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Introduction

Facile synthesis and properties of thioamide-
containing polymers

Hongqing Zhang, Huazhang Wang, Longgang Xia, Xinghao Du and Chun Feng ‘=) *

Polythioamide, a variant of polyamide in which the carbonyl oxygen atom is replaced with sulfur, shows
stronger metal affinity, weaker hydrogen-bonding interactions with water, and higher refractive indices in
comparison with its counterpart polyamide. The development of efficient, versatile and economical strat-
egies to prepare polythioamides along with gaining much deeper insights into their structure—property
relationships, is crucial for creating new polythioamide-based functional materials. In this work, we
describe a convenient and efficient platform to generate a variety of polythioamides. The commaodity
polymers poly(N-isopropylacrylamide) (PNIPAM), poly(N,N-dimethylacrylamide) (PDMA), poly(vinylpyrroli-
done) (PVP) and polyurethane (PU), which have high-volume and low-cost production, can be readily
thionated using commercially available Lawesson reagent to convert the amides to thioamides in a con-
trolled manner with negligible chain degradation or crosslinking. For thionated PNIPAM, a higher level of
thionation leads to a higher glass transition temperature and a lower decomposition temperature. The
thionation of PNIPAM decreases its solubility in water. The LCST of thionated PNIPAM with 16% thioamide
content decreases to 13 °C, and thionated PNIPAM with >44% thioamide content cannot be dissolved in
water at temperatures as low as 0 °C. The addition of the metal ions Ag*, AuCl,~ and Hg?* increases the
solubility of thionated PNIPAM owing to the strong coordinating capacity of thioamides toward Ag*,
AuCl,~ and ng+. Metal nanoparticles, for example, Ag and Au nanoparticles, can be embedded in thio-
nated PU foams, which can be employed as reusable catalysts for the reduction of 4-nitrophenol to
4-aminophenol. This study provides an efficient and versatile platform and important guidelines for devel-
oping thioamide-containing polymers for diverse applications.

polymers.”™*® In the “bottom-up” strategy, the polymerization

or copolymerization of S-containing monomers, including

The development of new polymer materials with desirable pro-
perties/functionalities remains a persistent and highly attrac-
tive focus in polymer chemistry and materials science." Most
polymers are composed of only C, H, O and N with diverse
chemical structures. The introduction of other elements, such
as S, Si, P and Fe, can significantly alter the properties of
polymers.>™ In particular, the introduction of S atoms into a
polymer can endow the resulting polymer materials with
many interesting features, such as high refractive indices,
metal complexation ability, redox activity, and self-healing
capacity.®” Thus, the development of new synthetic routes for
the efficient and facile preparation of S-containing polymers
has attracted growing attention.®

To date, “bottom-up” and postfunctionalization strategies
have been developed for the preparation of S-containing
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dithiols, carbonyl sulfide (COS), carbon disulfide (CS,), mono-
thiodilactone, episulfides and Sg, is a widely used route to syn-
thesize S-containing polymers.” For example, Bowman et al.
reported the synthesis of various S-containing polythiolethers
via thiol-ene, thiol-Michael or thiol-epoxy reactions using
dithiols as key reagents.'®'" Ren and co-workers reported the
preparation of semicrystalline poly(monothiocarbonate)s via
the copolymerization of COS and ethylene oxide, an achiral
epoxide, using a chromium-containing complex as a catalyst."?
Diebler et al. reported the copolymerization of epoxides with
CS, to give S-containing polymers containing both monothio-
carbonate and trithiocarbonate linkages using LiO‘Bu as the
initiator.”® Tao and co-workers reported the preparation of
poly(monothiodilactone) with an M, of up to 120 kDa via the
organocatalyzed ring-opening polymerization of monothiodi-
lactone.* Pyun and co-workers reported the preparation of
S-containing polythiolethers from Sg and various olefinic
monomers via inverse vulcanization.'® Hu, Tang and Ren et al.
also reported the synthesis of a variety of polythioamides and
other S-containing polymers via multicomponent reactions
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from Sg, diamines, diisocyanides, alkynes, carbonyl chlorides
and other sources.'®"® Despite these significant advances in
preparing S-containing polymers, most approaches still
require moisture-sensitive monomers and precious catalysts.
This highlights the need for more robust, cost-efficient and
versatile preparation methods.

The  postfunctionalization  strategy  provides an
alternative platform to prepare S-containing polymers.
Postfunctionalization approaches are usually based on the
incorporation of S-containing moieties into S-free polymers.>
In particular, to leverage the appealing high-volume and low-
cost production of commodity polymers, the polymer science
community has become interested in the preparation of
S-containing polymers with diverse structures/functionalities
from commodity polymers via the postfunctionalization strat-
egy.”! Thioether-containing polymers can be readily prepared
from the commodity polymers polybutylene (PB) and polyiso-
prene (PI), as well as PB- and Pl-containing copolymers,
through thiol-ene chemistry by using the vinyl groups of PB/PI
as handles.?>?* In addition to the thioether group, thioamide
is another interesting S-containing unit. Thioamides are a
variant of amides in which the carbonyl oxygen atom is
replaced with a sulfur atom; they have much lower oxidation
potentials, higher affinities for metals, and higher rotational
barriers around the C-N bonds in comparison with their
amide counterparts.”**®> Owing to the lower oxidation poten-
tial and higher rotational barrier of thioamide, the replace-
ment of amides with thioamides could be a method to regu-
late the solubility, luminescence, and pharmacokinetics of
thioamide-containing peptides and proteins.”?*? In addition,
taking advantage of the higher metal affinity of thioamides,
thioamide-containing polymers have been used to efficiently
recycle Au®* and Hg®" ions.**** Given the interesting pro-
perties of thioamide-containing materials, it is important to
develop efficient methods to prepare thioamide-containing
polymers from commodity polymers and obtain deeper insight
into how the thioamide moiety influences the properties of
thioamide-containing polymers.

Lawesson reagent (2,4-bis(4-methoxyphenyl)-2,4-dithioxo-
1,3-dithiadiphosphetane, LR) has been widely used to convert
amide units to thioamides in organic synthesis.*® In 1990,
Levesque and Deletre reported the first example of the prepa-
ration of various thioamide-containing polymers from the
polyamides polyamide-6, polyamide-11 and poly(ether-block-
amide) through the thionation of amide units using LR,
along with a limited investigation of their properties, such as
UV/vis absorption and viscosity measurements.>® Recently,
Luxenhofer and co-workers reported the preparation of thioa-
mide-containing polymers from poly(2-ethyl-2-oxazoline)
(PEtOx) using LR for the thionation of amides.?® In this work,
the influence of the proportion of thioamide units on the glass
transition temperatures, thermal stability and low critical solu-
tion temperature (LCST) of the resulting thionated PEtOx was
investigated. Inspired by these works, we herein report the
preparation of a series of thioamide-containing polymers from
the commercially available (commodity) polymers poly(N-iso-
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propylacrylamide) (PNIPAM), a well-known thermo-responsive
polymer, poly(N,N-dimethylacrylamide) (PDMA), poly(vinylpyrro-
lidone) (PVP) and polyurethane (PU), by using LR for the thiona-
tion of amides (Scheme 1). Thionation of PNIPAM was found to
reduce its solubility and lower the LCST. The addition of the
metal ions Ag”, AuCl,” and Hg>" significantly increased the
solubility of the thionated PNIPAM, owing to the strong coordi-
nation of thioamides with Ag*, AuCl,” and Hg**. Interestingly,
thionated PU foam can be embedded with either Ag or Au nano-
particles, which can be used as recyclable catalysts for the
reduction of 4-nitrophenol to 4-aminophenol (Scheme 1B).

Results and discussion
Thionation with Lawesson reagent

Lawesson reagent (LR) has been widely used for thionation in
organic synthesis to access thioamides.>> However, reports on
the usage of this interesting and efficient reagent in polymer
modification to prepare thioamide-containing polymers from
polyamides remain limited.>**® Herein, we first tested the
thionation of PNIPAM, a well-known thermo-responsive
polymer with a lower critical solution temperature (LCST) of
around 33 °C in water, as a model sample with the LR. To this
end, PNIPAM (M, = 20800 g mol™', P = 1.88, 0.75 g mL™" in
CHCl;) was treated with LR with molar feeding ratios of LR to
repeat units of PNIPAM ([LR]/[NIPAM]) of 0.25, 0.50, 0.75 and
1.00 at 60 °C for 24 h (Fig. 1A). After purification, the resulting
products were subjected to gel permeation chromatography
(GPC), elemental analysis, and 'H and "*C nuclear magnetic
resonance (NMR) and Fourier transform infrared (FT-IR) spec-
troscopies. First, elemental analysis of S showed that the
weight contents of S (Cs) were 4.4%, 11.6%, 18.6% and 20.4%
for the molar feeding ratios of 0.25, 0.50, 0.75 and 1.00,
respectively (Table 1). Based on the results obtained from
elemental analysis, the molar contents of C=S units (Cc—s)
were calculated to be about 16%, 43%, 72% and 80% for the
samples PNIPAM-S16, PNIPAM-S43, PNIPAM-S72 and
PNIPAM-S80 obtained using molar feeding ratios of 0.25, 0.50,
0.75 and 1.00, respectively (Table 1). One can note the appear-
ance of the typical peaks a’ at 4.02 ppm and a at 4.60 ppm,
which are attributed to the -CHNHCO- and CHNHCS- protons,
respectively, in the '"H NMR spectra of the products after the
thionation (Fig. 1B), indicative of the substitution of O of C=0
units with S. Based on the integral ratios of peak a to peak a’,
the efficiency of the substitution of the O of the C=O0 units with
S, that is, the molar content of C=S units (Cc—s), was estimated
to be about 22%, 50%, 71% and 79% for the molar feeding
ratios of 0.25, 0.50, 0.75 and 1.00, respectively (Fig. 1B and
Table 1), which are in good agreement with the values obtained
from elemental analysis. In the >C NMR spectrum of the
product with a feeding ratio of 0.25 (Fig. 1C), the peak a’' at
175 ppm corresponds to the C of the -NHCO- units, while the
peak a at 210 ppm is attributed to the C of -NHCS- units. For
the sample with a feeding ratio of 1.00, the peak a at 210 ppm
remained, but the peak a’ disappeared (Fig. 1C). These obser-
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Scheme 1 Schematic illustrations of the preparation of (A) thioamide-containing polymers from PNIPAM, PDMA and PVP, and (B) Ag- and Au-nano-
particle-coated thioamide-containing PU foams used as recyclable catalysts for the reduction of 4-nitrophenol to 4-aminophenol.

vations further indicated that the higher the [LR]/[NIPAM] ratio,
the higher the efficiency of the substitution of O with S. All the
products gave monomodal eluent peaks with eluent times com-
parable to that of pristine PNIPAM without any shoulders at
much shorter or longer eluent times (Fig. 1D), indicative of the
absence of chain crosslinking or scissoring during the thiona-
tion reaction. This notion was further supported by the obser-
vation that the pristine PNIPAM and all the products have com-
parable apparent molecular weights. It was found that the
typical peaks at 1432 cm™' attributed to the vibration of
-NHCS- groups appeared in the FT-IR spectra of the resulting
products, and the intensities of these peaks increased with
increasing feeding ratio (Fig. 1E). All these results revealed that
the C=O0 units of PNIPAM can be transformed into C=S groups
using LR, and that the content of C=S units can be regulated
via the feeding ratio of [LR]/[NIPAM].

Thermal properties of thionated PNIPAM

We then examined the influence of the content of C=S units
on the thermal properties of thionated PNIPAM using differen-

This journal is © The Royal Society of Chemistry 2025

tial scanning calorimetry (DSC) and thermogravimetric ana-
lysis (TGA) (Fig. 2). From the DSC curves of the resulting thio-
nated PNIPAM, one can note that the glass transition tempera-
ture (T,) values of thionated PNIPAM were higher than that of
the pristine PNIPAM (145 °C). For example, the T, values of
thionated PNIPAM-S16, PNIPAM-S43, PNIPAM-S72 and
PNIPAM-S80 were 150 °C, 157 °C, 162 °C and 165 °C, respect-
ively, indicative of the increased T, for thionated PNIPAM with
a higher content of C=S units. Previous reports have shown
that the T, of polymers was dependent on their chain flexi-
bility, especially the backbone rotational flexibility.>*?” Given
the much larger size of the S atom in comparison with the O
atom, we inferred that the transformation of C=0 units into
C=S units would lead to an increase in the rotational barrier
of the C-C bonds of the backbones linking the C=S units.
TGA analysis revealed that the 5% weight loss temperatures
(Tqeg,5%) of pristine PNIPAM and thionated PNIPAM-S16,
PNIPAM-S43, PNIPAM-S72 and PNIPAM-S80 were about
363 °C, 339 °C, 318 °C, 301 °C and 280 °C, respectively,
demonstrating the decreased thermal stability of thionated
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Fig. 1 (A) Schematic illustration of the thionation of PNIPAM with LR. (B) *H NMR spectra, (D) GPC curves and (E) FT-IR spectra of pristine PNIPAM
and thionated PNIPAM with molar feeding ratios of 0.25, 0.50, 0.75 and 1.00. (C) 3C NMR spectra of thionated PNIPAM with feeding ratios of 0.25
and 1.00.

Table 1 Characteristics of thionated PNIPAM obtained under different conditions?

[LR)/ C=S content” S weight content C=S content® M,? T Tyeg.50
Sample [NIPAM] (%, from "H NMR) (%, from EA) (%, from EA) (KDa) p? (°C) (°C)
PNIPAM — — — — 20.8 1.88 145 363
PNIPAM-S16 0.25 22 4.4 16 18.8 2.02 150 339
PNIPAM-S43 0.50 50 11.6 43 18.6 1.80 157 318
PNIPAM-S72 0.75 71 18.6 72 19.2 1.40 162 301
PNIPAM-S80 1.00 79 20.4 80 19.9 1.36 165 280

“The reaction was performed in CHCI; at 60 °C for 24 h.  The C=S contents (Cc—g) were obtained based on integral ratios of peaks a and a’ in
Fig. 1B (Co—s = L/(I, + L)) X 100%).  The C=S contents (Cc—s) were obtained based on S weight contents measured via elemental analysis (Co—s
= 113Cs/(32 — 16Cs) x 100%). ¥ M,, and P values were obtained via GPC using THF as the eluent and PS as standards. ° T, values were obtained
based on DSC analysis.f T4eg.5% Values were obtained based on TGA analysis.
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PNIPAM with a higher content of C=S units. This phenom-
enon was in agreement with previous reports,”®*® which
showed that thionation reduced the thermal stability of
naphthalene diimide-bithiophene copolymers and poly(2-
ethyl-2-oxazoline) owing to the relatively lower thermal stability
of thioamindes compared to amides. In addition, the residual
mass at 600 °C increased with the increasing content of C=S
units in the thionated PNIPAM, consistent with the increase in
S weight content in the thionated PNIPAM measured using
elemental analysis (Table 1).

Solution behavior of thionated PNIPAM

PNIPAM is a widely used thermo-responsive polymer that exhi-
bits an LCST of ~33 °C in aqueous media.’*™** The chemical
structure and composition of PNIPAM are important factors
influencing its LCST.**"*® The influence of the level of thiona-
tion on the solution behavior of thionated PNIPAM in water
was then examined.

First, it was found that the solubility of PNIPAM signifi-
cantly decreased after thionation. Only the sample
PNIPAM-S16 was soluble in cold water, while the other
samples (PNIPAM-S43, PNIPAM-S72 and PNIPAM-S80) with

(A) DSC and (B) TGA curves of pristine PNIPAM and PNIPAM-S16, PNIPAM-S43, PNIPAM-S72 and PNIPAM-S80.

higher levels of thionation were insoluble in cold water
(~0 °C). This phenomenon indicated increased hydrophobicity
at higher levels of thionation, which is consistent with a pre-
vious report on the thionation of poly(2-ethyl-2-oxazoline).>®
Turbidimetry measurements of the aqueous solution of
PNIPAM-S16 (1.0 mg mL ") showed that a transparent solution
was obtained when the temperature was below 14 °C, and the
solution immediately became cloudy when the temperature
exceeded 15 °C (Fig. 3A). As the temperature was further elev-
ated to from 16 °C to 40 °C, the transmittance slowly
decreased from 96% to 86% (Fig. 3A). DLS analysis revealed
that the apparent hydrodynamic diameter (Dpapp) oOf
PNIPAM-S16 was about 20 nm at 10 °C (Fig. 3B), at which it
was likely in a unimolecular state. As the temperature
increased from 10 °C to 15 °C, the Dy, ,pp, increased to about
60 nm, indicating the formation of aggregates. The Dy, ., floc-
culated around 60 nm as the temperature further increased
from 15 °C to 38 °C. The trend was consistent with the vari-
ation of the count rate with the temperature (Fig. 3B). On the
contrary, the aqueous solution of PNIPAM (1.0 mg mL™")
exhibited typical temperature-responsive behavior with an
LCST of ~33 °C (Fig. 3A). These observations indicated that
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Fig. 3 (A) Transmittance of aqueous solutions of PNIPAM and PNIPAM-S16 (1.0 mg mL™, 4 = 500 nm). (B) Dependence of Dy, app and count rate of

the aqueous solution of PNIPAM-S16 (1.0 mg mL™Y) on temperature.
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the thionated PNIPAM-S16 started to aggregate when the temp-
erature was above about 15 °C to form micelles containing a
“CHNHCS”-rich core and “CHNHCO”-rich corona (Fig. 4),
which exhibited different solution behavior than PNIPAM. Of
note, the transmittance of the solution of PNIPAM-S16 did not
show as significant a decrease as that of the solution of pris-
tine PNIPAM (Fig. 3A). Although the “CHNHCO”-rich domains
should become insoluble above 33 °C, the aggregation of
micelles did not occur, likely owing to the relatively small size
of the micelles (~60 nm) and low concentration of
PNIPAM-S16 (1.0 mg mL™?).

To obtain more information regarding the solution behav-
ior of PNIPAM-S16, H NMR spectra of PNIPAM-S16 in D,0
(5.0 mg mL™") were recorded at different temperatures (Fig. 4).
At 9 °C, the characteristic peaks of PNIPAM-S16, including
peak a at 3.65 ppm, attributed to the protons of the
-CHNHCS- units and peak a’ at 4.26 ppm, attributed to the
proton of the -CHNHCO- units were observed. This obser-
vation indicated that PNIPAM-S16 was in a unimolecular state

Chemcial Shift (ppm)

Fig.4 H NMR spectra of PNIPAM-S16 in D,O (5.0 mg mL™ at
different temperatures.
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in D,O at 9 °C, in agreement with the DLS results (Fig. 3B). As
the temperature was elevated from 9 °C to 13 °C, the peaks a
and a' seemed to attenuate slightly. As the temperature was
increased to 14 °C, peak a almost completely disappeared,
with an obvious decrease in peak a’. Of note, despite the dis-
appearance of peak a attributed to the proton of the
—-CHNHCS- units at 16 °C, peak a’ assigned to the proton of
the -CHNHCO- units was still visible, indicative of the pres-
ence of “soluble” PNIPAM domains without thionation. These
observations indicated that the increase in temperature
showed a much more significant influence on the “CHNHCS”-
rich domains than the “CHNHCO”-rich domains. In this
regard, we inferred that the collapse/aggregation of
PNIPAM-S16 chains with increasing temperature was mainly
due to the decrease in solubility of the “CHNHCS”-rich
domains.

Previous works on sulfur-containing polymers showed that
S-containing polymers were endowed with metal coordination
capacity.>**’' We thus further examined the influence of
metal ions on the solubility of thionated PNIPAM. Aqueous
solutions of PNIPAM-516 (1.0 mg mL™") containing 0.5 molar
equivalent of NaCl, Zn(CH;COO),, MgSO,, Hg(CF;S0;),,
AgNO; of HAuCl, relative to the thioamide (C=S) units of
PNIPAM-S16 ([M]/[C=S] = 0.5) all remained transparent at 0 °C
(Fig. S1A), showing that PNIPAM-S16 was soluble in the pres-
ence of these salts. At 14 °C, the solution of PNIPAM-S16 in
the absence of any salt was cloudy, whereas visible aggregates
appeared in the solutions containing NaCl, Zn(CH;COO), and
MgSO, (Fig. S1B), likely owing to the salting-out effect.
Turbidimetry measurements showed that the aggregates were
formed above around 14 °C for these solutions (Fig. 5B). In
stark contrast, the solutions of PNIPAM-S16 containing Hg
(CF;3S03), remained transparent without noticeable aggrega-
tion even when the temperature was elevated from 0 °C to
40 °C (Fig. 5C). These phenomena indicated that Hg(CF;S0;),,
AgNO; and HAuCl, significantly improved the solubility of
PNIPAM-S16. Of note, the PNIPAM exhibited comparable LCST
values in both the absence and presence of NaCl, Zn
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Fig. 5 Transmittance of aqueous solutions of (A) PNIPAM (1.0 mg mL™%, 2 = 700 nm) containing NaCl, Zn(CHzCOO),, MgSO,, Hg(CF3SOs),, AgNO3
and HAUCL,. Transmittance of aqueous solutions of PNIPAM-516 (1.0 mg mL™%, 1 = 700 nm) containing (B) NaCl, Zn(CHsCOO), and MgSO, and (C)

Hg(CF3503),, AGNOs and HAUCL,.
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(CH;CO00),, MgSO,, Hg(CF5S03),, AgNO; and HAuCl, (Fig. 5A
and S1C, D), indicative of the negligible influence of these
salts on the solubility of PNIPAM. These observations showed
that the thionated PNIPAM was endowed with interesting
metal-ion-dependent solubility behavior.

To obtain more information regarding the different metal-
ion-dependent solubility behavior of PNIPAM and thionated
PNIPAM, solutions of PNIPAM and PNIPAM-S16 in D,0 (5 mg
mL™") with and without AgNO; were then subjected to 'H
NMR analysis (Fig. 6). For the PNIPAM solutions with and
without AgNOj;, the characteristic peaks of the protons orig-
inating from PNIPAM appeared in the '"H NMR spectra at
20 °C, and almost disappeared at 40 °C (Fig. 6A), demonstrat-
ing the typical thermo-responsive solution behavior of
PNIPAM with an LCST of around 33 °C. For the solution of
PNIPAM-S16 without AgNO;, peaks a and a’ originating from
the protons of -CHNHCO- and -CHNHSO- appeared at 4 °C
and almost disappeared at 20 °C (Fig. 6B), in agreement with
the observations in the above turbidimetry measurements
(Fig. 3A). Interestingly, for the solution of PNIPAM-S16 con-
taining AgNO;, the peak attributed to the proton of
—-CHNHCS- disappeared at 4 °C (Fig. 6B), likely indicative of
the coordination of C=S units to Ag" ions. In addition, the
other typical peaks attributed to the protons of PNIPAM-S16
showed negligible variation as the temperature was elevated
from 4 °C to 20 °C (Fig. 6B), which showed that PNIPAM-S16
was well dissolved at 20 °C in the presence of AgNOj;. This
phenomenon was consistent with the observations in the tur-
bidimetry measurements (Fig. 5C). All the above-described
results revealed that the Ag' had almost no effect on the solu-
bility of PNIPAM, but significantly increased the solubility of
PNIPAM-S16 in water. We inferred that the different solution
behavior of PNIPAM and thionated PNIPAM was likely due to
the coordination of C=S units with Ag" ions.
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To further verify the coordination of C=S units with Ag"
ions, both aqueous solutions of PNIPAM (M,, = 20 800 g mol ,
P = 1.88, 0.10 mg mL ") and PNIPAM-S16 (M, = 18800 g
mol ™', P = 2.02, 0.10 mg mL ") were incubated with AgNO;
(0.0015 mg mL™") at 25 °C for 24 h, respectively. Subsequently,
the solutions were subjected to ultrafiltration using a mem-
brane with a molecular weight cutoff of 3 kDa, which is much
lower than the M,, of PNIPAM and PNIPAM-S16 (Fig. 7A). The
contents of Ag' ions in the solutions before ultrafiltration
(Co,ag) and in the obtained filtrates (Cg,ag) Were then measured
using inductively coupled plasma optical emission spec-
troscopy (ICP OES). It was supposed that the Ag" coordinated
with the polymers (PNIPAM or PNIPAM-S16), which have mole-
cular weights much higher than 3 kDa (the molecular weight
cutoff of the membrane) could not penetrate the membrane,
and that only free Ag" that was not coordinated with the poly-
mers would be able to penetrate the membrane. The fraction
of Ag" (Pp.ag) that could penetrate the membrane was esti-
mated using the values of Cp ag and Crag (Pp-ag = Crag/Coag)- It
was found that the Pp.q for the solution of PNIPAM-S16 was
about 22% (Fig. 7B), which was about 43% lower than that of
the solution of PNIPAM (65%). The significantly lower pene-
tration capacity of Ag" in the solution of PNIPAM-S16 com-
pared to that in the solution of PNIPAM indicated the much
higher coordinating capacity of PNIPAM-S16 with Ag™.

We then further evaluated the coordinating capacity of
PNIPAM-S16 with different metal ions using the above-
described approach. It was found that the values of Py, and
Pp.yy, were about 16% and 20%, which were similar to the
value of Pp .. In contrast, the values of Pp.pi, Pp.na, Ppzn and
Ppyg were about 77%, 84%, 81% and 86%, respectively
(Fig. 7C). These results revealed that the PNIPAM-S16 was
endowed with much higher coordinating capacities toward
Ag", AuCl,” and Hg>" than toward Pt**, Na*, Zn*>* and Mg”",
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Fig. 6 'H NMR spectra of (A) PNIPAM and (B) PNIPAM-516 in D,O (5.0 mg mL™) with and without AgNO5 at different temperatures.
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which was consistent with the observations of different
metal-ion-dependent solution behaviors for thionated
PNIPAM-S16 (Fig. 5). The distinct affinities of PNIPAM-S16
toward different metal ions can be interpreted on the basis
of Pearson’s soft-hard acid-base (SHAB) theory,>*** which
states that a soft base exhibits much higher affinity toward a
soft acid than a hard acid and vice versa. C=S is regarded as
a soft base, which is more prone to coordinate to the soft
acids Ag", AuCl,” and Hg”', than the hard acids Na®, Zn>*
and Mg>" and the borderline acid Pt**.>*** This notion can
be supported by the distinct solubility product constants
(Ksp) of S-based salts, which reflect the affinity of S toward

Polym. Chem.

metal ions. For example, the K, values of HgS and Ag,S are
4.0 x 107> and 6.0 x 107°", respectively, which are much
lower than those of ZnS (2.9 x 107%°).>*

All these results demonstrated that the thionation of
PNIPAM via the substitution of the O of C=0 groups with S
significantly affected (decreased) the solubility (LCST) of thio-
nated PNIPAM in water. In addition, the thionated PNIPAM
with C=S units was endowed with much higher coordinating
capacity toward Ag®, AuCl,” and Hg>" ions than toward Pt*",
Na‘, Zn®" and Mg*", and thus, thionated PNIPAM exhibited
more pronounced metal-ion-dependent solubility behavior
than PNIPAM.
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Extension of the thionation strategy to other amide-containing
polymers

Based on the interesting thermal and solution properties of
thionated PNIPAM, we then attempted to extend the thiona-
tion strategy to other amide-containing polymers.
Commercially available polyvinylpyrrolidone (PVP, M, =
21900 g mol™, P = 1.96) and poly(N,N-dimethyl acrylamide)
(PDMA, M, = 10200 g mol™", P = 2.63) were each treated with
LR using different molar feeding ratios (Fig. 8A). In the 'H
NMR spectra of thionated PVP (Fig. 8B), new peaks a’ and d’ at
4.76 ppm appeared alongside the characteristic peaks of PVP a
and d at 3.28 and 3.72 ppm, indicating the thionation of
—-C=0- units in PVP. It was found that the integral ratios of
the peaks a’ and d’ to the peaks a and d increased with increas-
ing feeding ratio (Fig. 8B), showing an increase in the level of
thionation with increasing feed ratio. This notion was sup-
ported by the increase of the intensity of the peak at
1493 cm™" corresponding to the C=S units of thionated PVP
and the attenuation of the peak at 1663 cm™" corresponding to
C=O0 units with increasing feeding ratio (Fig. 8C). From the
GPC curves of the resulting thionated PVP (Fig. 8D), it was
found that all the thionated PVP had monomodal peaks com-
parable with the pristine PVP, showing the absence of chain
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crosslinking and degradation during the thionation reaction.
Similarly, thionation also occurred on PDMA to give thionated
PDMA with controlled levels of thionation (Fig. S2). These
results demonstrated the versatility of the thionation strategy
for the preparation of thioamide-containing polymers using
LR.

Surface functionalization of thionated commercial
polyurethane foam

Given the excellent coordinating ability of C=S units with
some interesting metal ions,>**”>! for example, Ag® and
AuCl,~, the thionated polymers could be used for fabricating
functional polymer/metal hybrid materials. In a proof-of-
concept experiment, a piece of commercially available poly-
urethane (PU) foam was treated with LR, aiming to thionate
the C=O0 units of PU to give PU-S (Fig. 9A). Subsequently, the
resulting foam PU-S was immersed in an aqueous solution of
AgNO; for incubation for 3 h at 25 °C, allowing the introduc-
tion of Ag" ions onto the surface of the thionated PU-S foam.
Then, the resulting foam was further immersed in a solution
of NaBH, to immobilize Ag nanoparticles onto the surface of
the thionated PU-S foam via in situ reduction of the Ag" ions.
In a control experiment, a piece of PU foam that had not
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undergone thionation was directly treated with AgNO,, fol-
lowed by the treatment with NaBH, using the same protocol.

It was found that the PU foam turned from light yellow to
dark yellow after the thionation (Fig. S3). On the contrary, the
PU foam that did not undergo the thionation did not show
such variation. Additionally, scanning electronic microscopy
(SEM) analysis revealed that the surface of the PU-S foam
became much rougher with abundant irregular particles
(Fig. 9B and C). In addition, mapping of C, N, S, O, Ag and Ba
via energy dispersive X-ray spectroscopy (EDX) analysis
revealed that the surface of the PU-S foam was rich in the
elements C, N, S, O and Ag in comparison with Ba, which was
used as a negative control (Fig. 9D-I). These observations indi-
cated the occurrence of the thionation of the PU-S foam using
LR and the immobilization of Ag nanoparticles (AgNPs) onto
the surface of the thionated PU-S foam.

Of note, the resulting thionated foam coated with AgNPs
exhibited catalytic activity for the complete reduction of
4-nitrophenol into 4-aminophenol in 60 min (Fig. 10A and B).
On the contrary, the PU foam prepared without thionation
showed negligible catalytic activity under the same conditions
(Fig. S4), indicative of the presence of only a few AgNPs on the
PU foam. These results further indicated that the C=O units
of PU foam can be thionated to give thioamide-containing
PU-S foam, and AgNPs can be further immobilized onto the
surface of the thionated PU-S foam by leveraging the high
coordinating ability of C=S units with Ag" ions. More impor-
tantly, the thionated foam embedded with AgNPs can be easily
recycled. The PU-S foam coated with AgNPs was then used in
four subsequent cycles of reduction reactions. The results
showed that all four reactions proceeded smoothly with con-
versions above 95% in 60 min (Fig. 10C and S5). The AgNPs
appeared to be tightly embedded on the surface of the thio-
nated PU-S foam with only marginal release of AgNPs from the
thionated PU-S foam indicated by the slight decrease in the
conversion and apparent rate constant in consecutive reactions
(Fig. S6). Similarly, AuNPs can also be immobilized onto thio-
nated PU-S foam for the repeated reduction of 4-nitrophenol
(Fig. S7 and 8). These results demonstrated that the thionated
polymers could be used for the generation of functional
hybrid polymer/metal materials.

Conclusion

In summary, we reported the preparation of a variety of thioa-
mide-containing polymers from commercially available polya-
mides, such as PNIPAM, PVP, PDMA and PU, by using LR to
convert amides into thioamides in a controlled manner
without either chain degradation or crosslinking. The content
of thioamide can be regulated by the feeding ratio of LR to
amides. Using PNIPAM as a model sample, it was found that
the T, of thionated PNIPAM increased, but its thermal stability
decreased, with increasing content of thioamide units. The
thionation of PNIPAM decreased its water solubility.
Thionated PNIPAM with 16% of thioamides showed an LCST

This journal is © The Royal Society of Chemistry 2025
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of 15 °C, and thionated PNIPAM with thioamide contents
above 43% exhibited limited solubility in cold water at 0 °C.
However, the coordination of the C=S units of thionated
PNIPAM with Ag*, AuCl,” and Hg>" increased the solubility of
the thionated PNIPAM in water. Owing to the high affinity of
C=S units toward Ag" and AuCl,”, Ag and Au nanoparticles
can be incorporated onto the surface of thionated PU foam.
The resulting thionated PU foam coated with AgNPs and
AuNPs can be used as a reusable catalyst for the reduction of
4-nitrophenol into 4-aminophenol. Given the high efficiency
and versatility of LR chemistry, along with the large-scale, low-
cost production of commodity polyamides, this study offers a
facile and economical platform for constructing thioamide-
containing functional materials for diverse
applications.
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