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ABSTRACT

Herein we demonstrate arapid, environmentally benign method for aliphatic
polyester synthesis by direct condensation of equimolar quantities of dicar-
boxylic acid and diol with commercially available, cheap, and less toxic p-
Toluene sulfonic acid monohydrate as catalyst. In the presence of micro-
waveirradiation at 230°C, Poly (butylenesuccinate) with M, = 2.50 x10* was
synthesized in 20 minutes. The methodology was also extended for the

synthesis of various other aliphatic polyesters.
© 2011 Trade ScienceInc. - INDIA

INTRODUCTION

Governmentsin various countries have adopted
policy targetsthat involve making optimal useof “bio-
mass’ (organic materials derived from renewable and
living organismsas opposed to fossi| resources) asa
source of energy and raw materialsto reaizeasociety
that iscapabl e of sustainable devel opment. Theworld-
widedemand for biocompatible polymersissaidto be
growing by about 30% per year. Some of the biobased
polymers available includes poly lactic acid,
poly(alkylene succinate), starch and cellul ose based
polymers. Poly butylenesuccinate gainsconsiderable
attention asit can be produced from natural resources.
Succinic acid can beindustridly produced by fermen-
tation process using renewabl e sourcesand 1,4-Bu-
tane diol has been produced by the reduction of suc-
cinic acid. Therefore PBS can beregarded asabio-

KEYWORDS

Aliphatic polyesters;
Solvent free;
Microwaveirradiation;
p-Toluene sulphonic acid,;
Poly condensation;
Ecofriendly.

based plastic with biodegradakility, acceptable mechani-
ca strength and softening temperaturethat mimicthose
of traditiona plasticssuch aslow density poly ethylene
(LDPE). When materia's derived from biomass are
used to synthesi ze polymers by polycondensation, the
products are often claimed to be carbon neutral, be-
causethe source of the carbon and oxygeninthe mate-
rid isatmospheric CO,, butinredlityitisactually diffi-
cult to achievean equimolar reaction and thereisahid-
den problem in terms of atom economy. Furthermore,
alargeamount of process energy derived from fossil
fuelsisstill required because of theneed for ahighre-
actiontemperatureand aprolonged reactiontime.
Generally diphatic polyestersfor commercid use
are prepared by the polycondensation of aliphatic di-
carboxylicacid (0.4 mol) and diol (0.52 mol) by atwo
step process, thefirst step involves the formation of
oligomersat 200° C for 3 h andinthesecond step the
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temperaturewasraised to 250° C under highly reduced
pressurein the presenceof catalystslike Ti(OBuU), and
Ge(OBu),M. Polycondensation isan equilibrium reac-
tion and, to shift the balancetoward the productsand
to obtain polymerswith ahigh degree of polymeriza-
tion, iminated componentssuch aswater must becom-
pletely removed from the system. Industrialy, an ex-
cessof thediol or dicarboxylic acid component isused
inmost casesto compensatefor thelossof thelower-
boiling component asaresult of the depressurized or
azeotropic conditionsthat arerequired to removethe
eliminated componentsand suppressthereversereac-
tion.

However, direct polycondensation using equimolar
amountsof diacidswith diolsinthepresenceof catalyst
isgaining cond derabl eatention from theeconomicd point
of view. Sincethe beginning of the21st century, severa
attemptshave been madeto synthesizediphetic polyes-
tersefficiently by an equimolar reaction. Thesehavere-
sultedin dramaticimprovementson conventiona meth-
odsandinvolvethe use of hafnium (1V) or zirconium
(IV) sdtd23, rareearth triflated*?, distannoxand®, or tin
(I1) chloride™ ascatdysts. Zhu et d . described theuse
of Tin(ll) chloride (59 h) asacatayst for the PBS syn-
thes's. They a so screened the use of p-Toluenesulfonic
acid monohydrate (p-TSA - H,0) asoneof thecatalysts
for PBS synthesisand found that the M x10*was ob-
tained in 55 h. However, dl thesynthetic reactionsre-
ported still requiremorethan 10 hoursof reactiontime,
sothereremainsaneed for asmplebut rapid, economi-
cd, and environmental ly benign manufacturing process.
Devdopment of moreefficient and sustainablesynthetic
proceduresfor the synthes sof biocompatiblepolymeris
one of theimportant focal aspectsin polymer industry
sincethered environmenta issueof biodegradablepoly-
mersisenergy consumption in polymer production and
theassociated green houseemissons. Theproposedam
of devel oping biodegradable polymerswill beattained
only by devel oping cleaner chemical processes, which
do not affect theecosystem.

To solvethese problems, we proposeamicrowave
(MW)-ass gted polycondensation processinwhichMW
radiation providesthedriving forcefor thereaction.
MW-induced reactionsform apromising areaof study
inwhich many recent examplesin organic chemistry
and macromolecular chemigtry illustrateabilitiesof MW
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radiation beyond itssmple heating effect, such asrate
enhancementsand animprovement insdectivity®. As
apart of our ongoing researchinthefield of MW as-
sisted synthesisof polymersand organic molecul es®
wewishtoreport ahighly efficient and direct polycon-
densation of stoi chiometric amountsof adicarboxylic
acidand adiol by usng MW irradiationin the presence
of p-TSA asacatalyst. Green catalysts not only re-
quireahigh catal ytic activity and atom efficiency, but
asoalow toxicity, alow cost, and an ease of handling.
Thecommercidly availablep-TSA. H,Oisanon-metd
catalyst thus eco friendly and also p-TSA. H,O is
cheagper than the other metal saltsandisnot considered
particularly poisonous. TheL D, [ordl, rat] valueof p-
TSA.H,0is2480 mg. Kg™. Itisalso awell known
esterification catal yst*? and findsapplicationin Poly
(lactic acid) synthesisin combination with SnCI_ ™.
However, only afew reportsareavailablein thedirect
condensation of dicarboxylicacidand diol usngp-TSA
asacatalyst™. p-TSA wasfound to beabest catal yst
for esterification reaction even under MW conditiong™.
Despiteitspotential gpplication utilizationof p-TSA in
PBSsynthesisunder conventiond and MW hestingwas
not studied in detail. In the present study, PBS was
obtained with M  =2.50 x 10*in ashort time of 20
minutes. Theeffect of various other reaction param-
etersinthesynthesisof PBSisdescribed indetail.

EXPERIMENTAL SECTION

Materials

Succinic acid waspurified by recrystalization from
acetone. Sebacic acid was purified from water. 1, 4-
Butanediol wasdidtilled under reduced pressure. p-TSA
H,O wasobtained commercialy and used asreceived.
All the other reagents|like Ethyleneglycoal, 1, 3-Pro-
pane diol, Cyclohexane-1, 4-dimethanol were pur-
chased fromAldrich® and used asreceived. Analytica
grade chloroform and methanol wereused asreceived.

Synthesisof poly (butylenesuccinate) (PBS)
Typicaly, 1, 4-Butanediol (5 mmol, 0.450g), suc-
cinicacid (5mmol, 0.590 g), andthe catalyst p-TSA
H,O (0.005 mmol, 0.004 g) wereplaced inaflask and
keptinthe CEM focused MW synthesissystem (model
Discover). The mixture was stirred at 230°C for 20
ey, Research & Reotews On
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minutes under reduced pressure of 30 mmHg a maxi-
mum microwave power of 200W. (Note: Since, the
system was set at constant temperature mode, 50-70
W of MW power was used to keep the reaction tem-
perature congtant.) Then thereaction mixturewascooled
to room temperature. The polymer formed was dis-
solvedinchloroform (20 mL) and preci pitated in metha
nol (200 mL).

For comparison polymeri zation under conventiona
hesting was carried out inan oil bath preheated to 230°
C. Equimolar quantities of monomersand 1 mol % of
catalyst were placed in around-bottomed flask fitted
with acondenser and athreeway take off adapter con-
nected to the vacuum pump. Thereaction mixturewas
heated at 230° C for20 minutes. After the completion
of reaction, reaction mixturewas cooled and the poly-
mer formed wasdissolved in choloroform and precipi-
tated withmethanol.

Analytical measurements

Thepolymer formedwas characterizedusngNMR,
IR, SEC, DSC and MALDI-MSanayses. *H and *C
NMR spectra were recorded on a JEOL LA600 in
CDCI, withtetramethylsilaneasinterna standard. FT-
IR spectrawere measured on aPerkin-Elmer FT-IR
spectrometer asK Br plates. SEC measurementswere
performed withaJASCO GULLIVER system coupled
with a Shodex K-407L column and an RI detector.
The mobile phase was CHCI,, and the data were re-
corded at the flow rate of 0.3mL/minute. Average

molecular weights of the pol ymerization productswere
determined with polystyrene as standard. Mass spec-
trometricandysswasdonewithaShimadzu- KRATOS
MALDI Il MALDI-TOF mass spectrometer equi pped
withanitrogenlaser (Ia337 nm) inthereflectron mode

IR (KBr) vem': 1720 (-CO-), 1160 (C-O-C).
'H NMR, (400 MHz, TMS, & ppm, CDCl,): = 171
(M, 4H,~CH,,. 2.63 (s, 4H,~-COCH ), 4.12 (t, 4H, -
CH,0), ®CNMR (100 MHz, TMS, & ppm, CDCl.: =
253 (-CH,-), 29.1 (-CH,CO), 64.2 (-OCH,-) and
172.3 (-CO-).

RESULTSAND DISCUSSION

Wefirgt investigated the polymerization of succinic
acidand 1,4-butanediol under MW irradiation (Scheme
1). Anefficient direct polycondensation processrequires
two factors: effectiveremoval of water, and suppres-
sion of depolymerization. Polyesterificationisarevers-
ible reaction and the rate of the reverse reaction in-
creasesif water isnot efficiently removed fromthere-
action mixture. Theusual route adopted for efficient
removal of water isazeotropic removal with o-xylene
or toluene; however, thedight solubility of water inthese
hydrocarbons hindersthe effectiveremoval of water.
Thusinthe present study, pol yesterification was car-
ried out by the bulk polymerization method (because
the best solvent isno solvent) under avacuum of 4.0 x
10° Pafor effectiveremova of thewater eliminated
during thereaction (Scheme1).

1) 0. 05 mmol of p- 0
"o TSA.H,0 o
+ HOT N N\_-OH - o) AN
OH HO MW, 20 min, ‘|> S n
o 230°C, 30pa ©

5 mmol 5 mmol

69 %, My =1.10 x 10 4 M,, = 2.50x10*

Scheme1: Synthesisof poly (butylenesuccinate) under MW irradiation

To optimizethereaction condition to achievehigh
mol ecular weight, polymeri zation reactionwasexplored
indetail withp-TSA. H,O catalyst. Therecent concern
towards environmental problemsprompted usto ex-
plorethemost idedl polycondensation route, whichin-
volvesstoichiometric quantitiesof monomers, nowaste
(except water asthe only byproduct), and solvent free
conditions. PBS synthesiswas carried out with equiva
lentsof succinicacid and butanedial.

L

First theinfluence of temperaturewas studied and
theresultsarepresented in (TABLE 1, runs 1-5). Poly
condensation was studied at varioustemperaturesfrom
220-260 °C. Reactiontimewasfixed to be 20 minutes
and the catalyst concentration of 2mol%. Theresults
areshownin TABLE 1. Themolecular weight of the
polymer obtai ned decreased with increasing reaction
temperature. At 230 °C, the Mw of PBSwas 2.13 x
10* and theisolated yield was 89 % (run 2). Thereac-
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tion wasquantitative; no monomerswereisolated from
thereaction mixture. The polyester that was obtained
waswhitein color. Themaximum reaction temperature
waslimited to 260°C to avoid any discoloration of the
resulting polyester

TABLE 1: Influenceof temperature, timeand catalyst con-
centration using p-TSA catalyst under vacuum 30 mmHg

Catalyst

Runs® Conc. (TI\/IIT;S ng;" \(ﬂ,f)ﬁ’ Myx 10* M, x 10*
(mol%)
1 2 20 220 65 0.72 1.70
2 2 20 230 89 0.96 2.13
3 2 20 240 79 0.84 1.79
4 2 20 250 74.4 0.62 1.50
5 2 20 260 73.2 0.46 114
6 2 10 230 84.8 0.39 101
7 2 30 230 76.7 0.57 1.60
8 2 40 230 76 0.58 1.70
9 0 20 230 ---€ 0.10 0.19¢
10 0.1 20 230 37.2 0.16 0.30
11 0.5 20 230 84.4 0.47 1.22
12 1 20 230 69 1.10 2.50
13 10 20 230 ----C 0.21 0.38¢
14 1 20 230 ----C 0.20 0.40¢

3Reaction condition: Even though the MW power wasfixed to be
200W, Since, the system was set at constant temperature mode,
microwave power wasnot always 200W; °l solated yield; “No poly-
mer was precipitated into methanol; “Reaction mixture was
dissolved in CHCI, and GPC was performed

Next, theeffect of theMW irradiationtimeon the
molecular weight of the PBS formed was studied by
varying the MW irradiation time (10, 20, 30, and 40
min) whilekeeping theother parametersconstant (runs
2, 6-8). It isevident from the table that an excessive
increasein thereactiontimeresulted inadecreasein
themolecular weight of the PBSformed. Thismay be
dueto degradation of the polymer asaresult of pro-
longed MW irradiation.

Finaly theinfluenceof catayst concentrationinthe
M_and M of the PBSformed wasstudied by varying
the catalyst concentration from 0to 10 mol%. There-
action timewasfixed to be 20 minutes. In the absence
of p-TSA, no polymer wasisolated indicating that a
catalyst isnecessary for the polymerizationreactionto
proceed (run 9). At low concentration of catalyst like
0.1-0.5mol% only oligomer formation was observed
(runs 10, 11). But with 1 mol% of the catalyst PBS
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withM  =2.50 x10" wasachieved using microwaves
(run12). However, further increaseinthe catal yst con-
centration up to 10 mol% (run 13) hasresulted inthe
decrease of theM, of the polymer obtained. Under at-
mospheric pressure thereaction resulted in oligomers
only (run 14); thismay be dueto thelack of removal of
water eliminated from the reaction medium, and thus
the predomination of thereversereaction. Thus, the
optimum condition which, produced high molecul ar
weight PBSwith p-TSA H,0 catalyst wasfoundto be
reaction temperature of 230°C, 20 minutesof MW ir-
radiation, 1:1 stoichiometry of diacid:diol, 1 mol% of
catalyst and 30 mm Hg reduced pressure.

End group analysis

To gain understanding of the terminal groups,
MALDI-TOF massanalysiswascarried out. MALDI-
TOF mass spectrum of the polymer isgivenin Figure
1. It showed a series of ion peaksat m/z172n + o,
where 172 is the repeat unit of the PBS, ‘n’ is the
number of repeat unit and o representsthe residual
mass of the end group and adducted cation. Thema-
jor serieswasidentified asions correspondingto M +
Na* whereM ispolymer with OH groupsat both ends
of the polymer chain.
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Figurel: MALDI-M Sspectrum of poly (butylenesuccinate)
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Comparison of microwavevs. oil bath heating

MW assisted chemical reactions have been stud-
ied with great interest for the past three decades. Since
then there has been considerabl e debate over thetrue
rate enhancement mechanism of MW assisted reac-
tionsasrapid increasein reaction temperature could
result inSgnificant rate enhancement. Recently, Jachuck
et all investigated theinfluenceof MW irradiationin
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the benzyl a cohol oxidation reaction under isothermal
conditions and found that MW does invigorate the
moleculesto achievehigher reactionrate.

Inorder to provethe efficiency of themicrowave
assisted polymerization reactions, PBS synthesiswas
studied using p-TSA. H,O catalyst under conven-
tional oil bath heating. Two reactionswere donesi-
multaneoudly. Reaction conditionswereset as1 mol%
of p-TSA. H,O catalyst, reaction temperature of
230°C, reaction time of 20 minutes, 30 mm Hg re-
duced pressure and 1: 1 stoichiometry of dicarboxy-
licacid: diol. All reaction conditionswere set i denti-
cal except for the heating mode. Onereaction flask
was kept under MW irradiation and the other reac-
tion flask waskept in the oil bath preheated to 230°
C after the stipul ated reaction time PBS wasisolated
by dissolving the reaction mixturein CHCI,, and pre-
cipitating it into methanol. Under conventiona heat-
ing PBSwasobtainedwithM  =1.22 x 10*whereas
PBS produced by MW heatingwaswithM  =2.50
x 10% Figure 2 will clearly explain the potential of
MW in producing PBSwith high molecular weight. It
isevident from thefigurethat under identical reaction
conditions, MW activatesthereacting moleculesand
enhancesthereaction rate.

3 9 O Oil bath heating
"Q i o B MW heating
- 2
>
=
1 -
0

p-TSA  Catalyst
Figure2: Comparison of MW vs. il bath heating

To explorethe generdity and scope of thep-TSA.
H,O catalyzed polyesterification, we extended there-
actiontothe synthesisof variousother diphatic polyes-
ters. Theresultsaregivenin TABLE 2. Inmost cases,
the polycondensation proceeded quantitatively; how-
ever, withsebacicacid, theM,_ of the polymer obtained
wasdightly lower than that of succinic acid-based poly-
mers. Thismay beattributed to thedifferencein chain
length of the monomerg™.

TABLE 2 : Synthesis of aliphatic polyesterswith p-TSA
catalyst

Yield
Polyester (%) Mnx 10* M, x 10*°

Poly(propylene succinate) 49.0 0.44 0.94
Poly(butylene succinate) 83.7 1.05 2.50
Pon(1,4-cycI ohexanedimethylene 575 034 091
succinate)

Poly(Ethylene sebacate) 59.6 0.34 0.83
Poly(propylene sebacate) 414 0.20 0.40
Poly(butylene sebacate) 78.1 0.58 1.49
Poly(1,4-cyclohexanedimethylene

sehacate) 20.1 0.33 0.98

3 solated yield; "M easured by GPC in CHCI,, based on standard
polystyrene.

Thus, we succeeded in synthesizing diphatic poly-
estersby direct polyesterification of adicarboxylicacid
withadiol usingp-TSA. H,O asacatalyst under MW
irradiation. By conventiona hegating at 230°C PBSwith
M, =1.22x 10* wasachievedinareactiontime of 20
minutes. But in the presence of MW irradiation at
230°C, PBSwith M =2.50x10* wassynthesizedin
20 minutes.

CONCLUSION

Inthisarticle, wedescribethe synthesisof PBS by
direct eterification of dicarboxylicacidand diol usng
smpleand cheaper p-TSA. H,O catalyst under micro-
waves. Theadvantagesof thismethod like, short reac-
tion time, solvent free reactions conditions makesit
possibleto synthesizediphatic polyestersinarapid and
eco-friendly manner without any solvent and under mild
conditionscompared to the conventional methods. This
study isalso extended to synthesis of other aliphatic
polyesters. Given that the biodegradabl e polymer mar-
ket isemerging, the price of biodegradable polymersis
comparatively higher thanthat of conventiona polymers.
“The price is expected to decrease due to innovative
manufacturing processes and distinctive product fea-
turesthat arelikely to create demand in the market,”
ThusMW assisted synthesisof biodegradablediphatic
polyesters, isacost effective process, intermsof cata-
lyst cost, energy utilized and time saved. A pplication of
thisinnovative procedurewill decreasethepriceof bio-
degradable polyesters, whichinturnwill resultinmore
consumers. Moretheusageof biodegradable polymers
safer istheenvironment and earth.
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