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Poly(butylene succinate) is one of the emerging bio-degradable polymers, which has huge potential to be
employed in a wide range of applications. Furthermore, it is also recognized as one of the biopolymers of
choice due to its environmentally benign nature and biodegradability. Even though PBS has various
advantages, brittleness, thermal stability and a lack of the high molecular weight required for industrial
applications restricts its commercial implementation. Various catalyst systems have been employed to
produce high molecular weight PBS. In addition, various strategies like copolymerization and the prepa-
ration of composites and blends have been attempted to improve the physical and mechanical properties
of PBS. However, the synthesis of high molecular weight PBS with enhanced properties still remains a
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challenging task. Herein, catalyst systems that have been employed towards the synthesis of PBS and its
copolymers as well as its property enhancements (including bio-degradation) through copolymerization
are covered in detail. This will provide readers with a detailed and systematic understanding of the cataly-
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sis, copolymerization and biodegradation of PBS.

Introduction

Hermann Staudinger (father of polymer science) was honored
with the Nobel Prize for Chemistry for his pioneering research
on macromolecules. His extensive research led to a basic under-
standing as well as designing the applications for polymers in
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Fig. 1 Chemicals and materials from crude oil.

every day life as commodities and specialty (special functional)
polymers." In addition, the petrochemical revolution of the last
century led to the production of polymers such as polyethylene
(HDPE, LDPE, LLDPE), polypropylene (PP), poly(vinyl chloride)
(PVC), poly(ethylene terephthalate) (PET), and polystyrene (PS)
in large quantities from fossil resources (Fig. 1).> Furthermore,
they have gained significant importance as the material of
choice for various applications such as food packaging, cos-
metics, personal hygiene, building and construction, pharma-
ceuticals, automobiles, electrical devices and electronics, agri-
culture, etc., due to their low cost combined with excellent
mechanical, thermodynamic and insulation properties (Fig. 2).?

However, because of their durability and non-biodegradability,
many synthetic petrochemical based polymers tend to accumulate
in the environment rather than degrading, which has led to
severe environmental plastic pollution. The presence of a con-
siderable amount of aromatic moieties in polymers increases the
durability and hence they are not biodegradable. At the beginning
of the twenty first century, the accumulation of plastic waste and
its negative environmental impact coupled with an increase in oil
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Fig. 2 General distribution and application of plastics.

prices have led to the development of biodegradable polymers,
which are generally referred to as synthetic or processed organic
macromolecules derived from biological resources (Fig. 3).*

In recent years, the design and use of environmentally
benign polymers from renewable resources are of significant
interest among scientists in both academia and industry. Two
different strategies can be employed for improving the ecologi-
cal and sustainable aspects of polymeric materials. The first
strategy mainly emphasizes the need for new bio-alternatives
to petrochemical based polymers and the second one focuses
on the end-of-life situation, which includes either bio-degra-
dation, recycling, incineration, landfill or composting. Bio-
based alternatives are of significant importance as they can
save up to 315 million tons of CO, equivalents annually.>>

Furthermore, bioplastic alternatives have been developed
for almost every conventional petroleum based polymer as well
as for their corresponding applications (Fig. 4). In this regard,
biodegradable polyesters, such as poly(lactic acid) (PLA), poly
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(butylene succinate) (PBS), polyhydroxyalkanoates (PHAs) and
aliphatic-aromatic copolyesters, have gained increasing inter-
est as bio-alternatives to traditional oil-based commodity poly-
mers, such as polyolefins and poly(ethylene terephthalate)
(PET).® In addition, various renewable polymers, including
thermoplastics,” thermosets,® and vitrimers,’ with good per-
formances have also been developed to mimic traditional pet-
roleum-based polymers.

Moreover, the global production of bio-plastics (bio-based/
non-biodegradable and biodegradable (Fig. 5) is expected to
increase from 2.4 million tonnes in 2021 (which is <1% of the
total volume of petroleum based polymers) to 7.59 million
tonnes in 2026 with an annual growth rate (CAGR) of about
21% (Fig. 6a). In particular, the global production of PBS is
expected to increase from 4% in 2021 to 16% in 2026 (Fig. 6b).
Moreover, the segment wise global production of bio-
degradable polymers in 2021 is explained in Fig. 6b.>"
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These bio-based polymers are capable of providing new
macromolecular frameworks with superior properties.'
Among the bio-based polymers, poly(hydroxyalkanoate)s, poly
(lactic acid), and poly(butylene succinate) (PBS) are of con-
siderable interest and have already led to large scale pro-
duction to cater to various applications such as packaging,
agriculture, biomedical, automotive, electrical, pharma-

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Bioplastics and their applications in our day-to-day life.

ceutical, etc. (Fig. 7). Poly(butylene succinate) belongs to the
poly(alkylene dicarboxylate) family, which can be synthesized
by the reaction of 1,4-butanediol with succinic acid."*

Bio-based synthesis of monomers (SA
and BDO) for PBS

Recent developments in fermentation technology led to the
production of bio-based monomers on an industrial scale. In
the fermentation process, specific bacterial strains such as
Actinobacillus  succinogenes, Mannheimia succiniciproducens,
Anaerobiospirillum  succiniciproducens and  recombinant
Escherichia coli converts substrates such as corn starch, whey,
cane molasses, glycerol, and wood hydrolysates into succinic
acid in high yields, with lower amounts of by-products.’® This
production of SAvia a fermentation process is mainly an envir-
onmentally benign method which utilizes CO, to convert the
substrates into the products.*?

Moreover, succinic acid (SA) is one of the top twelve bio-
based building blocks that are produced from carbohydrates,
and thus has a potential market in the chemical industry."* A
bio-synthetic method for the production of 1,4-butanediol
(BDO) also involves the fermentation of sugars, glucose,
starch, xylose, etc. (Fig. 8) to yield SA and subsequent
reduction of the SA leads to BDO. Conversely, the direct syn-
thesis of BDO through the fermentation of sugars, by using
engineered E. coli, has also been reported in the literature.'”
The synthesis of both SA and BDO from biomass feedstocks
appears to be particularly interesting, as it gives access to the
production of fully bio-based PBS (Scheme 1).'°

Synthesis of polybutylene succinate

Aliphatic polyesters are an important class of sustainable poly-
mers under investigation due to the degradation of ester

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthesis of fully bio-based PBS.

bonds under enzymatic conditions. Extensive research work
has been carried out in developing biodegradable polymers,
such as poly(caprolactone) (PCL), poly(butylene succinate)
(PBS), poly(lactic acid) (PLA), and poly(butylene adipate-co-
butylene terephthalate) (PBAT).>'>'” In particular, PBS exhi-
bits several interesting properties, such as barrier and thermal
properties, melt processability, chemical resistance and most
importantly biodegradability. Thus, it has gained considerable
attention as a potential biodegradable polymer to mimic pet-
roleum based polymers in various applications.? ®*?

In the early 1930s, Carothers first initiated the preparation
of industrially important polymers via the condensation reac-
tion, which included polyamides and other aliphatic polyesters
(Scheme 2)."* Nylon 66, of the polyamide family, was quickly
identified during middle of the last century as one of the
potential fiber-forming polymers. In copolyesters, the mole-
cular weight of the obtained PBS polymer was very low and
resulted in a weak and brittle polymer.'® Extensive research
work is being carried out in developing efficient synthetic
methods for the production of high molecular weight PBS.
However, the preparation of high molecular weight aliphatic
polyesters from dicarboxylic acids and diols still remains a
challenging task due to their low thermal stability.>°

Polycondensation

)OL 0
‘fO'R‘o Rﬁo/
n

R
Ho Rion + HOL,C™ 2co,H

Scheme 2 Synthesis of polyesters.
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Conventional method for the synthesis
of PBS

In general, the synthesis of PBS involves two steps, in which
the first step is the esterification or trans-esterification (for
production of oligomers) reaction at 160-180 °C followed by
polycondensation (or) trans-esterification (for extension of the
chain length) of the resulting oligomers at 230-250 °C under
vacuum (Scheme 3).>" Various organo-metals, metal oxides,
and metal halides have been used as catalysts to improve the
efficacy of the polymerization reaction.>?

Titanium alkoxide based catalysts

Titanium tetrabutoxide (TBT) is the most widely used catalyst
for the synthesis of PBS and it copolymers due to its catalytic
efficiency.?

Branched polybutylene succinates were prepared by a two-
stage esterification and condensation polymerization strategy
using 1,4-butanediol, 1,2-decanediol, and succinic acid in the
presence of TBT as a catalyst (Scheme 4).>*

PBS copolymers with a rigid C=C structure were also pre-
pared by the copolymerization of BDO, SA and acetylene dicar-
boxylic acid using TBT catalyst. PBS and poly(butylene succi-
nate-co-butylene acetylenedicarboxylate) (PBSAD) copolymers
with M,, = 4.45 and 2.48 x 10* g mol™" respectively were syn-
thesized under the same reaction conditions (Scheme 5).>°

A new copolymer, poly(butylene succinate/dithiodipropio-
nate), P(BSBDTDP), was successfully synthesized using 3,3-

0
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Scheme 4 Synthesis of branched PBS.
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dithiodiproprionic acid as a comonomeric unit in the presence
of the TBT catalyst (Scheme 6).°

Also, dihydroxyl terminated PBS prepolymers, which are
mainly used for chain extension and the copolymerization
reaction, were also prepared by the reaction of BD and SA in
the presence of the TBT catalyst (Scheme 7).>”

Poly(butylene succinate-co-propylene succinate) (PBSPS)
copolymer was prepared by a bulk polymerization reaction in
two steps using di-acid and diol in the presence of TBT as the
catalyst (Scheme 8).%* Glycerol is used as a partial cross-
linking agent to improve the thermal and mechanical pro-
perties of the copolymer. A polymer with M, = 1.85 x 10* g
mol™", M, = 9.84 x 10* g mol™ and PDI = 5.32 was
synthesized.?®”

0]

OH
HO)K/\[( + HO/\/\/OH

sa O BDO
Ti(OBu),

0]
H(O\/\/\ Owg\/\/\ O/H

0]
Dihydroxyl terminated PBS

Scheme 7 Synthesis of dihydroxyl terminated PBS.
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poly(butylene

Aliphatic-aromatic bio-based poly(butylene succinate-co-
furanoate) (PBSFc) copolymer was prepared by a melt polycon-
densation reaction of the corresponding esters in the presence
of TBT as a catalyst. The number average molecular weights for
PBS and PBSFc were 1.52 and 1.27 x 10" g mol™" and the
corresponding PDI values were 2.03 and 2.12, respectively
(Scheme 9).*°

Titanium tetrabutoxide as a modifier
and compatibilizer

Interestingly, TBT was also employed as a modifier and compa-
tibilizer in preparing polyester blends. Polymer blends pre-
pared using poly(butylene succinate-co-adipate) and poly(e-
caprolactone) in the presence of the TBT catalyst demonstrated
good compatibility and this might be due to the transesterifi-
cation reaction between the polymers and, in addition, the
viscosity of the blends tended to increase with an increase in
catalyst concentration.>®

Titanium tetraisopropoxide as a
catalyst

Titanium tetraisopropoxide is the next preferred catalyst for
the synthesis of PBS and its copolymers. Numerous synthetic

This journal is © The Royal Society of Chemistry 2022
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methods reported in the literature used titanium tetraiso-
propoxide as a catalyst for both esterification and polyconden-
sation reactions.

Poly(butylene succinate-ran-butylene adipate) random co-
polymers (PBSA)*' (Scheme 10) and high molecular weight
poly[(butylene  succinate)-ran-(e-caprolactone)] copolyesters
(PBS-ran-PCL)** were prepared by melt polycondensation over
a wide composition range using TTIP as a polycondensation
catalyst. PBS with M;, = 7500, M,, = 21470 and PDI = 2.9 was
synthesized using this protocol (Scheme 11).%*

Furfural is one of the most important bio-based com-
pounds, which in turn can be readily produced from cellulose.
Furthermore, furfural, on oxidation and subsequent reduction
of the resulting fumaric acid, led to the formation of bio-based
succinic acid and 1.4-butanediol. Tachibana and co-workers
reported the titanium tetraisopropoxide mediated synthesis of
PBS with M, = 85000 and M,/M, = 2.6. Furthermore, it was
found that, both bio-based and petroleum based PBS syn-
thesized using TTIP as a catalyst, were found to have similar
properties (Scheme 12).%

The synthesis of PBS (M,, = 6.49 x 10* g mol™", M,, = 12.47 x
10" g mol~" and PDI = 1.87) and its copolymers containing 1,4-
cyclohexane dimethylene succinate (CHDMS) or butylene 1,4-
cyclohexanedicarboxylate (BCHDA) units was further exploited
via melt polycondensation wusing TTIP as a catalyst
(Scheme 13).**

TTIP was further explored towards the synthesis of poly
(butylene succinate-co-hexamethylene succinate) (P(BS-co-HS))

(o] o_ 0O
HOJ\/\H/OH b oSO
sa © BDO Caprolactone
(CL)

Titanium tetraisopropoxide )\
(TTIP)

w /(0\/\/\0); a.J\A/vo)y

PBS-ran-PCL copolymer

OTio Step 1: Ring opening Polymerization
0o 7/ Step 2: Polycondensation

Scheme 11 Polyl(butylene succinate)-ran-(e-caprolactone)] copolye-
sters (PBS-ran-PCL).
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Scheme 14 Synthesis of poly(butylene succinate-co-hexamethylene
succinate) (P(BS-co-HS)).

copolyesters. The intrinsic viscosity of the PBS homopolymer
obtained was found to be 0.67 dl g~* (Scheme 14).*

Efficiency of titanium based catalysts

However, titanium based catalysts are sensitive to moisture
and water is the by-product formed during the esterification
reaction. Thus, it is observed that the addition of titanium
based catalysts during the esterification reaction reduces the
activity of the catalyst, when compared to the addition of the
catalyst during the polycondensation step. This is directly
related to the stability of the catalyst in the presence of the by-
product (water) formed during the esterification step.*® Thus,
to improve the catalytic efficiency, the catalyst was added
during the polycondensation step (Scheme 15).>*

Poly(butylene succinate-b-poly(diethylene glycol succinate)
(PBS-b-PDGS) multiblock copolymers were synthesized using
chain extenders via HO-PBS-OH and HO-PDGS-OH precursors,
which in turn were prepared by using TTIP as a catalyst.
During polymer precursor synthesis, the catalyst was added
during the polycondensation step. PBS homopolymer with
M, =3.5x10"* g mol™", M,, = 15.1 x 10 * g mol™* and PDI =
4.3 was synthesized under the same reaction conditions using
chain extenders (Scheme 16).%”

Poly[(butylene succinate)-co-poly(tetramethylene glycol)]
(PBSTMG) copolymers were synthesized by a two step esterifi-

3568 | Polym. Chem., 2022,13, 3562-3612
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0
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Scheme 17 Synthesis of poly[(butylene succinate)-co-poly(tetra-
methylene glycol)]s (PBSTMGs).

cation and polycondensation reaction using SA, BD and poly
(tetramethylene glycol) (PTMG) in the presence of the TBT
catalyst (Scheme 17), in which the catalyst was added during
the polycondensation step.*®

Even in the few methods reported in the literature, the cata-
lyst was added in parts in both the esterification and polycon-
densation steps to improve the conversion and achieve a high
molecular weight of the polymer (Scheme 18).*°

Titanium alkoxides in the presence of
stabilizers

It is very well known that the synthesis of high molecular
weight PBS still remains a challenging task due to its low
thermal stability. Thus, the use of thermal stabilizers, in com-
bination with a Lewis acid catalyst, has also been explored in
producing high molecular weight copolyesters. As a result, tita-

This journal is © The Royal Society of Chemistry 2022
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Scheme 18 Synthesis of high molecular weight PBS.

nium(wv) butoxide as a polycondensation catalyst, in combi-
nation with polyphosphoric acid as a thermal stabilizer, was
utilized for the synthesis of poly(butylene succinate)/nano-
boehmite composites*® (Scheme 19).

The same catalyst combination was used to promote the
polycondensation reaction towards the synthesis of poly(buty-
lenesuccinate-co-fumarate) copolymer and poly-alkylene succi-
nates with an odd and even number of methylene units.*' The
addition of polyphosphoric acid (PPA) during the polyconden-
sation step was also reported for the synthesis of poly(buty-
lene-co-propylene succinate) copolymer. It is believed that the
addition of PPA will reduce unwanted side reactions like ether-
ification and polymer degradation.*?

Qiu et al. demonstrated the use of a combination of tita-
nium(wv) butoxide and diphenylphosphinic acid as a catalyst
and co-catalyst system for the synthesis of poly(butylene succi-
nate-co-decamethylene succinate) copolyesters (Scheme 20).*?

Similarly, Zhou et al. used titanium tetraisopropoxide, in
combination with diphenylphosphinic acid (DPPA), as a cata-
lyst for the polycondensation reaction to synthesize poly(buty-
lene succinate) and poly(ethylene glycol) copolymers
(Scheme 21). The formation of a high molecular weight copoly-
mer, with M, = 9.32 x 10* was observed when the ratio of
BD : PEG2000 was around 95:5.**

The combination of TBT as a catalyst and triphenyl phos-
phate as a stabilizer was also utilized for the synthesis of high

O
OH , Ho ™ OH
HO + BDO
SA O
Step 1| Esterification
170-210C,
Vacuum
O
/(O\/\/\o n?\/\/\OH
PBS - oligomer (0]
Polycondensation,
Step 2 TBT, Boehmite (Bhm) nanoparticles
255-20C,
high vacuum
(o}
/QO\/\/\O)K/\”;/
n

PBS o

Scheme 19 Synthesis of PBSF copolymer using TBT in combination
with p-hydroxyanisole.
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Scheme 20 Synthesis of poly(butylene succinate-co-decamethylene
succinate) copolyesters.
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Scheme 21 Synthesis of poly(butylene succinate) and poly(ethylene
glycol) copolymer.
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Scheme 22 Synthesis of PBS using TBT in the presence of stabilizer.

molecular weight PBS with M, = 6.3 x 10" g mol™" and an
intrinsic viscosity of 1.53 dL. g~" (Scheme 22).*

Tin based catalysts

To find an efficient catalyst system, Ishii and co-workers
screened various metal catalysts, like 1-chloro-3-hydroxy-
1,1,3,3-tetrabutyldistannoxane, Ti(i-OPr),, Al(i-OPr)z;, Sn, and
SnCl,, for PBS synthesis (Table 1). Moreover, they explored
different distannoxane catalysts, such as CHTD, HTTD, DCTD
and CHTOD, for the synthesis of PBS (Fig. 9) (Table 2).

From the experimental screening, 1-chloro3-hydroxy-1,1,3,3-
tetrabutyl-distannoxane (CHTD) exhibited better catalytic
activity than the other catalysts and PBS thus obtained has an
inherent viscosity of 0.99 dL g”* and the number-average mole-
cular weight (M,,) and weight-average molecular weight (M)
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Table 1 Efficiency of metal catalysts

Catalyst Oinn (dL g-1)
None 0.49
Ti(i-OPr)4 0.51
Al(i-OPI‘)3 0.69
Sn 0.59
SnCl, 0.69
CHTD 0.99
C4Hy C4Hg C4Hg C4Hg

Cl—Sn—0—Sn—O0H SCN——S8n——0——Sn—O0H

C4Ho CaHo C.Hs CaHo
1-chloro-3-hydroxy-1,1,3,3- 1-hydroxy-3-thioisocyanate-1,1,3,3-
tetrabutyldistannoxane tetrabutyldistannoxane
CHTD HTTD

C4Hq C4Hq CgHyz CgHyy

Cl—Sn—0—Sn—Cl SCN——Sn——0——Sn——OH

C4Hy C4Hyg CgHy7 CgHqz
[,3-Dichloro-1,1,3,3-tetrabutyldistannoxane 1-chloro-3-hydroxy-
DCTD [,1,3,3-tetraoctyldistannoxane
CHTOD

Fig. 9 Different distannoxane catalysts (CHTD, HTTD, DCTD and
CHTOD).

Table 2 Efficiency of distannoxane catalysts

Catalyst Oinh (dr g1
DCTD 0.83
HTTD 0.76
CHTD 0.99
CHTOD 0.90

o}

OH
HO on CHTD, Decalin, o]
o} p
i Reflux, Dean-stark \OMO\/\/\O):
o}
HO ™\"~_-OH PBS
BDO

Scheme 23 Synthesis of PBS using 1-chloro3-hydroxy-1,1,3,3-tetra-
butyl-distannoxane (CHTD) catalyst.

values were 9.25 x 10* g mol™" and 1.76 x 10* g mol™" respect-
ively (Scheme 23).%¢

The wuse of 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane
(DCTD) was explored as a catalyst for the synthesis of PBS with
M,, of 1.02 x 10* g mol™".*” The application of dibutyl tin oxide
(DBTO) as a catalyst for both esterification and polycondensa-
tion steps was realized during the synthesis of poly(butylene
succinate) (M,, = 11.2 x 10* g mol~" and PDI = 2.2) and its iono-
mers (Scheme 24).*®

DBTO was further used for the synthesis of PBS copolymers
using the carbohydrate-based diol 2,4 :3,5-di-O-methylene-p-
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poly(butylene succinate-co-butylene
sulfonated succinate)

Scheme 24 Synthesis of PBS using DBTO.

mannitol (Manx). The DBTO catalyst is found to be mild and
demonstrates a higher catalytic activity compared to TBT,
which aids the polymerization of thermally sensitive sugar
monomers at lower temperatures and also with reduced reac-
tion times. The M, of the resulting PManxS homopolyester
was higher than 30 000 g mol~" with a PDI of 2.3.*°

Stannous chloride and 4-methylbenzenesulfonic acid were
used as a catalyst combination for the esterification reaction
towards the synthesis of poly(butylene succinate-co-neopentyl
glycol succinate) co-polyesters (Scheme 25).

Furthermore, stannous chloride has also been used as a
catalyst to promote the polycondensation reaction.’® Moreover,
tin octoate was also explored as a catalyst for synthesis of dihy-
droxyl terminated PBS.”" High molecular weight PBS with M,, =
9.5 x 10* Da and M,, = 16.5 x 10" Da was prepared using Sn
(Oct), catalyst via the ring opening polymerization of butyl suc-
cinate lactone, which in turn was prepared from PBS oligomers
using zinc oxide as a catalyst (Scheme 26).>>

Lee and co-workers employed tin octate as a catalyst in the
presence of macro-initiators, such as polyethylene glycol
(PEG), during the synthesis of PBS as well as its diblock
(PEGPBS) and  triblock  (PBS-PEG-PBS)  copolymers
(Scheme 27).>

The PDLA-b-PBS-b-PDLA tri-block copolymer was syn-
thesized by the ring opening polymerization of p-LA in the
presence of hydroxyl capped PBS and tin(u) 2-ethylhexanoate
(Sn(Oct),) respectively as the macro-initiator and catalyst
(Scheme 28).>*

o
M+ g O+ KO > o
SA O BDO Neopentyl
glycol

SnClz2, pTSA

O [0}
%OW\OMO\X/O%
0 X 0 YIn

Poly(butylene succinate-co-neopenty! glycol succinate) copolyester

Scheme 25 Synthesis of PBS using SnCl, in combination with pTSA.
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Scheme 26 Synthesis of PBS via ring opening reaction.
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Scheme 27 Synthesis of di- and tri-block (PBS-PEG-PBS) copolymers.
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Scheme 28 Synthesis of PDLA-b-PBS-b-PDLA tri-block copolymers.

Furthermore, the efficiency of a metal catalyst, such as anti-
mony(m) oxide (Sb,03), tin(u) 2-ethylhexanoate (SnOct,) and
titanium(iv) butoxide (Ti(OBu),), for the polycondensation
reaction was evaluated by Ferreira et al. (Table 3), and from
their experimental results, it was realized that titanium(wv) but-
oxide (Ti(OBu),) exhibited better catalytic activity than the tin
and antimony based catalysts. Additional studies regarding the
concentration of the catalyst towards the polycondensation
reaction indicated that an increase in catalyst concentration

Table 3 Efficiency of metal catalysts

Catalyst M,, (KDa) PDI
sn(Oct), 1.35 9.6
Sb,0; 1.70 6.2
Ti(OBu), 1.80 7.1

This journal is © The Royal Society of Chemistry 2022
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and temperature would lead to unwanted side reactions via
polymer degradation, which in turn resulted in the isolation of
a polymer with a broad molecular weight distribution.®

Other (Zr, Sn, Hf, Sb, Bi and La) Lewis
acid catalysts

Jacquel et al. reported the use of zirconium(iv) n-butoxide as a
catalyst for the preparation of aromatic-aliphatic co-polyesters
(poly(butylene succinate) copolymers) containing rigid bio-
based comonomers like isosorbide (Fig. 10). During the syn-
thesis, zirconium(iv) n-butoxide was added during the polycon-
densation step.>® PBS thus synthesized possessed M,, = 5.9 x
10* g mol™ and the reduced viscosity was found to be
2.01dL g™

Rare earth metal triflates like Sc(OTf);, Y(OTf);, Sm(OTf)3,
Yb(OTf);, La(OTf); and scandium(m) trifluoromethanesulfoni-
mide (Sc(NTf,);) were also explored as catalysts for poly(butyl-
ene succinate) ionomer synthesis.>”

Poly(butylene succinate-co-butylene terephthalate) was pre-
pared by the reaction of BDO, SA and PTA using a rare earth
metal as a catalyst under melt polycondensation reaction con-
ditions. The weight average molecular weight and polydisper-
sity index of the isolated polymer were found to be 9.4 x 10*
Da (M,) and 1.64 (PDI). The corresponding homopolymers,
PBS (with M,, = 12.0 x 10" Da; PDI = 1.70) and PBT (with M,, =
11.5 x 10* Da; PDI = 1.66) were also synthesized using the
same method.’®

The efficiency of various organo metals like titanium(w)
n-butoxide, hafnium(v) n-butoxide, tin 2-ethylhexanoate, zirco-
nium(iv) n-butoxide, antinomy(m) n-butoxide, and bismuth
neodecanoate, and metal oxides like germanium(v) oxide and
antimony(i) oxide were analysed as catalysts for PBS synthesis
(Fig. 11). It was evident from their experimental results that
the efficiency of the catalyst was found to be Ti > Zr ~ Sn > Hf

y OH
o)
HOZC@COZH HO I\ OH
(0) \ 0
o °© °© HO H
Terephthalicacid  fyran.2 5-dicarboxylic acid  |sosorbide

Fig. 10 Comonomers for the synthesis of aromatic—aliphatic
copolyesters.

\/\/ o\r /o\/\/ \/\/O\z ,0\/\/ \/\/O\H(O\/\/
T, oS
/\/\ o I\O/\/\ /\/\ o ‘0/\/\ s~ 0 O/\/\
- T - o Hafnium
Titanium (IV) n-butoxide Zirconium (IV) n-butoxide (V) n-butoxide

Antimony o}
(Il n-butoxide Bismuth neodecanoate Tin 2-ethylhexanoate

Fig. 11 Metal catalysts for PBS synthesis.
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> Sb > Bi. Conversely, metal oxides of germanium and anti-
mony exhibited desirable catalytic activity in combination with
hydroxy acids (lactic acid or glycolic acid), which could act as
chelating agents.*”

However, the overall transesterification rate decreased with
respect to high concentrations of hydroxy acids. This is due to
the substitution reaction of hydroxy acids with PBS during the
polymerization reaction. Moreover, it was noticed that catalytic
residues, especially titanium based catalysts, present in the
polymer were found to promote the hydrolytic degradation of
the polymer.”® Additional catalysts, such as triazabicyclode-
cene and tosic acid, were found to be less effective at produ-
cing high molecular weight polyesters.*°

The efficiency of TBT and zinc acetate at synthesizing the
aromatic/aliphatic copolyester (HBA/PBS) was further systema-
tically investigated. From the results, TBT was found to be a
better catalyst than zinc acetate and hydroxyl benzoic acid
would undergo the transesterification reaction with PBS to
yield PBS rich segment and HBA (p-hydroxybenzoic acid) rich
segment polyesters. Furthermore, the reaction time tended to
have some influence on polymerization but not on the crystal
structure.®!

Metal (Bi, Ca, Mg and Zn) chlorides
and triflates

The importance of various metal salts (bismuth, calcium, mag-
nesium and zinc) towards the synthesis of PBS was explored in
the literature. The intrinsic viscosities of the synthesized poly-
mers were found to be 0.36 to 0.37 dL g~ " using zinc chloride
and 0.24 to 0.25 dL g~ and 0.33 to 0.61 dL g~ ' respectively
using BiCl; and MgCl, as catalysts. Furthermore, it was rea-
lized that BiCl; exhibited enhanced catalytic activity compared
to other metal chlorides and triflates, such as ZnCl,, Zn tri-
flate, MgCl,, Mg triflate and CaCl,.*?

Moreover, para-toluenesulfonic acid has also been explored
as a polycondensation catalyst along with an inhibitor (hydro-
quinone) and stabilizer (phosphorous acid) for the synthesis
of biodegradable unsaturated polyester (Scheme 29).%

Dual metal catalyst system

To improve the efficiency of the synthesis and also to achieve
high molecular weight PBS, various Lewis acid combinations
as a catalyst system were explored in the literature. Zinc

o o o
HOT A 0H * HO O + HOWOH . HDJK/YOH . HOWOH
o

1,3 - Propanediol 1.4 - Butanediol 0 7
Itaconic acid (1) Succinic acid Sebacic acid

pTSA, hydroguinone,
phosphorous acid, 220 C,
Vacuum.

o o

o 0 o 0 o 0 2 o o

NN
mof oot ot o rofieto~g ) M
8 2 s ARG 2 7 \ ° m o n

Biodegradable unsaturated polyester (BUP)

Scheme 29 pTSA as a polycondensation catalyst in PBS synthesis.

3572 | Polym. Chem., 2022, 13, 3562-3612

View Article Online

Polymer Chemistry

acetate, in combination with titanium(v) butoxide, was uti-
lized as a catalyst system for the polycondensation reaction to
synthesize high molecular weight poly(butylene succinate) con-
taining rigid imide units (Scheme 30).%*

Furthermore, the use of the zinc acetate-titanium butoxide
catalyst combination was exploited towards the esterification
reaction to synthesize aliphatic-aromatic biodegradable copo-
lyesters.®® In the zinc acetate-titanium butoxide catalyst com-
bination, the use of zinc acetate as a trans-esterification cata-
lyst and titanium butoxide as a catalyst for the polycondensa-
tion reaction has also been investigated towards the synthesis
of PBS (M,, = 7.4 x 10* g mol™}, M,, = 1.6 x 10* g mol™" and
PDI =2.2).°°

The use of titanium(iv) butoxide and lanthanum(m) acetyl-
acetonate hydrate, respectively, as catalysts for esterification
and polycondensation reactions have also been exploited to
synthesize poly(butylene succinate-co-butylene furandicarboxy-
late) copolyesters (Scheme 31).¢”

Zhang and co-workers synthesized functional bio-
degradable poly(butylene succinate) with UV stabilizers co-
valently linked to the polymer backbone using conventional
synthetic methods. However, they used titanium tetrabutoxide
as an esterification catalyst and La(acac); as a catalyst for the
polycondensation reaction towards the synthesis of functiona-
lized PBS. The molecular weight of the PBS polymer thus
obtained using La(acac); was found to be 10.4 x 10* g mol™*

o Q 7
HOJ\/YOH f o~ OH Ho\/\m‘/\/m
sA O BDO 4 o

Imide Dihydric Alcohol
Zn(0Ac),, TIOBU), (IDA)
250 C, Vacuum

Polymerization

o [¢]
o) o
\QOJ\/\‘SO\/\MN\/\OMOW\O%
[¢] o

PBSI copolymer

Scheme 30 Zinc acetate and titanium(iv) butoxide catalyst combination
for PBS synthesis.
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Scheme 31 Synthesis of poly(butylene succinate-co-butylene furandi-
carboxylate) copolyesters.
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Scheme 32 Synthesis of functionalized PBS.

with M,, of about 6.4 x 10* g mol™". Furthermore, they varied
the UV stabilizer ratio and found that a maximum M,, of 14.4 x
10" ¢ mol™" for the functional PBS was obtained when the
molar ratio of HEPBP was about 0.5% (Scheme 32).°®

A mixture of stannous octoate and stannous chloride as cata-
lysts, in combination with 4-methylbenzenesulfonic acid as a co-
catalyst, for the esterification reaction was reported for the syn-
thesis of poly(butylene succinate-co-e-caprolactone) copolymer.®’

Dual catalyst system for PBS
copolymer synthesis

In order to improve the efficacy of the PBS synthesis, different
catalysts for the esterification and polycondensation reactions
have been explored. Qu et al. reported the synthesis of poly
(butylene-co-isosorbide succinate) using p-TSA as an esterifica-
tion catalyst and titanium(iv) butoxide as a polycondensation
catalyst (Scheme 33). However, TBT is found to be less effective
with an increase in isosorbide content. Furthermore, they
observed that steric hinderance was found to be an critical
factor in deciding the efficiency of the catalyst. They explored
Sb,0; (antimony(m) oxide) and Sb,(OCH,CH,0); as catalysts
for the synthesis of the PBIS copolymer. Due to lower steric

[e]

OH
HO S A HO\/\/\O)K/\(O\/\/\OH
SA 4 o
OH +
o. ¥ o o & oH
TSOH.H,0 oNo/Qj/
10 —— " HO o
Ho H o o
Isosorbide .
+ o o
o o. ~OH
MOH Ho' o
HO > o
BDO ©

Ti(OBu),

o. o o. o
HO. o. o
e T
o o o o

Scheme 33 Synthesis of poly(butylene-co-isosorbide succinate) (PBIS)
copolyester.
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hinderance, Sb,0; is found to be more efficient than sterically
crowded Sb,(OCH,CH,0);.”°

Titanium tetraisopropoxide, in combination with mag-
nesium hydrogen phosphate trihydrate as a catalyst com-
ponent, has also been explored for the synthesis of PBS copoly-
mers.”" It was observed that the co-catalyst magnesium hydro-
gen phosphate trihydrate accelerated the polycondensation
reaction during PBS synthesis (Scheme 34).”"7>

Titanium(iv) butoxide and dibutyl tin oxide respectively, in
combination with the stabilizer Irganox 1010, were utilized as
a catalyst system for producing PBS copolyesters using isosor-
bide and 2,4:3,5-di-O-methylene-p-glucitol (Glux-diol) co-
monomers.”>

A combination of TBT and p-hydroxyanisole was employed
as the catalyst and radical inhibitor respectively for the syn-
thesis of poly(butylene succinate-co-butylene fumarate) copoly-
ester (Scheme 35).”*

Poly(butylene succinate-co-cyclohexanedimethylene succi-
nate)s (PBCSs) with varied compositions were prepared by the
polycondensation reaction between cyclohexanedimethylene
succinate (CS) and butylene succinate (BS) using anhydrous
tin(ur) chloride in combination with p-toluenesulfonic acid as a
catalyst (Scheme 36).

Under the same reaction conditions, the corresponding
homopolymers, PBS (with M, = 4.1 x 10* g mol™" and PDI
2.17) and PCS (with M,, = 2.8 x 10" g mol™" with PDI 2.08) were
prepared.”> The stannous chloride and 4-methyl-
benzenesulfonic acid catalyst combination was also used for

0] o] (0]
H
HO)WO S L I N
SA O BDO Diglycollic acid
Ti(O-£Pr),,

MgHPO,.3H,0

o]

o o
\oéj\/\ﬂ/o\/\/\o}ék/o\)ko/\/\/o)n\
m

o]

Poly(butylene succinate) including diglycollate moiety

Scheme 34 Synthesis of PBS copolymer using TTIP and magnesium
hydrogen phosphate trihydrate.
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Scheme 35 Synthesis of PBSF copolyester.
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Scheme 36 Synthesis of PBCS copolyester.
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Scheme 37 Synthesis of dihydroxyl terminated PBS using SnCl, and
PTSA catalyst system.

the synthesis of dihydroxyl terminated PBS via a two step ester-
ification and polycondensation reaction using SA and BDO
(Scheme 37). The M,, and PDI values of the synthesized PBS
under the reaction conditions are found to be 4.1 x 10* g
mol ™" and 1.43 respectively.”®

Heterogeneous catalysts

Most of the catalysts used for PBS synthesis are homogeneous
in nature. The recovery and recycling of homogeneous catalysts
is yet another challenging task and may lead to additional
environmental pollution. Furthermore, the presence of the
catalyst at ppm levels leads to degradation of the polymer
during processing at high temperatures. Hence, removal of the
catalyst from the final polymer will provide additional thermal
stability to the polymer during processing.’® In general, hetero-
geneous catalysts are preferred over homogeneous catalysts
due to the ease of recovery and recycling of the active catalyst.

Recently, Sn-attapulgite was used as a heterogeneous cata-
lyst for the synthesis of PBS with high intrinsic viscosity, high
molecular weight and enhanced thermal properties. In
addition, the Sn-attapulgite catalyst was found to exhibit better
catalytic activity than that of SnCl,.”” Furthermore, Stepien
et al. used a hydrolytically stable titanium dioxide/silicon
dioxide co-precipitated C-94 catalyst for the synthesis of poly
(butylene succinate-dilinoleic succinate) (PBS-DLS) copolymer
under heterogeneous conditions. In addition, the use of
thermal stabilizers was avoided during copolymer synthesis
even at high temperatures (240 °C) (Scheme 38).”%
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Scheme 38 Synthesis of PBS-DLS copolymer.

Using the same C-94 catalyst system, new poly(butylene suc-
cinate-dilinoleic  succinate-ethylene  glycol  succinate)
(PBS-DLS-PEG) copolymers containing PBS as the hard
segment and DLS and PEG as the soft segments were success-
fully synthesized through a two-step polycondensation reaction
(Scheme 39).7°

Suspension polymerization

Polymerization in the bulk or solution phase has some inherent
disadvantages, which include a long reaction time, high temp-
erature and high viscosity of the reaction media. In general, due
to low thermal stability, the polymers resulting from most of
the melt-state polycondensations will have low molecular
weights. Solution polymerization, in certain cases, can be con-
sidered as a potential alternative to overcome the disadvantages
associated with bulk or solution phase polymerizations.

In 1961, Lesek and Khromecek reported the first suspen-
sion polycondensation reactions for the preparation of ion
exchange resins.®® Later, this methodology was extended to the
synthesis of condensation polymers like poly(phenylene
terephthalamide),®’ polybenzimidazoles,®* polyimides,* etc.
Recently, PBS microparticles, with M,, ranging from 0.32 to 8 x
10* ¢ mol™" and M, = 0.12—7.2 x 10" ¢ mol ™', were produced
via suspension polycondensation, and the properties of the
resulting polymer were suitable for personal care and cos-
metics applications (Fig. 12).%*
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Scheme 39 Synthesis of PBS-DLS-PEG copolymers.
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Fig. 12 Synthesis of PBS via suspension polymerization.

Solid state polymerization (SSP)

It is believed that limitations associated with melt polymeriz-
ation, such as high reaction temperatures, color (from tita-
nium based catalysts), low reactivity and possible side reac-
tions can be overcome by the application of solid state
polymerization. PBS with M,, = 7.2 x 10* g mol™" and M, =
4.4 x 10* ¢ mol™" was produced via the solid state polymeriz-
ation technique. Moreover, it was found that there was an
effective increase in M, and thermal properties of PBS
produced via SSP.*>

Microwave assisted synthesis

Velmathi and co-workers demonstrated the rapid synthesis of
poly(butylene succinate) (PBS) with a weight-average molecular
weight (M,,) of 2.35 x 10* g mol™" using microwaves in the pres-
ence of 1,3-dichloro-1,1,3,3-tetrabutyldistannoxane as a catalyst
(Scheme 40).*” Furthermore, they screened various catalysts such
as Ti(OiPr),, ZrCl,, SnCl,, p-TSA.H,0, HfCl,-2THF, Sc(OTf);, and
dibutyldichlorotin(iv) for PBS synthesis. From the experimental
results, it was evident that SnCl, was an efficient catalyst for the
synthesis of PBS under microwave conditions. The generality of
the methodology was further extended to synthesize other poly-
esters derived from various diols and diacids.®®

Similarly, Nagahata et al. also explored the synthetic utility
of the microwave assisted synthesis of PBS and proposed that

o

OH
HOJW 1,3-dichloro-1,1,3 3-tetra o

SA O butvldistannoxane
. o owo}/
200 C, MW, ) "
HO ™ ~_OH N, PBS

BDO

Scheme 40 Microwave mediated synthesis of PBS.
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the increased reaction rate under microwave conditions was
due to the efficient removal of by-products formed during the
reaction.®” Furthermore, the synthesis of PBS using microwave
irradiation was found to be more efficient than the corres-
ponding conventional heating procedures.*”%”

Enzyme mediated synthesis of PBS

In addition to chemical synthesis, enzymatic methods for the
production of PBS have also been explored. Lipase Novozym
435 (Candida antarctica) is used for the synthesis of polyesters
under mild reaction conditions (Scheme 41).%®

The enzymatic method was further extended to the syn-
thesis of poly(glycerol succinate) (Scheme 42). The molecular
weight (M,,) and PDI of poly(butylene succinate) synthesized
under enzymatic conditions were found to be 5.90 x 10* g
mol ™" and 2.23 respectively.®®

High molecular weight copolyesters, poly(butylene succi-
nate-co-dilinoleic succinate), with both hard and soft segments
were also prepared by the reaction of diethyl succinate, 1,4-
butanediol, and dimer linoleic diol in the presence of Candida
Antarctica lipase B (CAL-B) as a bio-catalyst in diphenyl ether
as a solvent (Scheme 43). Copolymers with M,, ranging from
1.14 x 10* g mol™" to 3.64 x 10* g mol™" and M,, ranging from
2.85 x 10" ¢ mol™" to 7.33 x 10* g mol™' were synthesized
using enzyme mediated copolymerization.?**°
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Scheme 41 Enzyme mediated synthesis of PBS.
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Scheme 42 Enzyme mediated synthesis of poly(glycerol succinate).
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Scheme 43 Synthesis of PBS:DLS copolymer using lipase B catalyst.

Enzyme mediated polymerization of divinyl adipate with
1,4-butanediol resulted in isolation of the corresponding
polymer with a weight average molecular weight (M,,) of about
2.32 x 10* g mol™" (Scheme 44).°" Interestingly, the use of
divinyl adipate shifts the equilibrium of the polycondensation
reaction towards the forward direction and this is due to the
rapid tautomerization of the by-product vinyl alcohol into
acetaldehyde.

Sugihara et al recently developed a lipase Novozym
435 mediated green approach for the synthesis of high mole-
cular weight PBS (M,, of 13 x 10" g mol™') through ring
opening polymerization of the cyclic oligomers (Scheme 45).%>
Ren et al. introduced a two step protocol for polymerizing 1,4-
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Scheme 44 Enzyme mediated polymerization of divinyl adipate with
1,4-butanediol.
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Scheme 45 Synthesis of PBS via ring opening polymerization.
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butanediol and dimethyl succinate to give the corresponding
PBS with molecular weights as high as M,, = 7.3 x 10* gmol ™,
for which the catalyst Novozym 435 was added during the
second polycondensation step.”®

The generality of this method was further explored in
synthesizing various PBS copolymers, such as poly(butylene
succinate-co-butylene malate) (PBSM), poly(butylene succinate-
co-butylene fumarate) (PBSFu), and poly(butylene succinate-co-
butylene terephthalate) (PBST). The differences in the activities
of the enzymes towards different di-acid monomers led to the
formation of PBS copolymers with different molecular weights.
Furthermore, from the literature it is evident that significant
progress has been made in lipase-catalysed polymerization at
temperatures below 90 °C.>*

Poly(butylene  succinate-ran-caprolactone)  copolyesters
(PBS-ran-PCL) with different compositions were synthesized by
the ring opening polymerization of the corresponding cyclic
oligomers of PBS and caprolactone using lipase CALB as a
catalyst (Scheme 46). The M,,, M,, and PDI values of the PBS
homopolymer produced under these enzymatic conditions
were 4.7 x 10" g mol™, 6.1 x 10* g mol™" and 1.3 respectively.

Furthermore, the influence of the ring size on copolymeri-
zation was systemically investigated and, from the results, it is
evident that, irrespective of the size of the oligomers, the rate
of enzyme mediated ROP is almost the same and results in
polymers without significant changes in their molecular
weights. However, the molecular weights of polyesters gener-
ated by enzymatic ROP are greatly influenced by the polymeriz-
ation conditions, concentration of the catalyst, monomer and
reaction temperature.””

Copolymerization of 1,4-butanediol (1,4-BDO)/2,3-butane-
diol (2,3-BDO) and succinic acid in the presence of an enzyme,
Novozym®435 (N435) (about 10 wt% of immobilized Candida
antarctica lipase B resulted in the formation of the corres-
ponding poly(1,4-butylene succinate-ran-2,3-butylene succi-
nate) (PBBS) copolymer (Scheme 47).

Solvent, temperature and concentration of the enzyme play
a significant role in deciding the molecular weight of the
polymer. Copolymerization using diphenyl ether as the solvent
at 90 °C with the enzyme (10 wt%) afforded the corresponding
co-polymer with high molecular weight (M, = 4.3 ¢ mol™") and
high 2,3-BDO contents. A decrease in M,, with an increase in
2,3-BDO content indicates the differences in enzymatic reactiv-
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Scheme 46 Synthesis of PBS-ran-PCL copolymers.
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Scheme 47 Enzyme mediated polymerization of 1,4-butanediol (1,4-
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Scheme 48 Enzymatic synthesis of poly(p-dioxanone-co-butylene-
co-succinate) (PPBS) copolyester.

ity towards primary (1,4-DBO) and secondary (2,3-BDO) butane
diols.”®

Poly(p-dioxanone-co-butylene-co-succinate) (PPBS) copoly-
ester was synthesized by the reaction of DES, BD and PDO
under enzymatic conditions using 5 wt% of Novozym-435 as a
catalyst in diphenyl ether as the solvent. M,, values of the syn-
thesized homopolymer (PBS) and copolymer (PPBS) under the
same reaction conditions were 1.31 x 10* ¢ mol™" and 1.9 x 10"
2 mol ™" respectively (Scheme 48).°”

A truly green synthesis approach was employed for the syn-
thesis of poly(butylene succinate-co-itaconate) (PBSI) copoly-
mers using bio-based commercially available succinate, itaco-
nate and 1,4-butanediol under enzymatic copolymerization
conditions in the presence of Candida antarctica lipase B
(CALB, in immobilized form as Novozym® 435) catalyst
(Scheme 49). Moreover, diphenyl ether proved to be an
efficient solvent system for this mediated
copolymerization.®

enzyme

Enzymatic vs. Lewis acid mediated
synthesis of PBS

Aromatic-aliphatic poly(butylene furandicarboxylate-co-succi-
nate) copolye