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Intr oduction
High molecular weight aliphatic polyesters arepresently
one of the most promising families of biodegradable
polymers1), whose potential applications cover such
divergentfields asbioresorbable biomaterials for hard tis-
sue replacement, controlled drug delivery systems, and
packaging for industrial products.The last field is receiv-
ing increasingattention because the use of polyesters
could avoid the serious environmental problems often
connectedwith wastepolymers.

On the other hand, much concern is devotedto the
industrial use of products from renewable sources. 1,3-
Propanediol and succinic acid are typical polycondensa-
tion monomers obtainablefrom renewable sources. The
former, in fact, can be obtainedby fermentation in the
presenceof a number of microbial strains, such as for
instanceby glycerol in thepresenceof Clostridium butyr-
icum2). Succinic acid canbe conveniently produced from
starchhydrolysateusing Anaerobiospirillum succinipro-
ducens3). Therefore, poly(1,3-propylene succinate) and

relatedpolymers constitute a family of macromolecular
substancesof greatpotential interest4,5).

The simplestandcheapestprocessfor preparing linear
aliphaticpolyestersconsistsin thethermalpolycondensa-
tion of aliphatic diacids or diesters with diols, followed
by elimination of water or a volatile alcohol, respec-
tively4–11). By this process, however, it is oftendifficult to
preparehigh molecular weight products, while oligo-
meric productswith molecular weightsin the order of a
few thousandsareeasily obtained.Thelatter, asa rule,do
not possesssuitable thermal and mechanical properties
for most practical applications,but may be amenable to
chain-extensionreactions.

The aim of this paperis to reporton synthesis, charac-
terization andproperties of a novel family of high mole-
cular weight poly(estercarbonate)spreparedby a chain-
extension reaction performed on a,x-dihydroxy-termi-
natedpoly(1,3-propylene succinate) oligomersobtained
by thermal polycondensation of excess1,3-propanediol
with succinic acid.

Communication: High molecularweight poly(estercar-
bonate)shavebeenpreparedby a two-stepchain-exten-
sionreactionperformedon oligomerica,x-dihydroxy-ter-
minatedpoly(1,3-propylenesuccinate)in turn obtainedby
thermalpolycondensationof excess1,3-propanediolwith
succinic acid. The new polymers have a biodegradable
backboneand derive from renewablesources.Therefore,
theyhavea potentialasenvironment-friendlymaterials.
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DSC traces of oligomeric succinatePRS-1 and its chain-
extendedproductPRS-5

Macromol.RapidCommun.21, 680–684(2000)



Newbiodegradablepolymersfrom renewable sources.High molecularweight... 681

Experimental part

Materials

Reagentsandsolvents

1,3-Propanediol,A98% (Aldrich), succinic acid, +99%
(Aldrich), phosgene-toluene,20% (Fluka), N-ethyl-N,N-di-
isopropylamine(EDIPA) (Fluka), 4-dimethylaminopyridine
(DMAP) (Fluka), ethyl ether(p.a.; Fluka), toluene(Fluka),
methanol(Aldrich) andcalciumhydride(Aldrich) wereused
as receivedunlessotherwisementioned.Chloroform stabi-
lized with amylene(Fluka) wasdried with calcium hydride
just beforeuse.

a,x-Dihydroxy-terminatedpoly(1,3-propylenesuccinate)s
(typical preparation)

1,3-Propanediol(76.1g,1.02mol) andsuccinicacid(118.1g,
1.0mol) wereplacedin a reactionvesselequippedwith gas
inlet, condenserand mechanicalstirrer. After carefully pur-
gingwith nitrogen,thereactionmixturewasgraduallyheated
up to 1308C by meansof anexternalbathunderstirring and
allowedto reflux for 2 h. After this time, thereactionmixture
was cooleddown to 508C and toluene(100ml) was added
understirring.Thenit wasgraduallyheatedupagainto distill
the water/tolueneazeotrope(858C), and excess toluene
(1108C). The reactionmixture wassubsequentlyallowed to
reactin bulk for 2 h at1508C undercontinuousstirring.After
this time, it was cooled down to 508C, and an additional
amountof freshtoluene(100ml) wasaddeddropwise.Sev-
eralcyclesof removingthewater/tolueneazeotropeby distil-
lation andof reactionat 1508C followed until only tracesof
water were detectablein the azeotropicdistillate. The total
reactiontime for presentconditionswas48h. The final pro-
duct was not isolatedbut usedas such in characterization
experimentsandchainextensionreactions.

By varying the excess1,3-propanediol,productswith dif-
ferent molecularweightswere obtained.The productswere
viscousliquids to white solidsdependingon their molecular
weight.

1H NMR (CDCl3): d = 1.87 (m, CH21CH21CH21OH),
1.97(m, CH21CH21CH2, 2H), 2.62(s,CH2C2O, 4H), 4.17
(t, O1CH21CH21CH21, 4H) 4.26 (t, O1CH21CH21
CH21OH).

IR (CHCl3): 3020 (w, OH), 2904,2933,2969 (w, C1H),
1729 (s, C2O), 1217 (s, C1C2O1O), 1160 cm–1 (s,
C1O).

High molecularweightpoly(1,3-propylenesuccinate
carbonate)s

The above a,x-dihydroxy-terminated polyester oligomer
(24.0g, 0.01mol) wasdissolvedin dry, alcohol-freechloro-
form (60ml). EDIPA (0.26g, 0.02mol) andDMAP (1.22g,
0.01mol) werethenadded.

Half of the resultingmixture wascooledto 08C by means
of anexternalbath,while protectedfrom atmospheric moist-
ure. Phosgene (0.03mol) as 20% solution in toluene was
thenaddeddropwiseunderstirring,maintainingthetempera-
ture between0 and 58C. After the addition was complete,

thereactionmixturewasstirredfor further2 h, thena stream
of dry nitrogenwasbubbledthroughit for 30min in orderto
removeexcessphosgene.

The secondhalf of the oligomer solution was then added
dropwise under stirring, maintaining the temperature
between0 and 58C. After the addition was complete,the
very viscous reaction mixture was stirred for further 4 h
while warmingto roomtemperature.Theresultingpoly(ester
carbonate)was precipitatedby diluting with methanoland
purified by dissolvingin chloroform,washingwith waterre-
precipitating with methanol, extracting with ether, and
finally drying to constant weight under vacuum.
Yield = 95%.

1H NMR (CDCl3): d = 1.97 (m, CH21CH21CH2, 2H),
2.62(s,CH2C2O, 4H), 4.17(t, O1CH21CH21CH21, 4H).

IR (g): 2904, 2933, 2969 (w, C1H), 1729 (s, C2O),
1217(s,C1C2O1O), 1160cm–1 (s,C1O).

Instrumentsandmethods

Differentialscanningcalorimetry(DSC)

A Mettler DSC820recordedDSCthermograms.Indium was
used as standardfor temperaturecalibration and analyses
were performedunder a constantstreamof nitrogen. The
heatingratewas10 8C/min in a temperaturerangefrom –60
to 2008C. The sampleweight was about 4–7 mg for all
measurements.Eachsamplewasanalyzedtwo times.

Sizeexclusionchromatography (SEC)

SECanalyseswereperformedwith a Waters6000Apump,a
PL-EMD 960 light scatteringevaporativedetector, two PL
gel 10 lm mixed-B columns(30067.5mm) from Polymer
Labs and one Ultrahydrogellinear column (30067.8mm)
from Waters. Dimethylformamide (708C) was used as
mobile phaseat a flow rate of 1 ml/min. Calibration was
donewith polyethyleneglycol andpolyethyleneoxide stan-
dards (MWD = M

—
w /M

—
n a 1.08). Each samplewas analyzed

two times.

Infraredspectroscopy(IR)

Infrared analyseswere recordedon a Perkin-ElmerSPEC-
TRUM 2000 FT-IR spectrometer. The sampleswere ana-
lyzed as thin films cast from chloroform solution on NaCl
plateswith a resolutionof 4 cm–1.

Nuclearmagneticresonancespectrometry(1H NMR)
1H NMR spectrawere recordedat 400MHz on a Bruker
AM400 usingBruker software.The samplesweredissolved
in deuteratedchloroform (Apollo Scientific Ltd) in sample
tubes 5 mm in diameter. Non-deuterated chloroform
(d = 7.26ppm)wasusedasinternalstandard.

Dynamic mechanicalanalyzer(DMA)

TheDMA usedwasa PerkinElmerDMA 7econtrolledby a
WindowsNT operatingsystem.TheDMA wasdesignedwith
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measuringsystemassembly, forcemotorandpositionsensor
vertically to minimize the effects of inertia and friction.
Deformationwasdetectedwith a linear-variabledifferential
transducer. Thetemperaturewasrecordedby a thermocouple
placedadjacentto the samplesurface.The temperaturewas
calibratedby using the melting point of water. Helium was
usedaspurgegasat a flow rateof 40 ml/min. Measurements
were performedwith a stainlesssteel extension-measuring
system.Thesampleswereanalyzedfour times.All measure-
mentsweremadeat a frequencyof 1 Hz.

Solubility tests

Solubility testswereperformedbyweighing40 mgof thepro-
ductandstirring for 4 h at roomtemperaturein thepresence
of an appropriatesolvent (2 ml). After this time, the result
wasrecorded.Eachprobewasthengentlyheatedto theboil-
ing pointof thesolvent,andagaintheresultwasrecorded.

Resultsand discussion

Chemistry

High molecular weight poly(1,3-propylenesuccinate car-
bonate)s were prepared via the dichloroformate syn-
thesis12–14) asreportedin Scheme1. This processinvolves

two steps.In the first one,an a,x-dihydroxy-terminated
poly(1,3-propylenesuccinate) was preparedby thermal
polycondensationof excess1,3-propanediol andsuccinic
acid.Thenumberaveragemolecularweightof theproducts
dependsontheexcessof 1,3-propanediol used, butusually
rangedbetween900and2400.Themolecularcharacteriza-
tionsof sometypicalsamplesaregivenin Tab.1.

In the secondstep, the aboveoligomerswere chain-
extendedby the use of phosgene.The chain-extension
reactionwas,in turn, performed in two steps.The oligo-
meric a,x-dihydroxy-terminated poly(1,3-propylenesuc-
cinate) was reacted in the presenceof EDIPA as acid
acceptorand DMAP as acylation catalyst. Half of this
solution was then treatedwith excessphosgene, and the
resultinga,x-dichloroformatewasfinally polycondensed
with the secondhalf of the a,x-dihydroxy-terminated
poly(1,3-propylenesuccinate)solution.

The selectionof EDIPA asacid acceptorinsteadof the
moreusualtriethylaminewasdueto the fact that the for-
mer is lessproneto undergo sidereactionswith acylating
agents,due to its larger steric hindrance.The use of
DMAP ascatalyst wasfound to give far superior results
overpyridine,excessEDIPA, or none.

This procedureallowedto avoid anyuncertainty dueto
lack of precision in the molecular weight determination

Scheme1:
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of thestarting oligomer, with theconsequentlack of pre-
cision in the stoichiometric balanceof reagents which is
well known to be of paramount importancein polycon-
densations.

The resulting products are essentially high molecular
weight polyester-basedpolymerscontaining somecarbo-
natebondsalong themacromolecularchain.Themolecu-
lar characterization of a typical sample is reported in
Tab.1. The results of spectroscopiccharacterizations are
in full agreement with thereportedstructures.

Molecular weightsand molecular weight distributions
of all the oligomers and of the chain-extended product
arealsoreported in Tab.1. It is worth noticing herethat
the polydispersity of PRS-2,PRS-3 and PRS-4is very
low, lower thanthatof PRS-1 usedin thechain-extension
reaction. The reason for this is probablythat thoseoligo-
merswere purified by solvent/non-solvent precipitation,
in orderto eliminate oily residues,with consequent mole-
cularweightfractionation.

Moreover, although recognizing the limits of the
adoptedcalibrationprocedurewhich doesnot account for
the differencein hydrodynamicproperties betweenpoly-
estersand poly(ethylene glycols), we calculate a degree
of polymerization of the final poly(ester carbonate) of
about 15 times thoseof its parent oligomer. By taking
into accountthewell knowngeneralexpression

Xn � 1
1ÿ p

where

p� M0 ÿMt

M0

andwhereM0 = initial numberof molecules,Mt = number
of moleculesat theobservation time which is valid for an
exact stoichiometric balance of monomers, such as
shouldbeachievedby the two-stepprocedureadopted,it
would appear that the chain-extension reactionproceeds

to an overall yield around97%. The differencefrom a
quantitative yield might be dueto side-reactionsdifficult
to control. At any rate, the chain-extension process
adopted proved to be effective, since the molecular
weightof theoligomeric productsof thethermalpolycon-
densationof 1,3-propanediol and succinic acid was dra-
matically increased.

Characterization

Solubility

The results of the solubility testsfor typical samplesof
high molecular weight poly(1,3-propylenesuccinate car-
bonate) and oligomeric poly(1,3-propylene succinate)s
arereportedin Tab.2.

It can be observed that the chain-extension products
exhibit almostthesamesolubility behaviorastheir parent
oligomers.In particular, they maintain a good solubility
in acetone.This is an important quality in view of
biomedicalapplications,sinceit allows to avoid the use
of chlorinatedsolventsin some typical solvent-involving
processingssuchascastingor microspherepreparation.

Thermalproperties

The results of DSC and DMA analyses performed on
poly(1,3-propylene succinate carbonate) and oligomeric
poly(1,3-propylene succinate) are reported in Tab.3.
Fig. 1 reportsDSCthermogramsof bothPRS-1andPRS-
5 run under standardconditions. It is interesting to
observe that passingfrom the oligomer to its high mole-
cular weight chain-extensionproduct resultsin a 6.38C
increaseof theglasstransition temperatureandin a mod-
est increaseof thecrystalline melting point (+1.28C). It is
worth noticing, however, that themelting peakof theoli-

Tab.1. Molecular characterization of oligomers and chain-
extensionproduct

Code Monomer
molarratioa)

M
—

n
b) M

—
w

c) Dd)

PRS-1 1.02 2900 2900 1.3
PRS-2e) 1.05 1100 1200 1.1
PRS-3e) 1.10 1100 1100 1.1
PRS-4e) 1.50 900 1000 1.1
PRS-5f) – 30000 48000 1.6

a) 1,3-Propanediol/succinicacid.
b) Numberaveragemolecular weight.
c) Weightaveragemolecular weight.
d) Polydispersity index.
e) Oligomerpurified by solvent/non-solventprecipitation.
f) Chain-extendedproductobtained from oligomerPRS-1.

Tab.2. Solubility behavior of high molecularweight poly(1,3-
propylenesuccinatecarbonate) andoligomericpoly(1,3-propyl-
enesuccinate)s

Solvent Oligomer Chain-extended
polymer

r.t.a) b.p.a) r. t. b.p.

Water ib) i i i
Acetone s sb) s s

Chloroform s s s s
Ethyl ether i i i i

DMF s s s s
Ethanol i i i i

Ethyl acetate s s swb) sw
Toluene i sw i sw
Hexane i i i i

a) r. t.: roomtemperature;b.p.: boiling point.
b) i: insoluble;s: soluble; sw: swellable.
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gomer is bimodal and the reported melting point corre-
spondsto thehighermeltingpeak.On theother hand,the
melting enthalpy decreases(–11 J/g), thus indicating a
lower degreeof crystallinity in the chain-extended pro-
duct. This might be due to the fact that chain-extension
introduces structural irregularities along the polyester
chain.

Conclusions
From the resultsof this study it may be concludedthat
the chain-extensionreactionwith phosgeneof the oligo-
mericproductsof thethermalpolycondensation of excess
1,3-propanediol with succinicacid is an effective way to
obtaining new, high molecular weight poly(estercarbo-

nate)s from renewable sources. These materials are
potentially biodegradable to non-toxic products, and
therefore,have a definite potential for specific applica-
tions as biomaterials, as well as environment-friendly
films andenvelopes.

The poly(estercarbonate)sobtainedapparentlyhavea
very flexible backbone,resulting in a low glasstransition
temperature. Their crystalline melting point is also low.
Therefore,their dimensional stability is rapidly lost for
temperatures not much higher than room temperature.
This may narrowthe field of their practical applications.
A way to overcomethis problem might be to substitute
part of the 1,3-propanediol moietieswith moieties deriv-
ing from a stiffer diol. This investigation is presently
beingundertakenandits resultswil l be reportedin forth-
comingpapers.
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Tab.3. DSCandDMTA characterization

Code Tg

8C
Tm

8C

a) DH
J=g

E9
MPa

b) tand

DSCc) DMAd)

PRS-1 –35.4 – 46.8 50.4 – –
PRS-5 –29.1 –28.4 48.0 39.4 188 0.313

a) Measuredat first scan.
b) Measuredat 238C.
c) Measuredat secondscan.
d) Measuredat maximumtand.

Fig. 1. DSC traces of oligomeric succinate PRS-1 and its
chain-extended productPRS-5


