
—— P2VP-H(75/25 PhMe/THF, 30:1 , 5.5 mM)
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22 23 24 25
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Fig. 4 Normalized SEC-RI trace overlay (THF mobile phase, 23 °C) of
P2VP-TTC (black) before photoinduced RAFT removal, P2VP-H (blue)
post-removal RAFT removal using 15: 1 ratio TTMSS : RAFT end respect-
ively in THF at 5.5 mM, P2VP-H (green) post-removal RAFT removal
using 15:1 ratio TTMSS:RAFT end respectively in a 75:25 mixed
PhMe : THF solvent respectively at 5.5 mM, P2VP-H (red) post-removal
RAFT removal using 30:1 ratio TTMSS:RAFT end respectively in a
75: 25 mixed PhMe : THF solvent respectively at 5.5 mM. Concentrations
are relative to the RAFT CTA chain end and performed under 365 nm
light.

without photocatalysts. Using identical reaction conditions
([TTClp = 5.5 mM, TTMSS:TTC = 15:1), P2VP-TTC was sub-
jected to 452 nm (<5 mW cm™?) irradiation (Fig. $221) and ali-
quots were monitored by UV-Vis analysis. Under these con-
ditions, complete reduction occurred in 1.25 h (Table 1, entry 8)
and the spectral monitoring (Fig. S231) shows a slow initial
reduction rate (¢;, = 0.6 h) that accelerates over time. We
believe this acceleration is due to the higher heat produced
from the LED light strip. When measuring the temperature of
the reaction solution using UV light over time, it never
exceeded 30 °C. However, the reaction solution under LED
irradiation gradually warmed to 53 °C over the course of 1 h.
Complete removal of the TTC groups and formation of P2VP-H
was confirmed by 'H NMR (Fig. $231). When comparing
P2VP-TTC (P = 1.08) and P2VP-H (P = 1.10) by SEC, negligible
peak broadening had occurred during the reduction
(Fig. S24%). This was a promising result that indicates
reduction through the n — =n* excitation of TTC sequesters
combination events for P2VP without the need for additional
TTMSS or toluene. Future work aims to fully investigate this
phenomenon through blue light-driven photoreduction of
thiocarbonylthio groups using TTMSS.

Conclusions

In summary, we have demonstrated the photoinitiated removal
of TTC from PVP materials for the first time and learned the

This journal is © The Royal Society of Chemistry 2020
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following: (1) reductions are kinetically faster than PS but
slower than PMMA and P4VP is consistently faster that P2VP,
(2) P2VP exhibits some chain combination events but they are
much less prominent than PS, and (3) these combination
events may be sequestered by either increasing the stoichio-
metry of the hydrogen source under 365 nm or using lower
energy (452 nm) photoreduction. We have also introduced
TTMSS as a kinetically superior hydrogen source that requires
no additional reagents to quantitatively reduce TTC end
groups from PMMA, PS, and PVP systems in the presence of
light. The speed, versatility, and non-toxic nature of this
reagent shows promise for efficient removal of TTC RAFT end
groups. Expansion of these reductions to alternative RAFT
CTAs, polymers, stoichiometries, and irradiation sources is
currently underway.
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