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aromatic diamines and dialdehydes+
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Polythioamides with fascinating properties such as unique metal ion coordination ability, excellent
thermal stability, good solubility, and high refractive index have attracted much attention recently, but
their synthesis remains challenging, especially for aromatic polythioamides. In this work, multicomponent
polymerizations of elemental sulfur, aromatic diamines, and aromatic dialdehydes with wide and econ-
omical sources were developed with the assistance of KOH. The polymerizations featured commercially
available monomers with low cost, general applicability to various diamine and dialdehyde monomers,
feasibility of large-scale synthesis, high atom economy, and no release of harmful byproducts, producing
a series of aromatic polythioamides with high molecular weights of up to 54 700 g mol™ and high yields
of up to 96%. These polythioamides generally exhibited excellent thermal stability, good solubility, high
thin film-light refractivity of 1.87 at 633 nm, and could be used for gold extraction. The MCP has provided
an economical and efficient method to access unique aromatic polythioamides on a large scale, acceler-

rsc.li/polymers

Introduction

Polythioamides with similar structures to classical polyamide
materials whose oxygen atoms are replaced by sulfur atoms are
a group of fascinating sulfur-containing polymer materials
with unique metal ion coordination ability,' excellent thermal
stability,” high refractive indices,®> and non-traditional lumine-
scence properties.” Moreover, it has been reported that when
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ating the exploration of sulfur-containing polymers as high-performance functional polymer materials.

oxygen atoms in polymer materials are replaced by sulfur
atoms, the crystallinity,” thermal stability,® solubility and pro-
cessibility* could be improved, demonstrating a great opportu-
nity for developing new sulfur-containing polymer materials.
Although polythioamides are attractive materials with poten-
tial practical value, their synthesis has remained challenging.
The limited reports on the synthesis of polythioamides
included the polymerizations of diamines with dithio-
carboxylic acid-O,0-diethyl esters, dithioisophthalamide, or
dithioesters,”® and the modification of polyamide with
Lawesson’s reagent with incomplete conversion.’® These syn-
thetic approaches generally involve synthesized difunctional
sulfur-containing monomers and expensive, toxic and smelly
sulfur-containing reagents,"* causing great difficulty in the
exploration of new polythioamide structures and materials.
Multicomponent polymerization (MCP) has been developed
as a powerful method to concisely synthesize polymers from
simple monomers, which have a series of advantages such as
high efficiency, simple operation, mild conditions, high
atom economy, and so on.'>™* Considering that elemental
sulfur is an abundantly existing industrial byproduct whose
profitable utilization is a global concern,”® a series of
elemental sulfur-based multicomponent polymerizations were
developed to directly convert elemental sulfur to sulfur-
containing functional polymers such as polythioamides and
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polythioureas.>**¢2° For example, the MCP of sulfur,
aliphatic diamines, and aromatic dialdehydes was first
reported by Kanbara et al. to afford aliphatic polythioamides at
115 °C in DMAc;'”"'® later, we reported a catalyst-free MCP of
sulfur, aliphatic diamines, and aromatic diynes to produce
seven aliphatic polythioamides with 100% atom economy at
100 °C in pyridine.* A series of hyperbranched polythioamides
with various topological structures, well-characterized chemi-
cal structures, and good solubility were also synthesized
through these MCPs."® Room temperature synthesis of poly-
thioamides was also realized through this catalyst-free MCP
with a pyridyl-activated diyne monomer.*® However, these cata-
lyst-free sulfur-based MCPs were only applicable for aliphatic
amine monomers, because the aromatic amines with weak
alkalinity could not open the Sg ring to form reactive polysul-
fide anion species,” which could hence only afford aliphatic
polythioamides with non-conjugated flexible structures.

It is well-known that, compared with aliphatic polyamides,
rigid aromatic polyamides possess superior thermal stability
and mechanical properties, and are developed into high-per-
formance engineering plastics,”" the development of aromatic
polythioamides is hence desired to obtain advanced polymer
materials. Recently, we have developed an MCP of sulfur, di-
amines, and benzyl diacids to synthesize aliphatic and aro-
matic polythioamides on a large scale through a decarboxylate
process.” It was found that through the assistance of K,COs3,
less reactive aromatic diamine monomers could be included
in this MCP to afford rigid aromatic polythioamides, with both
sides of the thioamide moieties being directly linked to aro-
matic rings. However, commercially available benzyl diacids
were limited, and it was crucial to develop new polymeriz-
ations with superior monomer choices in terms of cost,
source, structural variations, and atom economy to realize
economical and efficient synthesis of diverse aromatic
polythioamides.

Considering that aromatic aldehydes have abundant
natural sources, great structural diversity, low price, and are
usually generated from biomass,*** in this work, we applied
the inorganic base-assisted polymerization strategy to the MCP
of sulfur, aromatic diamines and aromatic dialdehydes. In this
reaction, elemental sulfur first underwent ring-opening reac-
tion with the assistance of a base to form a polysulfide anion,
which was then reacted with a Schiff base intermediate formed
from an aldehyde and an amine, to furnish a thioamide
product,'® and K,CO; was reported to promote the aqueous
phase reaction for the production of aromatic thioamides in
water at 100 °C.*® Herein, an efficient KOH-assisted MCP of
sulfur, aromatic diamines and aromatic dialdehydes was devel-
oped in organic solvent, affording various aromatic polythio-
amides with well-defined structures and high molecular
weights (M,s) in high yields. Compared with previous syn-
thetic approaches of aromatic polythioamides,>”**® more
diversified polymer structures, lower cost, higher atom
economy, scaled-up synthesis and no gas release were realized,
demonstrating great potential in future large-scale preparation
of these unique aromatic polythioamide materials.
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Results and discussion

Base-assisted model reaction of sulfur, aromatic amine and
aromatic aldehyde

To study the practicability of polymerization involving aro-
matic amines in organic solvents, a multicomponent small
molecular reaction of sulfur 1, aromatic diamine 4,4-methyl-
enedianiline 2a, and 4-methylbenzaldehyde 3 was investigated
in pyridine with the assistance of KOH. All the reagents were
added in one portion and the reaction was conducted at
105 °C under nitrogen for 24 h. After purification, a yellow
solid product 4 was obtained in 72% yield (Fig. 1A), proving
that the inorganic base could facilitate the reaction of the aro-
matic amine in organic solvent. The high-resolution mass
spectrum of compound 4 suggested its molecular weight of
467.1613 (caled 467.1610) (Fig. S1t), together with the single-
crystal structure of compound 4 (Fig. 1B and Table S17), con-
firming its dithioamide structure. Two strong intermolecular
S--H-N hydrogen bonds with a distance of 2.668 A and
2.705 A, respectively, were formed between each two neighbor-
ing molecules, forming ladder-shaped supramolecular poly-
mers within the crystal (Fig. 1B), indicating potential inter-
molecular interaction mode in the corresponding polymer
structures.

KOH-assisted multicomponent polymerizations of sulfur,
aromatic diamines and dialdehydes

The aromatic diamine monomer-participated MCP with sulfur
and dialdehyde was then studied, selecting 4,4-methyl-
enedianiline 2a and m-phthalaldehyde 5a as monomers. The
MCP of 1, 2a, and 5a was first carried out in different polar sol-
vents at 105 °C under nitrogen for 12 h, while keeping the
monomer loading ratio 1/8[Sg]:[2a]:[5a] = 4.0:1.0:1.5 and
monomer concentration [2a] = 0.4 M (Table S2). Among all
the tested polar solvents including pyridine, dimethyl-
acetamide (DMAc), and dimethylformaldehyde (DMF), pyri-
dine afforded the best polymerization result and polymer
product with a M,, of 10300 g mol™" was obtained in 68%
yield, suggesting that the alkalinity of pyridine may facilitate

CHO  KOH
Sp + *
Han NH, /©/ pyridine, 105 °C /@A )k©\
2a 3
\2 705 Aﬁl\ 2. 705 A\2. 668 R

2.668

75A

Fig. 1 (A) The model reaction and (B) single crystal structure of the
model compound 4.
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polymerization. Temperature was reported to be critical to the
synthesis of polythioamides from sulfur-based MCPs.>*
Similarly, in this polymerization, the polyimine intermediate
formed from diamine and dialdehyde possessed poor solubi-
lity, which might cause its precipitation from the polymeriz-
ation solution, hindering its further reaction with a polysulfide
anion to produce thioamide moieties."”'® Therefore, the
polymerization temperature was fine-tuned from 90 to 115 °C,
with a 5 °C interval to capture the sensitive influence of temp-
erature on the MCP (Table S37). Both the yield and M, of the
polymer product increased when the temperature was raised to
110 °C, and further heating to the boiling point of pyridine
(115 °C) could cause a slight decrease in the yield and M. The
monomer loading ratio was also crucial for the polymerization.
An excess amount of dialdehyde was found to improve both
yield and M, and when [2a]:[5a] = 1:2, a polymer with a M,
of 19000 g mol™' was obtained in 80% yield (Table S4,}
entries 1-7). Considering the possible side reactions of alde-
hyde in the presence of KOH such as the Cannizaro reaction to
consume aldehyde and result in stoichiometric imbalance of
the amine and aldehyde, an excess amount of aldehyde in the
MCP is beneficial for the polymerization. Moreover, when an
excess amount of amine was adopted, only a low-molecular-
weight product was afforded in low yield (Table S4,t entry 1).
Similar to the reported sulfur-based MCPs,>*'® an excess
amount of sulfur was also found to be beneficial for the
polymerization, and the best result was obtained with the
loading ratio of 1/8[Sg]:[2a]:[5a] = 4.5:1.0:2.0, and a polymer
with a M, of 34300 g mol™" was furnished in 81% yield
(Table S4,} entry 10).

In this polymerization, the inorganic base played a crucial
role. Either weak bases such as Na,COj;, K,COj;, Cs,CO3, KF,
and CsF, or a relatively dilute KOH (<0.4 M) aqueous solution
could only afford an insoluble product, indicating that the
reaction was probably stopped at the polyimine intermediate
stage, which failed to convert to a polythioamide product.
When [KOH] = 0.8 M and [2a] = 0.4 M, a satisfactory polymeriz-
ation result was obtained; when [KOH] reached 1.2 M, only a
low-molecular-weight product was generated (Table S4,} entry
13), due to the stoichiometric imbalance of the monomers
caused by the aforementioned side reactions of the dialdehyde
monomer and the potential degradation of these polythio-
amide structures at high temperature in the presence of a con-
centrated strong base. The monomer concentration was then
optimized based on the loading ratio 1/8[Sg]:[2a]: [5a] : [KOH]
=4.5:1.0:2.0:2.0. Increasing the monomer concentration was
generally beneficial for the polymerization yield and M, of the
product, and the best result of a M, of 41700 g mol™" and
87% yield was afforded when [2a] = 0.8 M (Table S5f). A
further increase of the monomer concentration to 1.0 M
caused gelation. Last but not least, the polymerization time
was also optimized from 4 to 16 h. While elongation of the
reaction time from 4 to 8 h could dramatically increase the
yield and M, to 94% and 54700 g mol™', respectively
(Table S67), further extension of the polymerization time to
16 h resulted in the reduction of both yield and M,,, suggesting

This journal is © The Royal Society of Chemistry 2023
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a potential balance between polymerization and degradation
of the polymer product at high temperature in the presence of
a strong base with long reaction time.

Most importantly, with the three commercially available in-
expensive monomers, the MCP of sulfur, 2a and 5a was con-
ducted on a 50 mmol-scale under the above-mentioned
optimal conditions, and 16.4 g of polymer product with a M,,
of 19600 g mol™" was obtained in 91% yield, indicating the
potential convenient and economical large-scale production of
aromatic polythioamides (Table 1, entry 6).

Furthermore, the MCPs of sulfur, aromatic diamines and
aromatic dialdehydes could be widely applicable to various
aromatic amine and aldehyde monomers, which could afford
diverse aromatic polythioamides. A series of commercially
available, inexpensive aromatic diamines 2a-c¢ and dialde-
hydes 5a-d were selected as the monomers (Table 2). In view
of the different reactivity and solubility of each aromatic
diamine and dialdehyde monomer, as well as their Schiff
base intermediate, the polymerization conditions such as
monomer concentrations, time, and loading ratio should be
varied accordingly. The polymerizations generally proceeded
well, affording polythioamides P2-P7 with satisfactory yields
(up to 96%) and M,s (up to 25300 g mol ') (Fig. S27).
m-Phthalaldehyde 5a was found to produce polymers with
higher M,,s compared with those synthesized from p-phthal-
aldehyde 5b, probably owing to the improved solubility of
the nonlinear-shaped polymer backbone with irregular inter-
molecular interactions. Besides, while the MCP of the rela-
tively electron-rich aromatic dialdehyde 5c and electron-
deficient aromatic dialdehyde 5d could proceed smoothly to
afford polythioamides, the latter showed higher yield and
M,,. It is worth mentioning that there were large numbers of
commercially available, inexpensive aromatic dialdehydes,
including those derived from biomass,”>** to serve as mono-
mers to tune the polymer backbone structures, which could
greatly expand the aromatic polythioamide structure scope
built from the previous MCPs of sulfur, aromatic diamines,
and benzyl diacid monomers.?

Table 1 MCPs of sulfur 1, aromatic diamine 2a, and dialdehyde 5a?

) )
OHC. CHO ‘ .
S5+ Oy yrine N JQ W,
H,N NH, Py! H H n
2a 5a P1

[2a] ¢  Yield M,
Entry T(°C) 1/8[Ss]:[2a]:[5a] (M) (h) (%) (gmol™") M/M,

1 105 4.0:1.0:1.5 0.4 12 68 10300 1.36
2 110 4.0:1.0:1.5 0.4 12 68 10600 1.34
3 110 4.5:1.0:2.0 0.4 12 81 34300 2.79
4 110 4.5:1.0:2.0 0.8 12 87 41700 2.53
5 110 4.5:1.0:2.0 0.8 8 94 54700 2.99
6” 110 4.5:1.0:2.0 0.8 8 91 19600 2.04

“The MCPs were carried out in the presence of KOH in pyridine with
[KOH]:[2a] = 2:1 and a 0.5 mmol scale of 2a. 50 mmol of 2a was
used.
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Table 2 (A) MCPs of sulfur 1, aromatic diamines 2a—c and aromatic dialdehydes 5a—d. (B) The polymerization results of different

monomers
A
o S 0 S
OHC CHO KOH JL)\
Sg + + \©/ — o N N
H,N NH, pyridine, 110 °C H H n
1 2b 5a P2
N
NH, OHC CHO KOH S ‘n”'n
Sg + + — = N S
H,N pyridine, 110 °C H
1 2c 5a P3
I i
Sy + + CHO KOH N NJL)‘
T HN NH, OHC pyridine, 110 °C H H n
1 2a 5b P4
: L0 0
s WO QL 0 Y Pt y e
H,N NH, OHC pyridine, 110 °C H H
1 2b 5b PS5
S S
Sg * * ,@r \©\ pyridine, 110 °C N N,
izt NH;  onc cHo PYrane H H n
1 2a 5¢ 2 P6
OHC._N._CHO i i
KOH
SR o Tl e i
H,N NH, Z pyridine, 110 °C | _J H H n
1 2a 5d P7
B
Entry Monomers 1/8[Ss] : [2a—c] : [5a-d] [2a-c] (M) t (h) Yield (%) My, * (g mol™) My /My, “ Solubility
P2 1+2b+5a 4.5:1.0:2.0 0.8 8 92 25300 2.20 \/
P3 1+2c+5a 4.5:1.0:2.0 0.5 12 93 14 200 1.67 \/
pa® 1+2a+5b 4.5:1.0:1.8 0.5 12 96 11 800 1.54 A
p5” 1+2b+5b 4.5:1.0:1.8 0.4 12 88 9100 1.33 A
P6 1+2a+5¢ 4.5:1.0:1.5 0.5 12 42 5900 1.20 \/
P7 1+2a+5d 4.5:1.0:1.8 0.5 12 69 14 800 1.48 \/

The reactions were carried out at 110 °C under nitrogen in pyridine and the yield was calculated based on the diamine monomers, [KOH]:[2a] =
2:1. “M,, and M, were determined by GPC in DMF based on the polymethyl methacrylate standard samples. ® M,, and M, were determined by

GPC with partially soluble polymers.

Structural characterization of the aromatic polythioamides

The well-defined structures of these aromatic polythioamides
were confirmed by their 'H, "*C NMR, and FT-IR spectra. Take
the '"H NMR spectrum of P1 for example, the characteristic
-NH- proton resonance of the thioamide group appeared at §
11.84, which was in good accordance with the corresponding
resonance peak of the model compound 4 at & 11.59.
Meanwhile, the aromatic proton peaks from monomers 2a and
5a remained in the spectrum of P1, while the -NH, peak of 2a
at § 4.80 and the -CHO peak of 5a at § 10.12 both disappeared,
proving that the amine and aldehyde groups in the monomers
had converted to the thioamide group in the product (Fig. 2).
Similar to P2-P7, the characteristic thioamide proton peaks
emerged at § 11.65-12.40 (Fig. S31), and no obvious impurity

2620 | Polym. Chem., 2023, 14, 2617-2623

: the product is completely soluble, A: the product is partially soluble.

peak was observed in this region, suggesting that the polymer
products were well-defined polythioamide structures. In the
13C NMR spectrum of P1, the carbon resonance of ~-CHO from
5a at § 192.69 was converted to the HN-C=S carbon peak of
the thioamide group in P1 at § 196.33 (Fig. S4t), and similar
characteristics of HN-C=S carbon resonance were also
observed at § 189.13-196.51 in the *C NMR spectra of P2-P7
(Fig. S51). The FT-IR spectra of P1-P7 were also similar to that
of model compound 4 (Fig. S6 and S77).

Furthermore, the existence of sulfur in these aromatic poly-
thioamides was confirmed by X-ray photoelectron spectroscopy
(XPS), and the binding energies of S 2p were observed at
162.20-163.81, which overlapped with those of model com-
pound 4, but were not in the range of elemental sulfur,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 'H NMR spectra of (A) 2a, (B) 3, (C) 5a, (D) 4, and (E) P1 in DMSO-
de. The solvent peaks are marked with asterisks.

suggesting that the existing form of the sulfur atom in these
polymers was indeed thioamide (Fig. S87).

Solubility and thermal stability of the aromatic
polythioamides

Aromatic polythioamides have similar structures to the high-
performance aromatic polyamides, which are well-known for
their high strength, good toughness, high thermal resistance
and poor solubility.>” When the oxygen atoms in polyamides
were replaced with sulfur atoms, the solubility of polythio-
amides was significantly improved. The aromatic polythio-
amides P1-P7 actually possessed satisfactory solubility in
polar solvents such as DMSO and DMF, enabling structural
and property study in solution and bringing more opportu-
nities for materials processing and application.

Moreover, thermogravimetric analysis (TGA) suggested that
these aromatic polythioamides possessed high thermal resis-
tance with their decomposition temperatures at 5 wt% weight
loss ranging from 295 to 363 °C, and high char yields of
50-67% at 800 °C, owing to their strong intermolecular and
intramolecular interactions including hydrogen bonds among
the abundant thioamide moieties and n-n stacking inter-
actions among the large number of aromatic rings (Fig. 3).
Their crystallinity was also studied by powder XRD, and diffrac-

This journal is © The Royal Society of Chemistry 2023
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T4 (°C) char yield (%)

Weight (%)
3

—P1 321 67
—P2 323 63
——P3 310 61
——P4 301 55
251 P5 295 53
——P6 316 56
——P7 363 50
0 T T T T
50 200 350 500 650 800

Temperature (°C)

Fig. 3 TGA curves of polythioamides P1-P7 with a heating rate of
10 °C min~t under nitrogen.

tion peaks of P5 were observed (Fig. S9t), suggesting that the
linear-shaped polymer backbone was beneficial for its regular
alignment and packing.

Gold extraction by aromatic polythioamides

While it is of great economic and environmental significance
to recycle precious metals from electronic waste,®° aromatic
polythioamides with abundant sulfur coordination sites to
metal ions, especially to Au®*,” were then investigated for gold
extraction from aqueous solutions. The metal coordination
selectivity of the polythioamides among various metal ions
was first studied. An identical amount of solid powder of P1
was directly added into the aqueous solutions of different
metal ions including Au®*, Cu**, Fe’*, Mn*", Ni**, Co**, Pb*",
and Cd*", respectively, with the metal ion concentration of
100 mg L', The polymer solid powder was removed by cen-
trifugation after the aqueous suspension was stirred at room
temperature for 1 h, and the remaining concentrations of the
corresponding metal ions in the supernatants were measured
by atomic absorption spectroscopy (AAS) to calculate the
extraction efficiency. Of all the eight metal ions, a high extrac-
tion efficiency of 99.88% was realized only for Au®* (Fig. $10%).

Different polythioamides P1-P7 were then utilized for gold
extraction, using different amounts of solid powder (Fig. 4 and
Table S7t). P7, prepared from 2,6-pyridinedicarboxaldehyde,
showed the best performance among these polymers and its
extraction capacity was 788 mg Au®** g' calculated from the
extraction efficiency obtained with 1 mg polymer to extract
Au** from an aqueous solution with [Au*], = 100 mg L7,
which showed higher efficiency and capacity with the best
polythioamides in the literature.” The pyridine moieties in P7
might also serve as a metal coordination ligand to extract Au®*,
together with thioamide moieties, to improve the gold extrac-
tion performance.

Polym. Chem., 2023, 14, 2617-2623 | 2621
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Fig. 4 The extraction efficiency of Au** with different amounts of solid
powder of aromatic polythioamides P1—P7. [Au®*]y = 100 mg L™ Vs =
10 mL.
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Fig. 5 The wavelength dependence of the refractive index of the thin
film of P1.

Light refractivity

One major advantage of aromatic polythioamides compared
with aliphatic polythioamides is the high light refractivity,
owing to the large amount of conjugation system of these
sulfur-rich polymers. Polymer materials with high light refrac-
tivity above 1.80 are highly desired for optoelectronic
devices,>* only limited examples of organic polymer
materials possessing high thin film refractive indices have
been reported. While introducing chalcogen atoms into the
polymer structure or increasing the content of aromatic struc-
ture in the polymer is an effective approach to increase the
refractive indices of polymers,>>*' the aromatic polythioa-
mides synthesized in this work may be promising polymer
materials with high refractive indices. P1 was investigated as
an example, and the wavelength-dependent refractivity of the
thin film of P1 was studied. The thin film of P1 possesses
large n values of 2.0634-1.7287 in a wide wavelength range of
400-1700 nm, and a high 7 value of 1.8702 at 633 nm (Fig. 5),
which is much higher than those of the reported polythio-
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amides,’ and is among the highest values of chalcogen-
containing organic polymer materials.>*

Conclusions

In this work, a KOH-assisted multicomponent polymerization of
elemental sulfur, aromatic diamines, and aromatic dialdehydes
was developed for the facile and economical synthesis of aromatic
polythioamides. The polymerization featured commercially avail-
able monomers, simple operation, high atom economy, high
efficiency, general monomer applicability, and potential scaled-
up production, releasing H,O as the side product, and no gas was
released. Compared with the reported aromatic polythioamide
synthesis, this MCP could use aromatic dialdehydes as mono-
mers, which possess great structural diversity, widespread and
economical sources that could be prepared from biomass,
making them an ideal monomer source for the preparation of
various aromatic polythioamide structures. Moreover, the
efficiency and specificity of this MCP were significantly improved,
and the aromatic polythioamide products possessed clean struc-
tures without obvious side reactions observed from the structural
characterization data. Besides well-defined structures, these poly-
thioamides also possessed satisfactory molecular weight, excel-
lent solubility, high thermal stability, and solid powder crystalli-
nity. With the strong and selective coordination between the thio-
carbonyl group and Au®*, the polythioamides could also serve as
convenient and efficient gold extraction materials. Moreover, the
high sulfur content and the aromatic structures of these aromatic
polythioamides have endowed them with a high refractivity of
1.87 at 633 nm. The MCP of sulfur, aromatic diamines, and aro-
matic dialdehydes has hence provided an economical, efficient,
and convenient method for the synthesis of unique aromatic
polythioamides, bringing the opportunity of future scaled-up pro-
duction of these new materials. It is anticipated that the advance-
ment in polymer synthetic approaches can accelerate the develop-
ment of high-performance advanced functional polymer
materials and their potential applications.
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