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Poly(butylene succinate) (PBS) is considered to be a potential bio-
alternative for petroleum-based polymers due to its environmen-
tally benign nature and biodegradability. Despite its various advan-
tages, its low thermal stability and lack of high molecular weight
required for industrial applications restrict its implementation on a
commercial scale. The synthesis of high molecular weight PBS
remains a challenging task due to the hydrolytic instability of the
catalyst as well as the thermal sensitivity of PBS. Herein, we report a
Lewis acidic ionic liquid (LAIL) as a novel, mild, efficient and
hydrolytically stable catalyst system for the synthesis of high
molecular weight PBS. Further, the thermal stability of the PBS
synthesized using the novel catalyst is found to be higher than the
corresponding polymer synthesized using a conventional catalyst.

Introduction

The petrochemical revolution in the last decade led to the
development of various commercially important polymers such
as polyethylene, polystyrene, polypropylene and poly(vinyl
chloride) from fossil fuels." Moreover, their low cost and
excellent mechanical properties have championed these poly-
mers as the material of choice for various applications such as
electrical and electronics, automobiles, food packaging, pipe
and fittings, personal hygiene, cosmetics, building and con-
struction, and pharmaceuticals.> However, the durability and
non-biodegradability of fossil fuel-based polymers has led to
increased plastic pollution in the environment.? In recent years,
the design and synthesis of environmentally friendly polymers
as an alternative to petroleum-based polymers have gained
considerable interest among scientists in both academia and
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the industry. As a result, various bio-based polymers have been
developed and have found commercial applications in repla-
cing petroleum-based polymers.> Among the various bio-based
polymers, polybutylene succinate (PBS) has gained consider-
able interest as a potential bio-alternative due to its comparable
physical and mechanical properties as those of polyolefins.®

However, its high cost coupled with a lack of high mole-
cular weight required for industrial application restricts its
commercialization.” Extensive research is being carried out to
broaden the application of PBS by improving its mechanical
and thermal properties via chemical and physical methods.®
Generally, the synthesis of PBS involves two steps: esterification
or trans-esterification followed by polycondensation reactions,
which are carried out at high temperatures, usually 230-250 °C
under vacuum (Scheme 1).° Significant efforts have already
been made towards the development of mild and efficient
catalysts in synthesizing high molecular weight PBS. As a result,
various catalyst systems have been reported in the literature for
the synthesis of PBS.®

However, among the various catalysts explored, titanium-
based catalysts exhibit better catalytic activity than other Lewis
acid catalysts. Thus, titanium alkoxides (titanium tetrabutoxide
(TBT) and titanium tetraisopropoxide (TTIP)) are the most
widely used catalyst for the synthesis of PBS as well as its
copolymers, and the order of efficiency is found to be Ti » Zr ~
Sn > Hf > Sb > Bi.® However, titanium-based catalysts are
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Scheme 1 Novel hydrolytically stable catalyst for the synthesis of PBS.
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more sensitive to moisture/water, and hence the addition of
catalyst during the polycondensation step exhibited higher
activity than adding the catalyst during the esterification step.
This clearly indicates the sensitivity of titanium-based catalysts
towards water, the by-product formed during the reaction.’®

Moreover, PBS is thermally sensitive and the high tempera-
ture required for the polycondensation reaction restricts the
synthesis of high molecular weight PBS, as it undergoes various
side reactions including degradation.'® Thus, the synthesis of
high molecular weight PBS from dicarboxylic acids and diols
remains a challenging task due to the thermal sensitivity of PBS
and hydrolytic instability of the catalyst. Thus, the development
of efficient and hydrolytically stable catalysts for the synthesis
of high molecular weight PBS is much sought after. Herein, we
report a novel mild, efficient and hydrolytically stable (Lewis
acidic ionic liquid) catalyst system for the synthesis of high
molecular weight PBS.

Results and discussion

In recent years, ionic liquids have gained considerable atten-
tion in catalysis. Various ionic liquids (LAIL) have been devel-
oped and proven to be more efficient than conventional
catalysts in various organic transformations.’* To the best of
our knowledge, the use of ionic liquids has not yet been
explored for the synthesis of PBS. Thus, it is in our interest to
explore a few Lewis acidic ionic liquids for the synthesis of PBS.
Recently, a hydrolytically stable Lewis acidic ionic liquid was
developed using choline chloride and the metal salts of Sn and
Zn, especially for the Diels Alder reaction.'® It is in our interest
to explore this catalyst system for the synthesis of PBS.

Thus, ionic liquids based on Sn and Zn were prepared using
choline chloride and BMIMCI (1-Butyl-3-methylimidazolium
chloride) by following a reported procedure.'” The synthesized
catalyst was examined for its catalytic efficiency with respect to
conventional catalyst such as titanium tetrabutoxide, titanium
tetraisopropoxide, stannous chloride etc., and the results are
summarized in Table 1 (entry 1-12). The reported method was
optimized and using the optimized synthetic method, PBS with
Mn, Mw and PDI values of about 1.84 x 10? g mol ', 4.68 x
10" g mol ! and 2.53, respectively, were synthesized.’” Further,

Table 1 Synthesis of PBS using various Lewis and Brgnsted acid catalysts
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the optimized reaction condition was used to screen the
efficiency of other catalyst systems (using 0.02 mol%) for the
synthesis of PBS (Table 1)."

Interestingly, the ionic liquid prepared using choline chlor-
ide and SnCl, exhibited better catalytic activity than the con-
ventional catalysts (Table 1, entry 5). However, the ionic liquid
prepared using zinc chloride exhibited moderate activity
(Table 1, entry 6 and 8). From the experimental results, it is
very clear that choline chloride-based ionic liquids are found to
be more efficient in producing relatively high molecular weight
PBS than the corresponding BMIMCI-based ionic liquids
(Table 1, entry 5-8). Further, the reaction of succinic acid and
butanediol in the presence of BMIMCI, ChCl, [BMIM]HSO,]
and phosphomolybdic acid (PMA) resulted in the isolation of
polymers with low molecular weight (Table 1, entry 9-12).

Furthermore, the influence of Lewis acid concentration in
the ionic liquids was investigated and the results are summar-
ized in Table 2. Since ChCl-based Lewis acidic ionic liquids
exhibited better catalytic activity than the corresponding
BMIMCl-based ionic liquids, a systematic investigation was
carried out to understand the influence of temperature and
the concentration of metal halides in ChCl-based Lewis acidic
ionic liquids. An increase in the concentration of metal halides
in the ChCl-based ionic liquids resulted in increased catalytic
activity by reducing the reaction time required for the reaction
(Table 2, entry 3); however, further increase in the concen-
tration of Lewis acid in the catalyst system resulted in the
lowering of the thermal stability of the polymer (Table 2, entry 9).
Interestingly, the choline chloride-based Lewis acidic ionic liquid
catalyst system was found to produce high molecular weight PBS
even at low temperatures (200 °C) (Table 2, entry 6).

To understand the hydrolytic stability of the ChCl-based
Lewis acidic ionic liquid catalyst system, PBS synthesis was
carried out by adding the catalyst before and after the ester-
ification reaction (Table 3, entry 1-6). Interestingly, no signifi-
cant changes in catalytic activity were observed for the newly
synthesized ChCl:SnCl, catalyst system, which clearly indicates
the hydrolytic stability of the catalyst. Whereas, conventional
titanium based catalyst exhibited reduced catalytic activity by
adding the catalyst before esterification reaction, which clearly
elucidates the hydrolytic instability of the catalyst system

S. No. Catalyst* Temp. (°C) (Time) M, (g mol ™) M,, (g mol™ ") PDI Tm (°C) T, (°C) T4 (°C)
1 Ti(OBu), 230 (6.5 h) 18536 46 870 2.53 77 112 368

2 Ti(OPr), 230 (6.5 h) 14855 41354 2.78 73 110 365

3 SnCl, 230 (6 h) 18427 50868 2.76 77 114 370

4 ZnCl, 230 (8 h) 10226 32226 3.15 70 112 360

5 ChCl:SnCl, (1 : 1) 230 (7 h) 21874 57957 2.65 78 115 379

6 ChCl:ZnCl, (1 : 1) 230 (7 h] 19289 41483 2.15 74.8 112.7 358

7 BMIM :SnCl, (1:1) 230 (7 h) 15923 38160 2.41 72.6 112.6 362

8 BMIM : ZnCl, (1 : 1) 230 (7 h) 9654 27058 2.81 71.4 110.81 354

9 BMIMCI 230 (7 h] 2286 10740 4.70 — — —

10 ChCl 230 (7 h) 7758 18278 2.36 — — —

11 [BMIM][HSO,] 230 (7 h) 3065 7271 2.37 — — —

12 PMA 230 (7 h) 1113 1884 1.69 — — —
“0.02 mol% catalyst was used for the reaction; Ty4: onset degradation temperature.
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Table 2 Effect of the concentration of catalyst and temperature on PBS synthesis

S. No. Catalyst* Temp. (°C) (Time) M, (g mol ) M,, (g mol ) PDI Tm (°C) T. (°C) T4 (°C)
1 BMIM: SnCl, (1:2) 230 (7 h) 18057 42907 2.38 75 112 368

2 BMIM:ZnCl, (1:2) 230 (7 h) 12365 31623 2.56 74.6 111 362

3 ChCl:SnCl, (1:2) 230 (6 h) 31988 72624 2.27 77 115 383

4 ChCl:ZnCl, (1:2) 230 (7 h) 14902 41472 2.78 75 113 364

5 ChCl:SnCl, (1:1) 200 (8 h) 21840 56 826 2.60 77 114 378

6 ChCl:SnCl, (1:2) 200 (7 h) 21609 73031 3.38 76 115 389

7 ChCl:ZnCl, (1:1) 200 (8.5 h) 12365 31623 2.56 75 112 354

8 ChCl:ZnCl, (1:2) 200 (7.5 h) 15823 37960 2.39 75 111 358

9 ChCl:SnCl, (1:3) 230 (5 h) 21902 72990 3.33 77 114 368

% 0.02 mol% catalyst was used for the reaction.

Table 3 Hydrolytic stability of the Lewis acidic ionic liquids

S. No. Catalyst® Time M, (g mol™) M, (g mol™) PDI T (°C) T. (°C) T4 (°C)
1 Ti(OBu), 7¢ 18536 46 870 2.53 77 112 362

2¢ ChCl:SnCl, (1:1) 7° 21874 57957 2.65 77.6 115 379

34 ChCl:SnCl, (1:2) 67 31988 72624 2.27 77 115 389

4P Ti(OBu), 5¢ 19074 50271 2.64 81 114 366

5° ChCl:SnCl, (1:1) 7¢ 21732 57272 2.64 78 115 382

6" ChCl:SnCl, (1:2) 67 31448 73104 2.32 78 115 394

“ Catalyst added during the esterification step.'® ? Catalyst added during the polycondensation step.'*” ¢ Temperature of the polycondensation
reaction: 230 °C. ¢ Temperature of the polycondensation reaction: 200 °C. ¢ 0.02 mol% ppm catalyst used for the reaction.

Table 4 Trace metal analysis of the final polymer

Table 5 Thermal stability of the Lewis acidic ionic liquids®

S.  Catalyst used for Metal content in the final polymer
No polymerization (ppm)

1 Ti(OBu), 225

2 SnCl, 212

3 ZnCl 230

4  ChCl:SnCl, (1:2) 96

5  ChCl:ZnCl, (1:2) 108

during PBS synthesis (Table 3, entry 1 & 4). Further, thermal
stability of the PBS produced using stannous chloride-based
ionic liquids was found to be higher than that of the corres-
ponding polymer produced using the zinc-based ionic liquids
and titanjum-based catalysts (Tables 1 and 2).

It is reported in the literature, that the residual catalyst
present in the final polymer results in the degradation of the
corresponding polymer at higher temperatures.”® Trace metal
analysis clearly indicates that the metal catalyst present in the
final polymer (PBS) produced using Lewis acidic ionic liquids is
very low when compared to the polymer produced using the
corresponding metal chloride catalysts (Table 4). The removal
of catalyst is found to be more effective in the case of poly-
merizations carried out using Lewis acidic ionic liquids com-
pared to those with conventional metal chloride catalysts.
Moreover, this resulted in the increased thermal stability of
the final polymer produced using Lewis acidic ionic liquids
(Table 4).

Finally, from the thermal studies, it is evident that all
the synthesized ionic liquid catalysts are more stable at
250 °C (temperature required for polycondensation reaction)

8134 | Mater. Adv,, 2022, 3, 8132-8136

S. No Catalyst Weight loss (%)*
1 Chcl 2.50

2 BMIMCI 38.98

3 ChCl:SnCl, (1:2) 0.94

4 ChCL:ZnCl, (1:2) 1.68

5 BMIMCI : SnCl, (1:2) 0.45

6 BMIMCI: ZnCl, (1:2) 0.91

“ Thermal stability studies at 250 °C for 30 min.

(Table 5, entry 1-6). Even choline chloride is found to be stable
at 250 °C (Table 5, entry 1). However, the stability of BMIMCI
was found to be very low (61%) at 250 °C (Table 5, entry 2).
Interestingly, the corresponding ionic liquids synthesized using
BMIMCI are found to be more stable at 250 °C (Table 5, entry 5
and 6). This increased stability of the BMIMCIl-based Lewis
acidic ionic liquids is believed to be due to the self-association
of quaternary ammonium salts (QASs) (hydrogen bond accep-
tor) and metal halides (hydrogen bond donor) to form com-
plexes, which leads to an increase in the thermal and chemical
stability of the ionic liquids.

Conclusion

A novel Lewis acidic ionic liquid catalyst has been developed for
the synthesis of high molecular weight PBS. The newly devel-
oped catalyst is found to be mild and more efficient than the
corresponding conventional titanium-based catalysts. More-
over, the catalyst is found to be hydrolytically stable and the
polymer (PBS) produced by the catalyst exhibits higher thermal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability. In addition, choline chloride-based ionic liquids are
more efficient than the corresponding imidazolium-based ionic
liquids towards PBS synthesis. Furthermore, removal of the
catalyst from the final polymer is found to be relatively easy
using the Lewis acidic ionic liquid-based catalyst system for
PBS synthesis, which in turn led to increase in thermal stability
of the final polymer. We strongly believe that this development
of a hydrolytically stable Lewis acidic ionic liquid-based catalyst
system will find wider application in the synthesis and com-
mercialization of bio-based polyesters, especially PBS.
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synthesis of PBS (catalyst addition during esterification
reaction): In a clean three neck RB flask fitted with distilla-
tion assembly, succinic acid (20 g, 0.17 mol) and butane diol
(16 g, 0.18 mol) was taken and stirred for 10 mins. Into this
catalyst (0.02 mol%) was added and the resultant mixture
was heated to 175 °C till the completion of the esterification
reaction (water collected approximately 5.6 mL). After com-
pletion of the esterification reaction, polycondensation was
carried out at 230 °C under vacuum (10 mmHg) to give the
corresponding polymer. After completion of the polycon-
densation reaction, reaction mixture was cooled (80 °C) and
then poured into water. The solid thus obtained was fil-
tered, washed with acetone and dried under nitrogen to give
the corresponding PBS in good yield (88%). IR (neat):1714,
1157 cm™'; 'H NMR (400 MHz, CDCl;): 6 1.71 (m, 4H), 2.63

8136 | Mater. Adv, 2022, 3, 8132-8136
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(m, 4H), 4.24 (m, 4H); *C NMR (100 MHz, CDCl3): § 172.3,
64.2, 29.0, 25.2. (b) General method for the synthesis of PBS
(catalyst addition during polycondensation reaction): In a
clean three neck RB flask fitted with distillation assembly,
succinic acid (20 g, 0.17 mol) and butane diol (16 g,
0.18 mol) was taken and heated to 175 °C till the completion
of the esterification reaction (water collected approximately
5.6 mL). After completion of the esterification reaction,
catalyst (0.02 mol%) was added and the polycondensation
reaction was carried out at 230 °C under vacuum (10 mmHg)
to give the corresponding polymer. After completion of the
polycondensation reaction, reaction mixture was cooled
(80 °C) and then poured into water. The solid thus obtained
was filtered, washed with acetone and dried under nitrogen
to give the corresponding PBS in good yield (92%).
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