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Abstract

High molecular weight poly(ester-carbonate)s have been prepared by a two-step chain-extension
reaction performed on oligomeric α,ω-bishydroxyl-terminated poly(1,3-propylene succinate). α,ω-
Bishydroxyl-terminated copolymeric oligomers of 1,3-propylene succinate/1,4-
cyclohexanedimethylene succinate were obtained by thermal polycondensation of 1,3-propanediol/1,4-
cyclohexanedimethanol/succinic acid mixtures having different composition, and subsequently chain
extended using phosgene as coupling agent, which leads to aliphatic/alicyclic copoly(ester-carbonate)s.
New high molecular weight amphiphilic block copolymers of poly(ester-ether-carbonate), containing
poly(1,3-propylene succinate) and poly(ethylene glycol) (PEG) segments in their main chain, were
synthesized by a two-step chain-extension reaction performed on a thermally-polycondensed α,ω-
bishydroxyl-terminated oligomeric poly(1,3-propylene succinate) with PEG1000 and PEG2000,
respectively. The new polymers, besides having a biodegradable backbone, derive from two
monomers, 1,3-propanediol and succinic acid respectively, which can be obtained from renewable
resources. Therefore, they have a potential as environmental friendly materials.

The molecular characterization by 1H-NMR and IR spectroscopy, the molecular weight and molecular
weight distribution by SEC and the main thermal properties by DSC of all synthesized materials are
reported. Spectroscopic characterizations were in full agreement with the proposed structures. Thermal
characterization demonstrated that an increase in the cyclic ester unit content leads to an increase in Tm
and Tg of the copolymers. Solubility tests indicated that the introduction of hydrophilic PEG segments
into the high molecular weight polysuccinate imparts apparent amphiphilic character to the new
materials. This is expected to influence even their biocompatibility and biodegradability.

The properties of aliphatic homopolyesters from renewable monomers, 1,3-propanediol and succinic
acid, were improved by introducing aromatic urethane into the main chain of polymers, which gives
place to the formation of strong hydrogen bonds among the macromolecular chains of the material.
Segmented polyester-urethanes (PEU) were synthesized from di-hydroxyl-terminated poly(trimethylene
succinate), chain extended with 4,4'-diisophenylmethane diisocyanate (MDI). The materials were
characterized using SEC, DSC, 1H-NMR, 13C-NMR and INSTRON. The maximum weight average
molecular weight approached 7.5×104. DSC detected the Tg of the soft segment from –10 to –19 °C and
the Tm of the hard segment from 175 to 210 °C. The average repeat number of hard segment ranges
from 4.0 to 8.1, and the average repeat number of AnBm unit from 3.3 to 6.4. The average length of the
hard segment decreases with increasing concentration of polyester in feeding.

The results clearly show that within the studied series the increase in soft segment content reduced both
crystallinity and melting temperature of hard segment microcrystalline phase, which is accompanied by
decrease in modulus due to weaker interaction among polymer chains in microcrystalline phase. The
degree of crystallinity, Tg, Tm, tensile strength, elongation, and Young’s modulus were influenced by
the ratio between hard and soft segment as well as the molecular weight of the polyester-urethane. The
introduction of the polyurethane segments significantly reduces the degradability of corresponding
aliphatic polyester, although there is still enzymatic attack detectable during the enzymatic degradation.
All samples exhibited significant weight losses after two months of compost simulation incubation.
The higher soft-segment contents resulted in higher degradability. We concluded that the segmented
polyester-urethane from 1,3-propanediol and succinic acid is a promising, processable, soluble, and
biodegradable thermoplastic elastomer.

Keywords: polycondensation, block copolymer, chain extension, isocyanate, phosgene, dichloroformate
characterization , biodegradation , renewable resources, 1,3-propanediol, succinic acid, polyurethane,
polyester, thermoplastic elastomer.
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1. PURPOSE OF THE STUDY

The main objective of the present work is to define a series of biodegradable polymers

with different properties and industrial uses from two main monomers, 1,3-

propanediol and succinic acid produced by fermentation from renewable resources.

The experimental work was therefore focused on the design of novel polyester-based

biodegradable materials, endowed with optimum physical and biodegradation

properties for the final use, using 1,3-propanediol and succinic acid. It is well known

that polyesters represent one of the most promising families of biodegradable

polymers, whose potential applications cover such distant fields as packaging for

industrial products, mulching for agriculture, or bioresorbable biomaterials for hard

tissue replacement and  controlled drug delivery systems. Their degradation pattern,

leading to the production of fully nontoxic substances or the starting monomers, is the

most adequate to satisfy environmental requirements.

Different synthetic strategies were developed and a wide spectrum of polyester-based

materials capable of satisfying several different physical requirements and therefore

different practical applications were proposed. Polyester-based materials were

basically prepared following the synthetic strategies reported below:

1. The first step consisted in the production of oligomeric or copolymeric α,ω-

dihydroxyl-terminated oligo-succinates, by thermal polycondensation of succinic

acid with 1,3-propanediol, or a mixture of 1,3-propanediol and 1,4-

cyclohexanedimethanol.

2. The second step consisted accordingly in the chain extension reaction of both

homopolymeric and copolymeric oligo-succinates obtained in step one via the
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chloroformate synthesis, affording polyester-carbonate (PEC) based materials

having different compositions.

3. In the third step, hydrophobic/hydrophilic segmented copolymers between α,ω-

dihydroxyl-terminated oligo(propylene succinate)s and poly(ethylene glycols)

(PEG) of different molecular weights were synthesized, affording poly(ester-

ether-carbonates)  terpolymers.

4. The last step consisted in the chain extension reaction of oligo(propylene

succinate)s obtained in step one via the diisocyanate synthesis, affording

polyester-urethanes (PEU) based materials having different compositions.
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2. INTRODUCTION

2.1 Monomers from renewable resources

Industrial biotechnology has evolved as a significant manufacturing tool for products

like fuel-grade ethanol, organic acids and bulk amino acids as specialty products for

food and pharmaceutical applications1. Current development projects within the

chemical industry, including lactic acid and 1,3-propanediol based polymers and

plastics, indicate that new biotechnological process and products may soon approach

the market place, clearly targeted at the leading petrochemical bulk outlet. The recent

achievements in molecular plant genetic and transgenic crop breeding will boost agro-

biotechnology, agriculture and renewable materials as compelling projects for

chemistry and biotechnology. New plant-based production opens horizons to valuable

feed stock, intermediates and end products.

The production of 1,3-propanediol by fermentation of glycerol was reported in 18812,

but little attention was paid to this microbial route for over a century. Glycerol

conversion to 1,3-propanediol can be carried out by Clostridia as well as

Enterobacteriaceae3. The main intermediate of the oxidative pathway is pyruvate, the

further utilization of which produces CO2, H2, acetate, butyrate, ethanol, butanol and

2,3-butanediol. In addition, lactate and succinate are generated. In the past decade,

research to produce 1,3-propanediol microbially was considerably expanded as the

diol can be used for various polycondensates. In particular, polyesters with useful

properties can be manufactured. A prerequisite for making a “green” polyester is a

more cost-effective production of 1,3-propanediol, which, in practical terms, can be
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only achieved by using an alternative substrate, such as glucose instead of glycerol4.

Estimation of product costs for a 10,000 t/a plant indicates that the microbial process

can become more attractive than the chemical route.

Succinic acid, derived from fermentation of agricultural carbohydrates, has a specialty

chemical market in industries producing food and pharmaceutical products,

surfactants and detergents, green solvents and biodegradable plastics, and ingredients

to stimulate animal and plant growth. As a carbon-intermediate chemical,

fermentation-derived succinate has the potential to supply over 2.7 x 108 kg industrial

products/year including: 1,4-butanediol, tetrahydrofuran, γ-butyrolactone, adipic acid,

n-methylpyrrolidone and linear aliphatic esters. Succinate yields as high as 110 g/l

have been achieved from glucose by the newly discovered rumen organism

Actinobacillus succinogenes5,6. Succinate fermentation is a novel process because the

greenhouse gas CO2 is fixed into succinate during glucose fermentation. Succinic acid

can be produced by Anaerobiospirillum succiniciproducens, using glucose, but even

lactose, sucrose, maltose and fructose as carbon sources.

New developments in end-product recovery technology, including water-splitting

electrodialysis and liquid/liquid extraction have lowered the cost of succinic acid

production to U.S. $ 0.55/kg at the 75 000 tonne/year level and to $ 2.20/kg at the

5000 tonne/year level7.
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2.2. Polyesters

Polyesters are heterochain macromolecular substances characterized by the presence

of carboxylate ester groups in the repeating units of their main chain. The traditional

procedure for preparing linear aliphatic polyesters consists in the thermal

polycondensation of diacids with diols, or in the self-condensation of hydroxyacids,

followed by the elimination of water. Aliphatic polyesters have been known for a long

time and were investigated as part of Carothers pioneering studies of polymerization

around the 1930s8. Full understanding of the polymerization kinetic, based on

consideration on low molecular weight analogues is ascribable to Flory9.

Polyesters represent a significant family of degradable materials, whose degradation

products, the starting diol and acid, or hydroxyacid can enter the metabolic cycles of

bioorganisms. For this reason they can be defined as potentially environmental

friendly materials10.

Through variation in molecular architecture and modulation by copolymerization,

linear polyesters are obtained with a wide range of properties and uses. Predominant

in terms of volume and product value are those based on poly(ethylene terephatalate)

(PET). Aliphatic polyesters of technical importance are typified by the poly(alkylene

adipate)s and by poly(ε-caprolactone). In particular, their dihydroxy-terminated

oligomeric polyesters with molecular weight up to 5000 are used for the production of

polyurethanes11. Typical diols used in the adipate synthesis include in this case

ethylene glycol, diethylene glycol, 1,4-butanediol and 1,6-hexanediol. Increasing the

length of the alkylene chain decreases the concentration of ester groups, resulting in
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reduced polarity, increased hydrolytic stability, and increased flexibility. Succinates

and adipates find also applications as non-migrating plasticizers for PVC12, while

polylactic acid (PLA)13-15 , polyglycolic acid (PGA) and their copolymers (PLGA) 16-

18 form the basis for biosorbable surgical sutures as well as drug delivery devices,

prosthetic and bone screw devices and plates for temporary internal fracture

fixation19.

As far as the current market for linear aliphatic and biodegradable polyesters is

concerned, a series of biodegradable aliphatic polyesters, trademarked 'BIONOLLE',

such as polybutylene succinate, poly(butylene succinate-adipate) copolymer and

polyethylene succinate with high molecular weights ranging from several tens of

thousands to several hundreds of thousands were invented in 1990 and produced

successfully through polycondensation reaction of glycols with aliphatic dicarboxylic

acids and others 20. A pilot plant with a capacity of 10 tons/year was built in 1991, and

a semi-commercial plant with a capacity of 3000 tons/year was constructed in 1993.

BIONOLLE is a white crystalline thermoplastic, has melting points ranging about 90

to 120 ºC, glass transition temperatures ranging about -45 to-10 ºC and density about

1.25 g/cm3. BIONOLLE has excellent processability, so it can be processed on

conventional equipment (commonly used in processing polyolefins) at temperature of

160 to 200 ºC into various molded products such as injected, extruded and blown

ones. A new grade of BIONOLLE, which has a long chain branch (LCB), high melt

tension and high recrystallization rate, has been recently developed, to enable

stretched blown bottles and highly expanded foams to be made easily.
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The physical properties of aliphatic polyesters are improved by adding aromatic esters

units, for instance terephthalic ester units, in the main backbone21-24. Aromatic

polyesters possess excellent physical and mechanical properties compared with

aliphatic polyesters, but are very resistant to microbial or fungal attack and hence do

not degrade under environmental conditions23. Moreover, although it is suggested that

the biodegradation of aliphatic/aromatic polyester can be regulated by controlling the

aromatic segment distribution in the copolymer main chain, it seems not fully

understood whether aromatic segments are completely biodegradable.

An alternative to the aliphatic/aromatic polyester approach is the design and use of

cycloaliphatic or aliphatic/cycloaliphatic copolyester. Copolyesters obtained by

reacting succinic acid with mixtures of 1,4-cyclohexanedimethanol and 1,4-butanediol

have been already reported in the literature25.

In our group a number of linear aliphatic polyesters have been synthesized and

characterized in the past, adopting the simple and cheap process consisting in the

thermal polycondensation of aliphatic diacids or diesters with diols, followed by the

elimination of water or a volatile alcohol, respectively26-29.

2.3 Degradation of polyesters

Polyesters are substantially resistant to oxidation by air and ozone in normal

conditions, but are degraded rapidly by ammonia, hydrazine, warm alkali solutions

and primary or secondary amines. While the thermal stability of aromatic polyesters is

rather high, the thermal stability of aliphatic polyesters is general excellent up to circa
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200ºC. In the range 200-250ºC, particularly in vacuo and in presence of metal catalyst

they start degrade30.

Among various families of biodegradable polymers, aliphatic polyesters have a

leading position since hydrolytic and/or enzymatic chain cleavage yields hydroxyl

carboxylic acids or starting diacids and diols, which in most cases are ultimately

metabolized. A polymer is considered biodegradable if the degradation is due to

environmental action, either by biocatalytic processes (involving bacteria, fungi,

enzymes etc.) or by chemical and radical processes (hydrolysis, oxidation, UV

radiation)31,32. Many synthetic aliphatic polyesters used in the medical field,

especially controlled drug delivery are typically degraded by pure hydrolysis15,33,34.

Hydrolysis can be catalyzed by either acids or bases34.

There are two principal ways by which polymer chains can be hydrolyzed, passively

by chemical hydrolysis34-36  or actively by enzymatic attack33,37,38.

The enzymatic degradation of poly(trimethylene succinate)39,40, as well as the

microbial degradation of poly(tetrametylene succinate) and copolymers of succinic

acid–butanediol/ succinic acid-1,4-cyclohexyldimethanol have also been reported41,42.

2.4 Polyurethanes

Polyurethanes are widely used in the design of heart valves, vascular prostheses,

catheters, blood filters, oxygenation membranes, artificial skin materials and burn and

wound dressing because of their excellent elastic properties and widely investigated
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for medical applications because of their good mechanical properties and more

importantly, their good blood compatibility43,44.

The advantage of the segmented polyester-based urethanes is that their segmental and

domain structure can be controlled over a considerable range by selecting the starting

materials, their relative proportions and processing conditions. The properties of

polyurethane can also be varied over a wide range due to different segmental and

domain structure. Their specific property combines flexibility, high elongation

characteristics with remarkable strength properties, for example, typical properties of

plastics, high modulus and processability, wear resistance and the required hardness.

Polyurethane can be manufactured as elastomers, plastics, foams, adhesives, coatings

and leather-like materials45-49.

The most interesting property for polyurethane is a combination of excellent

mechanical properties with biodegradable property. Depending on the starting

materials used and the reaction conditions, the polymer produced may be composed

of ester and urethane. From the structural point of view, they are potentially

biodegradable.

Natural polymers having more than two hydroxyl groups per molecule can, in

principle, be used as polyols for polyurethane (PU) preparation provided that an

efficient reaction with isocyanates can be brought about. Accordingly, several

attempts have been made to utilize plant components as raw materials for PU

synthesis. Saraf and Glasser 50,51, Nakamura et al. 52 and Yoshida et al.53, prepared

PUs from lignin and studied their thermal and mechanical properties. Nakamura54 also
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prepared PUs derived from coffee grounds. Hatakeyama et al.55 prepared PUs from

lignin, wood tar residue, wood meal and molasses, and showed that the glass

transition temperature, the tensile strength and Young’s modulus increased with

increasing content of these plant materials. Donnelly reported the synthesis and

characterization of PUs from renewable sources56. Those studies indicate that the

plant components act as hard segments in those PUs and that the thermal and

mechanical properties can be controlled by changing the amounts of hard and soft

segments.

Professor Albertsson’s group studied the PU prepared from glucose/fructose/sucrose-

polyethylene glycol (PEG)-MDI systems57 (The saccharide content was varied at a

constant NCO-OH ratio of 1.0. The Tg increased with increasing saccharide content.

The incorporation of saccharides into the PU structure resulted in a higher

crosslinking density and a higher content of hard segments. The thermal

decomposition was dependent on the saccharide content, an increase leading to a

lower thermal decomposition temperature. The tensile stress and Young's modulus

increased with the saccharide content.

2.5 Degradation of polyurethanes

All polymers can be degraded. Polyurethanes are no exception. There are several

ways in which polyurethanes can be degraded. They are hydrolysis, photolysis,

solvolysis, thermolysis, pyrolysis, biologically-induced environmental stress cracking,

oxidation and microbial. Biologically induced environmental stress cracking is a

special surface degradation caused by exposing polyurethanes to enzymes secreted by
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certain inflammatory cells when the polyurethane is implanted within a living system

for prolonged period of time. Microbial degradations are chemical depolymerization

caused by the attack of microorganisms.

The most susceptible bonds to hydrolytic degradation in polyurethanes are ester and

urethane. The ester reverts to the precursor acid and alcohol. Because of the

autocatalytic nature of ester hydrolysis, this is the most prevalent hydrolytic

degradation reaction. The urethane linkage, although somewhat less susceptible, may

undergo hydrolysis to yield a carbamic acid and the precursor alcohol.

Comparing various polyurethane systems, polyethylene adipate glycol/MDI/BD

systems hydrolyze quite rapidly, two times faster than polybutylene adipate

glycol/MDI/BD systems. Conversely, using the more stable polycaprolactone glycol,

there is a significant increase hydrolytic stability. The greatest hydrolytic resistance is

obtained by the use of polytetramethylene ether glycol (PTMEG). The choice of

isocyanate also influences hydrolytic stability. Thus, a polyester/MDI/BD system will

display greater hydrolysis resistance than that of a polyester/TDI/BD system. Another

important environmental influence on hydrolysis is temperature. At 50 °C, the tensile

half life of a polyester/TDI/diamine system may be four or five months, while that of

a polyether/TDI/amine appears to be almost two years. At 70 °C, however, these half

lives fall to two weeks and five weeks, respectively. And at 100 °C, the ester-based

polymers can be expected to degrade in a matter of days 58.

Polyurethanes, like all major plastics, are the objects of considerable recycling efforts.

At present, the most impressive story in recycling of plyurethane scrap lies with
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flexible foams, since much of the flexible-foam scrap in U.S. is reused in carpet

underlay 59. Another cycling approach is to hydrolyze (or glycolize) the polyurethane

back into the precursor raw materials.

2.6 Chain extension reactions

The simplest and cheapest process for preparing linear aliphatic polyesters consists in

the thermal polycondensation of aliphatic diacids or diesters with diols, followed by

the elimination of water or a volatile alcohol respectively 30. By this process, however,

it is often difficult to prepare high molecular weight products, while oligomeric

products with molecular weights in the order of a few thousands are easily obtained.

The latter do not possess suitable thermal and mechanical properties for most practical

applications, but may be amenable to chain-extension reactions if oligomeric

molecule has reactive functional groups at both chain ends.

The chain extension reaction of di-functional oligomers can be carried out according

to a number of different methods. A selection of the most common procedures utilized

is reported below,

1) A series of poly(ethylene terephthalate) and of poly(butylene terephthalate)

samples containing different amounts of carboxyl end groups were prepared by

chain-extension reaction with diepoxides 60.

2) Polyesters were synthesized by polycondensation of octadecane dicarboxylic acid

with caprolactone diol and the sequential chain extension reaction with sebacoyl

dichloride61.
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3) Different macroglycols (PTMG, polytetramethylene glycol, Mn = 2000, and PEA,

polybutylene adipate, Mn = 2000) reacted with 4,4'-diphenylmethane

diisocyanate(MDI), then further coupled with two different coupling agents, such

as bisphenol A or 4,4'-diaminodiphenyl sulfone (DDS) 62.

4) Polyester and polyether prepolymers with isocyanate end groups were synthesized

and chain extended by reaction with 3,3'-dichloro-4,4'-diaminodiphenylmethane63.

5) Carboxyl-terminated PET was chain-extended via the bisoxazoline

methodology64.

6) Liquid-crystalline poly(urethane-ester)s, derived from various mesogenic alkylene

di[4-(ω-hydroxyalkyloxy-4-oxybenoyl)oxybenzoate]s (CmCn; m = 2,4,6, and n =

4,6,8, or 10) were prepared by 2,4-toluene-diisocyanate (TDI)65-68.

7) Phosgene (di-chloroformate synthesis)69-74.
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3. EXPERIMENTAL

3.1 Materials

1,3-Propanediol, 98% (Aldrich), succinic acid, 99+% (Aldrich), cis/trans 1,4-

cyclohexanedimethanol, 99% (Aldrich), poly(ethylene glycol) Mn1000, poly(ethylene

glycol) Mn 2000 (Aldrich), 4,4'-diisophenylmethane diisocyanate or 4,4'-

methylenebis(phenyl isocyanate (Aldrich), N,N-dimethyl formamide (DMF, Aldrich),

phosgene-toluene, 20% (Fluka), N-ethyldiisopropylamine (EDIPA) (Fluka), 4-

dimethylaminopyridine (DMAP) (Fluka), ethyl ether (p.a.), toluene (Fluka), methanol

(Aldrich) and calcium hydride (Aldrich) were used as received unless otherwise

mentioned. Chloroform (≥99.5%) stabilized with amylene (Fluka) was dried by

calcium hydride just before use.

3.2 Synthesis

3.2.1 αα,ωω-Bis-hydroxyl-terminated poly(1,3-propylene succinate)s (typical

preparation)

1,3-Propanediol (79.2 g, 1.02 mole) and succinic acid (119.3g, 1.00 mole) were

placed in a reaction vessel equipped with a gas inlet, a refrigerator, and a magnetic

stirrer. After carefully purging with nitrogen, the reaction mixture was gradually

heated up to 130°C under stirring by means of an external bath and allowed to reflux

for 2 hrs. After this time the reaction mixture was cooled down to 50°C and toluene

(100 ml) was added under stirring. Then it was gradually heated up again to distill the

water/toluene azeotrope (85°C), and excess toluene (110°C). The reaction mixture

was subsequently allowed to react in the bulk for 2 hrs at 150°C under continuous



15

stirring. After this time, it was cooled down to 50°C and a further amount of fresh

toluene (100 ml) was added dropwise. Several cycles of distillation of the

water/toluene azeotrope and reaction at 150°C followed, until only trace of water was

detectable in the azeotrope distillate. The total reaction time, for the present

conditions was 48 hrs. The final product was isolated and used as such in

characterization experiments and chain extension reactions.

1H NMR (CDCl3): δ=1.97 (m, CH2-CH2-CH2, 2H), 1.87 (m, C-CH2-CH2-OH), 2.62

(s, CH2CO-, 4H), and 4.17 (t, O-CH2-CH2-CH2-, 4H), 4.26 (t, O- CH2-CH2-CH2-

OH).

IR: 3020 (w, OH), 2904, 2933, 2969 (w, C-H), 1729 (s, C=O), 1217 (s, C-CO-O), and

1160 cm-1 (s; O-C)

By varying the excess 1,3-propanediol, products with different molecular weights

were obtained. The products were viscous liquids to white solids depending on their

molecular weight.

3.2.2 High molecular weight poly(1,3-propylene succinate-carbonate)s

The above α,ω-bishydroxy-terminated polyester oligomer (24.g, 0.01 mole) was

dissolved in dry, alcohol-free chloroform (60 ml). EDIPA (0.26 g, 0.02 mole) and

DMAP (1.22 g, 0.01 mole) were then added.

One half of the resulting mixture was cooled to 0°C by means of an external bath,

while protecting from the atmospheric moisture. Phosgene (0.03 mole) as 20%
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toluene solution was then added dropwise under stirring, maintaining the temperature

between 0 and 5°C. After the addition was complete, the reaction mixture was stirred

for further 30 hrs, then a stream of dry nitrogen was bubbled through it for 2 hours in

order to eliminate excess phosgene.

The second half of the oligomer solution was then added dropwise under stirring,

maintaining the temperature between 0° and 5°C. After the addition was complete, the

very viscous reaction mixture was stirred for further 4 hours while rising to the room

temperature. The resulting poly(ester-carbonate) was precipitated by diluting with

methanol, and purified by dissolving in chloroform, washing with water, re-

precipitating with methanol, extracting with ether, and finally drying to constant

weight under vacuum. The yield is above 95%.

1H NMR (CDCl3): δ=1.97 (m, CH2-CH2-CH2, 2H), 2.62 (s, CH2CO-, 4H), and 4.17 (t,

O-CH2-CH2-CH2-, 4H).

IR: 2904, 2933, 2969 (w, C-H), 1729 (s, C=O), 1217 (s, C-CO-O), and 1160 cm-1 (s;

O-C)

3.2.3 αα,ωω-Bis-hydroxy-terminated oligo(1,3-propylene succinate-co-1,4-

cyclohexanedimethylene succinate) (typical preparation)

1,3-Propanediol (39.60 g, 0.51 mole) 1,4-cyclohexanedimethanol (74.29 g, 0.51 mole)

and succinic acid (118.1 g, 1.mole) were placed in a reaction vessel equipped with a

gas inlet, a refrigerator, and a mechanical stirrer. After carefully purging with

nitrogen, the reaction mixture was gradually heated up to 130°C under stirring by
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means of an external bath and allowed to reflux for 2 hrs. After this time the reaction

mixture was cooled down to 50°C and toluene (100 ml) was added under stirring.

Then it was gradually heated up again to distill the water/toluene azeotrope (85°C),

and excess toluene (110°C). The reaction mixture was subsequently allowed to react

in the bulk for 2 hrs at 150°C under continuous stirring. After this time, it was cooled

down to 50°C and a further amount of fresh toluene (100 ml) was added dropwise.

Several cycles of distillation of the water/toluene azeotrope and of reaction at 150°C

followed, until only traces of water were detectable in the azeotrope distillate. The

total reaction time, for the present conditions was 48 hrs. The final product was not

isolated and used as such in characterization experiments and chain extension

reactions.

1H NMR (CDCl3): δ = 0.97-1.78 (m, CH2 and CH in the cycle, 10 x 0.5 H), 1.97 (m,

CH2-CH2-CH2, 2 x 0.5 H), 1.86 (m, CH2-CH2-CH2-OH), 2.62 (s, CH2CO, 4H), 3.90

(m, O-CH2-cycle 4 x 0.5H) 4.00 (m, HO-CH2-cycle- CH2-O), 4.17 (t, O-CH2-CH2-

CH2- 4 x 0.5 H) and 4.26 (t, O-CH2-CH2-CH2-OH).

IR: 3020 (w, OH), 2930, 2857 (w, C-H), 1732 (s, C=O), 1215 (s, C-CO-O), and 1162

cm-1 (s; C-O)

The second half of bis-hydroxyl-terminated oligomer was obtained by using 0.306

moles 1,3-propanediol and 0.714 moles 1,4-cyclohexanedimethanol. Both products

appeared as white and waxy solids.
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3.2.4 Chain extended poly(1,3-trimethylene succinate-co-1,4-

cyclohexanedimethylene succinate-carbonate)

The above α,ω-bishydroxy-terminated polyester oligomer (24.0g, 0.01 mole) was

dissolved in dry, alcohol-free chloroform (60 ml). EDIPA (0.26 g, 0.02 mole) and

DMAP (1.22 g, 0.01 mole) were then added.

Half of the resulting mixture was cooled to 0°C by means of an external bath, while

protecting from the atmospheric moisture. Phosgene (0.03 mole) as 20% toluene

solution was then added dropwise under stirring, maintaining the temperature between

0 and 5°C. After the addition was complete, the reaction mixture was stirred for

further 2 hrs, then a stream of dry nitrogen was bubbled through it for 30 min in order

to eliminate excess phosgene.

Another half of the oligomer solution was then added dropwise under stirring,

maintaining the temperature between 0 and 5°C. After the addition was complete, the

very viscous reaction mixture was stirred for further 4 hours while rising to the room

temperature. The resulting poly(ester-carbonate) was precipitated by diluting with

methanol, and purified by dissolving in chloroform, washing with water re-

precipitating with methanol, extracting with ether, and finally drying to constant

weight under vacuum. Yield ≥ 95%.

1H NMR (CDCl3):  δ = 0.97-1.78 (m, CH2 and CH in the cycle, 10 x 0.5 H), 1.97 (m,

CH2-CH2-CH2, 2 x 0.5 H), 2.62 (s, CH2CO, 4H), 3.90 (m, O-CH2-cycle 4 x 0.5H),

and 4.17 (t, O-CH2-CH2-CH2- 4 x 0.5 H).

IR: 2930, 2857 (w, C-H), 1732 (s, C=O), 1215 (s, C-CO-O), and 1162 cm-1 (s; C-O)
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3.2.5 High molecular weight poly(1,3-trimethylene succinate)-co- PEG ester-ether-

carbonate using PEG 1000

The above α,ω-bishydroxyl-terminated poly(1,3-trimethylene succinate) oligomer

(24.0g, 0.01 mole) was dissolved in dry, alcohol-free chloroform (60 ml) and mixed

with a anhydrous chloroform solution containing an equivalent weight amount of

PEG 1000 (10 g in 40 ml). EDIPA (0.26 g, 0.02 mole) and DMAP (1.22 g, 0.01 mole)

were then added.

The resulting mixture was divided in two parts. One half was cooled to 0°C by means

of an external bath, while protecting from the atmospheric moisture. Phosgene (0.03

mole) as 20% toluene solution was then added dropwise under stirring, maintaining

the temperature between 0 and 5°C. After the addition was complete, the reaction

mixture was stirred for further 2 hrs, then a stream of dry nitrogen was bubbled

through it for 30 min in order to eliminate excess phosgene.

The second half solution was then added drop-wise under stirring, maintaining the

temperature between 0 and 5°C. After the addition was complete, the very viscous

reaction mixture was stirred for further 4 hours while rising to the room temperature.

The resulting poly(ester-ether-carbonate) was precipitated by diluting with methanol,

and purified by dissolving in chloroform, washing with water re-precipitating with

methanol, extracting with ether, and finally drying to constant weight under vacuum.

Yield ≥ 95%.

1H-NMR (CDCl3): δ = 1.97 (m, CH2-CH2-CH2,), 2.62 (s, CH2CO), 3.64(s, O-CH2-

CH2-O), and 4.17 (t, O-CH2-CH2-CH2-). Integral values: 0.48:1.01:3.82:1.08.
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IR: 2904, 2933, 2969 (w, C-H), 1734 (s, C=O), 1215 (s, C-CO-O).

High molecular weight poly(1,3-trimethylenesuccinate)-co-PEG ester-ether-carbonate

using PEG 2000 was produced as in case of PEG 1000-based copolymer, using an

equivalent weight amount of PEG 2000 instead of PEG1000.

3.2.6 Synthesis of segmented polyesters-based urethanes

The α,ω-bishydroxyl-terminated poly(1,3-trimethylene succinate) oligomers

synthesized from the above experimental procedure were used to synthesize

segmented polyester-based urethanes using MDI and 1,3-propanediol as a chain

extender. The concentration of polyesters in the feeding varied from 45 to 65% by

weight with respect to the total feeding. Thus these polyurethanes consisted of

polyester soft segments with various concentration. Poly(trimethylene succinate)-

based urethanes were synthesized by a two-step process with isocyanization in

solution and chain extension. The polyester-diols was first reacted with excess of

diisocyanates for 2 h in N,N-dimethyl formamide. The prepolymer was then reacted

with 1,3-propanediol for another hour. The final polymer was then precipitated and

dried under vacuum at 65°C over night. The polymer was then compressed to film. In

all reactions, the OH/NCO molar ratio was maintained as 1:1.

3.3 Film pressing

During the pressing process, the sample was arranged between two thin Teflon sheets

and subjected the materials to a pressure of 100 kg/cm2 at a temperature at least 10 ºC

higher than the melting point of the material. After cooling and removing the Teflon

sheets, samples were punched out using a metal stencil.
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3.4 Characterization

3.4.1 Differential Scanning Calorimetry (DSC)

Thermal transitions were recorded using a Mettler DSC 820 Differential Scanning

Calorimeter. Indium was used as standard for temperature calibration and the analyses

were made under a constant stream of nitrogen. The heating rate was 10°C/min in a

temperature range of -60 to 200°C. The sample weight was around 4-7 mg for all

measurements. Each sample was analysed for two times.

3.4.2 Size Exclusion Chromatography (SEC)

Waters size exclusion chromatography SEC equipment was used to determine the

molecular weight and molecular weight distribution. SEC analyses were performed

with a Waters 6000A pump, a PL-EMD 960 light scattering evaporative detector, two

PLgel 10 µm mixed-B columns (300×7.5 mm) from Polymer Labs and one

Ultrastyragel® linear column (300×7.8 mm) from Waters. Dimethylformamide

(70oC) was used as mobile phase at a flow rate of 1.0 mL/min. Calibration was done

with polyethylene glycol and polyethylene oxide standards (MWD=Mw/Mn<1.08).

Each sample was analyzed for two times.

3.4.3 Nuclear  Magnetic Resonance (NMR)

To determine the structure of PEU, 1H-NMR and 13C-NMR spectra were recorded

using a Bruker AC-400 Fourier Transform-Nuclear Magnetic Resonance spectrometer

(FT-NMR). The samples were dissolved in deuterodimethylsulphone (Aldrich

Chemicals). The solvent signal was used as internal standard. Deuteroacetone was

used for measurement of hydroxyl group of polyester on 31P-NMR.
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3.4.4 Mechanical properties (INSTRON)

Mechanical properties (tensile strength and elongation at break σr and εr,) were

measured according to ISO 1184 (Plastics- Determination of tensile properties of

films).

l2 = 45.5mm (initial distance between grips)

l3 = 75mm (overall length)

b = 4mm (width of narrow parallel portion)

b1 = 13mm (width at end)

The specimens had a thickness of 0.4+/-0.15mm. The measurements were performed

on an Instron 5566 with pneumatic grips controlled by a Dell 466/ ME PC. A cross

head speed of 2mm/ min and a grip separation of 45.5mm were used. All data were

averaged from at least 5 times of measurements.

3.4.5 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared analyses were recorded on a Perkin-Elmer SPECTRUM 2000 FT-IR

spectrometer. The samples were analyzed as thin films cast from chloroform solution

on NaCl plates with a resolution of 4 cm-1.

3.4.6 Dynamic Mechanical Analyzer (DMA)

The DMA used was a Perkin Elmer DMA 7e, controlled by a Windows NT operating

system. The DMA was designed with the measuring system assembly, the force motor

and the position sensor vertical to minimize the effects of inertia and friction. The

deformation was detected with a linear-variable differential transducer. The
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temperature was recorded by a thermocouple placed adjacent to the sample surface.

The temperature was calibrated by using the melting point of water. Helium was used

as the purge gas at 40 cm3 /min. The measurements were performed with a stainless

steel extension-measuring system. The sample was analyzed four times. All

measurements were made at the frequency of 1 Hz.

3.5 Solubility test

Solubility tests were performed by weighing 40mg product and stirring 4 hours at

room temperature in the presence of the appropriate solvent (2ml). After that time, the

results were recorded. Each probe was then gently heated to the boiling point of the

solvent, and the results were again recorded.

3.6 Degradation test

Enzymatic degradation tests were conducted according to the literature79,83,84. The

samples were degraded by a lipase from Pseudomonas sp. at 37 ºC. Cleavage of ester

bonds was monitored by titration of the free acids formed. Compost simulation tests

were conducted according to the literature79,83,84. All samples were incubated in

compost at 60 ºC.
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4. RESULTS AND DISCUSSION

4.1 High molecular weight poly(1,3-propylene succinate-carbonate)s

4.1.1 Chemistry

High molecular weight poly(1,3-propylene succinate-carbonate)s were prepared via

the bischloroformate synthesis69-71 as reported in Scheme 1.  This process involves

two steps. In the first one, an α,ω-bis-hydroxyl-terminated poly(1,3-propylene

succinate) was prepared by thermal polycondensation of excess 1,3-propanediol and

succinic acid. The number average molecular weight of the products depended on the

excess 1,3-propanediol used, but usually ranged between 900 and 2400 (Table 1).

In the second step, the above oligomers were chain-extended by using phosgene. The

chain-extension reaction was performed in two steps. The oligomeric α,ω-

bishydroxyl-terminated poly(1,3-propylene succinate) (1 mole) was dissolved in dry,

alcohol-free chloroform in the presence of 2 moles ethyldiisopropylamine (EDIPA) as

acid acceptor and 1 mole 4-dimethylaminopyridine (DMAP) as acylation catalyst.

Half of this solution was then treated with excess phosgene, and the unreacted

phosgene was then eliminated by means of a stream of dry nitrogen. The resulting

α,ω-bischloroformate was finally polycondensed with another half of α,ω-

bishydroxyl-terminated poly(1,3-propylene succinate) solution.
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Scheme 1

Synthetic route and structures of poly(1,3-propylene succinate-carbonate)
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  Table 1

   Molecular characterizations of oligomers and chain-extension product

Code Monomer
molar ratio a)

Mn
 b) Mw 

c) D d)

PRS-1 1.02 2200 2900 1.3

PRS-2 1.05 1100 1200 1.1

PRS-3 1.10 1000 1100 1.1

PRS-4 1.50 900 1000 1.1

PRS-5 e) __ 30000 48000 1.6

a) 1,3-Propanediol /succinic acid.

b) Number average molecular weight.

c) Weight average molecular weight.

d) Polydispersity index.

e) Chain extended product obtained from oligomer PRS-1.

The selection of EDIPA as acid acceptor instead of the more usual triethylamine was

due to the fact that the former is less prone to undergo side reactions with acylating

agents, due to its larger steric hindrance. The use of DMAP as catalyst was found to

give far superior results over pyridine, or excess EDIPA, or none.

This procedure allowed avoiding any uncertainty due to lack of precision in the

molecular weight determination of the starting oligomer, with the consequent lack of

precision in the stoichiometric balance of reagents, which is well known to be of

paramount importance in polycondensations.
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The resulting products are essentially high-molecular-weight polyester-based

polymers containing some carbonate bonds along the macromolecular chain. The

results of spectroscopic characterizations are in full agreement with the reported

structures.

The molecular weights and molecular weight distributions of all the oligomers and a

typical sample of the chain extended products are shown in Table 1. It is worth

noticing here that the polydispersity of PRS-2, PRS-3 and PRS-4 is very low, lower

than that of PRS-1, used in the chain-extension reaction. The reason for this is

probably that those oligomers were purified by solvent/non-solvent precipitation, in

order to eliminate oily residues, with consequent molecular weight fractionation.

Although recognizing the limits of the adopted calibration procedure, which does not

account for the difference in hydrodynamic properties between polyesters and

poly(ethylene glycol)s, we calculate a degree of polymerization of the final

poly(ester-carbonate) of about 15 times those of its parent oligomer. By taking into

account the well known general expression:

where

and Mo = initial number of molecules, Mt = number of molecules at the observation

time, which is valid for an exact stoichiometric balance of monomers and should be

achieved by the two-step procedure adopted, it would appear that the chain-extension

p1
1

nX
−

=

tMoM
oM

p
−

=
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reaction proceeds to an overall yield around 97%. The difference from a quantitative

yield might be caused by side-reactions which were difficult to control. At any rate,

the chain-extension process adopted proved to be effective, since the molecular

weight of the oligomeric products of thermal polycondensation of 1,3-propanediol

and succinic acid was dramatically increased.

4.1.2 Characterizations

4.1.2.1 Solubility

The results of the solubility tests for typical samples of high molecular weight

poly(1,3-propylene succinate-carbonate) and oligomeric poly(1,3-propylene

succinate)s are reported in Table 2.

 Table 2

Solubility behavior of high molecular weight poly(1,3-propylene-succinate carbonate)

and oligomeric poly(1,3-propylene -succinate)s

Solvent Oligomer Chain
extended
polymer

r.t. a) b.p. a) r.t. b.p.
Water i b) i i i

Acetone s s b) 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 sw b) sw
Toluene i sw i sw

n-Hexane i i i i

a) r.t. : room temperature; b.p. : boiling point.
b) i: insoluble;  s: soluble; sw: swellable.
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It can be observed that the chain-extension products exhibit almost the same solubility

behavior as their parent oligomers. In particular, it maintains a good solubility in

acetone, which is an important quality in view of biomedical applications, since it

allows to avoid the use of chlorinated solvents in some typical solvent-involving

processing such as casting or microsphere preparation.

4.1.2.2 Thermal properties

Table 3

DSC and DMA characterizations

Code Tg
(°C)

Tm a)

(°C)
∆H

(kJ/g)
E� b)

(MPa)
Tan δ

(_)
DSC c) DMA d)

PRS-1 -35.4 _ 46.8 43.8 _ _

PRS-5 -29.1 -28.4 48.0 37.2 188 0.313

a) Measured at first scan.

b) Measured at 23 ºC.

c) Measured at second scan.

d) Measured at Tan δ maximum.

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 Table 3.

Figure 1 records the DCS thermograms of both PRS-1 and PRS-5 run under the same

conditions. Comparing the oligomer with its high molecular weight chain-extension

product, a 6.3°C increase in the glass transition temperature can be observed. It is

worth noticing, however, that the melting enthalpy decreases (-11J/g), thus indicating

a lower degree of crystallinity in the chain extended product. This might be due to the
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fact that the chain-extension introduces structural irregularities along the polyester

chain.

  Figure 1

      DSC thermograms of oligomeric poly(1,3-propylene succinate) PRS-1

and its chain-extended product PRS-5

4.2 Poly(ester-carbonate)s based on 1,3-propylene succinate-co–1,4-

cyclohexanedimethylene succinate

4.2.1 Chemistry

Aliphatic/alicyclic poly(ester-carbonate)s copolymers containing 1,3-propylene

succinate and 1,4-cyclohexanedimethyl succinate units were synthesized according to

a chain extension procedure already reported in 4.1.1 using phosgene as a coupling

agent (see Schemes 2 and 3).
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Scheme 2

      Synthetic route and structures of
oligo(1,3-trimethylene succinate-co-1,4-cyclohexanedimethyl succinate)s (PSC)
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PCS-1: n = 0.5,  m = 0.5;    PCS-2: n = 0.3, m = 0.7.

First, two different compositions of oligo(1,3-trimethylene succinate-co-1,4-

cyclohexanedimethyl succinate)s (PSC) terminated at both ends with hydroxyl

functional groups were synthesized by a classic procedure, consisting in the thermal

condensation of 1,3-propanediol/1,4-cyclohexanedimethanol/succinic acid mixtures at

molar ratios of 0.25:0:25:0.5 (PSC-1) and 0.15:0:35:0.5 (PSC-2), respectively and

characterized by a total OH/COOH molar ratio of 1.02:1.00.

For comparison, PSC oligomers were prepared using the same OH/COOH ratio as the

α,ω-bis-hydroxyl-terminated oligo(1,3-propylene succinate) previously reported in

4.1.1. The molecular weight of the oligomers measured by SEC were 2600 in case of

PSC-1 and 2900 in case of PSC-2, respectively, to be compared with 2200 of obtained

poly(1,3-propylene succinate) (PS) (see Table 4). These values appear very close to

each other, which leads to the following considerations:
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1) The adopted procedure is well reproducible, especially if one consider that some

small differences in molecular weight are ascribable to difference in

hydrodynamic properties among copolymers containing two structurally

dissimilar units.

2) There is not substantial difference in reactivity between 1,3-propanediol and 1,4-

cyclohexanedimethanol in polycondensation reaction.

       Scheme 3

  Synthetic route and structures of
poly(1,3-propylene succinate-co-1,4-cyclohexanedimethylene succinate-carbonate)
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Table 4

Molecular weight and thermal characterizations of
oligomers and chain-extension product

Polymer Mn
 a) Mw 

b) D c) Tg
(ºC)

Tm
(ºC)

∆H
(J/g)

PS d) 2200 3000 1.30 -35.4 46.8 43.8

PS-C d) 30000 48000 1.60 -29.1 48.0 37.2

PSC-1 2600 3600 1.40 -26.8 47.8 23.0

PSC-1-C 32000 50000 1.56 -14.1

PSC-2 2900 4100 1.40 -18.1 73.5 30.8

PSC-2-C 15000 24000 1.61 -11.4 77.6 31.1

a) Number average molecular weight.

b) Weight average molecular weight.

c) Polydispersity index.

d) PS: oligo(1,3-propylene succinate); PS-C: chain extended product from PS.

The synthesis of high molecular weight poly(1,3-propylene succinate-co-1,4-

cyclohexanedimethylene succinate-carbonate)s were prepared as reported in Scheme

2, according to a further two-steps procedure already described in 4.1.1, consisting in

the polycondensation by means of phosgene coupling. One mole of oligomeric α,ω-

bis-hydroxyl-terminated copolymeric succinate was dissolved in dry, alcohol-free

chloroform in the presence of 2 moles ethyldiisopropylamine (EDIPA) as acid

acceptor and 1 mole 4-dimethylaminopyridine (DMAP) as acylation catalyst. Half of

this solution was then treated with excess phosgene, and the unreacted phosgene was

eliminated by a stream of dry nitrogen. The resulting α,ω-bischloroformate was

finally polycondensed with another half of α,ω-bishydroxyl-terminated

oligosuccinate,
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The choice of EDIPA as acid acceptor instead of the more usual triethylamine and of

DMAP as catalyst has been already described in 4.1.1. However, it is worth recalling

that the specific procedure used in phosgene condensation avoided any uncertainty

due to lack of precision in the molecular weight determination of the starting

oligomer resulting in the consequent lack of precision in the stoichiometric balance of

reagents.

The characterizations of some typical chain extended products (PSC-1-C and PSC-2-

C) are reported in Table 4. Molecular weight (MW) and MW distribution were

determined by SEC using narrow distribution PEG as calibration standard, which

gives relative average molecular weight. Data reported show that while PSC-1-C is

endowed with average molecular weights substantially similar to those of the

corresponding homopolymeric chain-extended poly(1,3-propylene succinate-

carbonate), PSC-2-C has lower MW values. This suggests that a prevalence of 1,4-

cyclohexenedimethylene succinate end units impairs the oligomer reactivity in the

chain extension reaction.

4.2.2 Characterizations

4.2.2.1 Solubility

The solubility behavior of both oligomers and chain extended products have been

compared with the corresponding homopolymeric PS oligomer and its chain extended

product (PS-C), as shown in Table 5.
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The solubility of oligomeric and polymeric aliphatic/alicyclic esters does not

substantially differ from that of both oligomeric and chain-extended homopolymeric

succinates, although some variations can be outlined. For instance, they are more

soluble in toluene, while their solubility in polar solvents is decreased, such as in

acetone and ethyl acetate.

Table 5

Solubility behavior of oligo(1,3-propylene succinate-co-1,4-cyclohexane

dimethylene succinate)s and their chain extension products.

Solvent PS-1 a) PS-1-C a) PSC-1 PSC-2 PSC-1-C PSC-2-C
r.t. b) b.p.b) r.t. b) b.p.b) r.t. b) b.p.b) r.t. b) b.p.b) r.t. b) b.p.b) r.t. b) b.p.b)

Water i c) i i i i i i i i i i i
Acetone s c) s s s s s cd c) s cd s cd s

Chloroform s s s s s s s s s s s s
Ethyl ether i i i i i i sw c) sw i i i i

DMF s s s s s s s s s s s s
Ethanol i i i i cd s sw sw i i i i
Ethyl
acetate

s s sw sw s s cd s cd s cd s

Toluene i sw sw sw s s s s s s s s
n-Hexane i i i i i i sw sw i i i i

a) PS-1: homopolymeric oligo(1,3-propylene succinate);
    PS-1-C: chain extended product of PS-1.
b) r.t.: room temperature; b.p.: boiling point.
c) i: insoluble; s: soluble; sw: swellable; cd: cloudy dispersion.

4.2.2.2 Spectroscopic characterizations

The molecular structure of all materials synthesized was confirmed by IR and 1H-

NMR spectroscopy. Both analyses give results in full agreement with the proposed

structure. In particular, IR spectra, which do not substantially differ from those

relative to the homo-polysuccinates, show the presence of all diagnostic bands for the

polyester structure (See 3.2 Synthesis).
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1H-NMR spectra were used for assessing the basic composition of both oligomers and

chain extended products, which resulted in agreement with feeding in all cases (See

3.2 Synthesis).

4.2.2.3 Thermal properties

The results of DSC analyses performed on oligo(1,3-propylene succinate-co-1,4-

cyclohexanedimethyl succinate)s PSC-1 and PSC-2 and their chain extension

products PSC-1-C and PSC-2-C, as well as the corresponding homopolymeric

polysuccinates are reported in the Table 4.

Figure 2

     DSC thermograms of oligomeric succinate PS, PSC-1 and PSC-2,

     and chain extended PSC-1-C and PSC-2-C poly(ester-carbonate)s

The results obtained demonstrate that all materials are endowed with a certain degree

of crystallinity, although it is not easy to define their absolute values of crystallinity.

The melting enthalpies of copolymers turn to be slightly lower than those of
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homopolymers. This might suggest a decrease in the total crystalline content of the

copolymers due to reduction of structural order. Moreover, both in oligomers and

polymers, an increase in cyclic ester unit content leads to increase Tg and Tm, due to

a higher structural rigidity of the main chain. For example, when the molar percent

content of  cyclic ester units increased from 50% (PSC-1-C) to 70% (PSC-2-C), the

Tg increased by 6.4 ºC and Tm by 27.4 ºC, respectively (Figure 2).

4.3 Segmented Copolyesters of Poly(1,3-propanediol succinate) and

Poly(ethylene glycol)

4.3.1 Chemistry

Amphiphilic block copolymers having poly(ester-ether-carbonate) structure and

containing poly(1,3-propylene succinate) (PS) and poly(ethylene glycol) (PEG)

segments were synthesized according to a chain extension procedure already

described in 4.1.1 and 4.2.1, by using phosgene as coupling agent (see Scheme 4). In

the first step, an α,ω-bis-hydroxyl-terminated oligo(1,3-propylene succinate) was

prepared by traditional thermal polycondensation of excess 1,3-propanediol and

succinic acid. The reaction was carried out in the bulk without added catalysts, and

the water produced was eliminated by azeotropic distillation with toluene. The

molecular weight of the final product depended on the molar ratio between the

alcoholic and acidic functional groups. For a comparison, the chain extended reaction

was conducted using a PS oligomer having number average MW 2300 prepared by

using the same 1,3-propanediol/succinic acid molar ratio as the chain-extended

polyester materials previously reported in 4.1.1 and 4.2.1.
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Scheme 4

Synthetic route and structures of segmented copolyesters of

poly(1,3-propanediol succinate) and poly(ethylene glycol)
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In the second step, the end-functionalized oligomers were chain-extended in the

presence of phosgene. PS was first dissolved in dry, alcohol-free chloroform together

with an equivalent weight of PEG (totally 1 mole), and in the presence of 2 moles

ethyldiisopropylamine (EDIPA) as acid acceptor and 1 mole 4-
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dimethylaminopyridine (DMAP) as acylation catalyst. Then the first half was treated

with excess phosgene solution. The unreacted phosgene was eliminated by means of a

dry nitrogen stream. The resulting α,ω-bischloroformate was finally polycondensed

with the second half of PS/PEG solution.

The procedure avoided any uncertainty in the stoichiometric balance of reagents. The

resulting products are essentially high-molecular-weight poly(ester-ether) containing

some carbonate bonds along the macromolecular chain.

Table 6

Molecular weight and thermal characterizations of

oligomers and chain extension products
Polymer Mn

 a) Mw 
b) D c) Tg

(ºC)

Tm

(ºC)

∆H

(J/g)

PS d) 2200 3000 1.36 -35.4 46.8 43.8

PS-C d) 30000 48000 1.60 -29.1 48.0 37.2

PEG1000 970 1000 1.03 - 43.2 170.0

PEG2000 1700 1900 1.12 - 57.5 131.5

PS-PEG1000 e) 47000 68000 1.45 -40.1 33.9 6.5

PS-PEG2000 f) 30500 48000 1.57 -35.2 46.7 61.1

a) Number average molecular weight.

b) Weight average molecular weight.

c) Polydispersity index.

d) PS: oligo(1,3-propylene succinate); PS-C: chain extended product from PS.

e) Polycondensation product of PS with PEG1000.

f) Polycondensation product of PS with PEG2000.
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Two different PEGs with molecular weight 1000 and 2000 respectively, were used in

the polycondensation with the hydroxyl-terminated PS. The molecular weight and the

main thermal characterizations of some typical products (i.e. PS-PEG1000 and PS-

PEG2000) having 50 %-weight of PEG are reported in Table 6. Molecular weight and

molecular weight distribution were determined using SEC, narrow distribution PEG

as standards for calibration. Average molecular weights of both PS-PEG1000 and PS-

PEG2000 are fairly high.

4.3.2 Characterizations

4.3.2.1 Solubility

The knowledge of solubility behavior of PS-PEG segmented copolymers is of

paramount importance, especially in view of applications in the biomedical field, for

instance, for preparing amphiphilic microsphere matrices. The design of segmented

copolymers containing PEG blocks was primarily intended for imparting a certain

degree of hydrophilicity to hydrophobic polysuccinates.

Solubility tests, performed on both PS-PEG copolymers, have been compared with

both the starting oligomers (PS and PEG) and the chain-extended polysuccinate

(PSC). Results are reported in Table 7. Not unexpectedly, copolymers show

amphiphilic behavior to a higher extent than both oligomeric and chain-extended

polysuccinates. In fact, besides being soluble in common solvents for their constituent

blocks, PS-PEG copolymers are completely soluble in ethyl acetate, (unlike PEG but

PS), and they turn to be highly swellable in water, which is more relevant for practical

applications.
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Table 7

Solubility behavior of PS-PEG poly(ester-ether-carbonate)s

Solvent PS PS-C a) PEG b) PS-
PEG1000

PS-
PEG2000

r.t. c) b.p.c) r.t. c) b.p.c) r.t. c) b.p.c) r.t. c) b.p.c) r.t. c) b.p.c)

Water i d) i i i s s sw d) sw sw sw
Acetone s d) s s s s s s s s s

Chloroform s s s s s s s s s s
Ethyl ether i i i i i i i i i i

DMF s s s s s s s s s s
Ethanol i i i i cd d) s i i i i

Ethyl acetate s s sw sw i i s s s s
n-Hexane i i i i i i i i i i

a) PS-C: Chain extended product of PS.
b) PEG: PEG1000 and PEG2000.
c) r.t.: room temperature; b.p.: boiling point.
d) i: insoluble; s: soluble; sw: swellable; cd: cloudy dispersion.

4.3.2.2 Swelling rate

The samples of PS-PEG1000, PS-PEG2000 and chain extended PEG2000

(approximately 0.05 g) were immersed in 100 mL H2O (pH 7.00). The swelling rate

of the material was calculated from the weight of the material before and after

absorption of water at room temperature:

Swelling rate (%) = Ws / Wd

where Wd and Ws are the weights of samples before exposure to water and in the

swollen states, respectively.

The swelling behavior of the different samples is shown in Table 8.  Chain extended

PEG 2000 is dissolved within 5 minutes. Chain extended PS-PEG2000 was broken

after 40 minutes of exposure to water. Chain extended PS-PEG1000 has a better

mechanical strength in the water and was broken after 17 hours. The results indicated

that the introduction of hydrophobic PS segments reduced the hydrophilicity of PEG.
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The swelling rate and the mechanical strength in the water are related both to

molecular weight of starting PEG and that of copolymers, PS-PEG1000 and PS-

PEG2000 (Table 6 and Table 8).

Table 8

Swelling rate of chain extended PS-PEG poly(ester-ether-carbonate)s

Time
(minute)

Swelling rate (%)

PS-PEG1000 PS-PEG2000 Chain-extended
PEG2000

0 0 0 0
5 124,7 242,8 soluble
39 316,1 -
69 390,5
96 451,5
122 517,9
1020 -

4.3.2.3 Spectroscopic characterizations

IR and 1H-NMR confirmed the molecular structure of all products obtained. The

results are in full agreement with the proposed structures (See 3.2 Synthesis).

IR spectra shows the presence of all diagnostic bands both polyester and polyether

segments. In particular, C=O stretching at 1735 cm-1, as well as the combined band of

C-CO-O stretching and C-O stretching at 1215 cm-1 due to ether moieties, can be

easily detected. The IR spectra of the chain-extended products are not significantly

different due to the same composition of PEG.

1H-NMR allowed a complete identification of copolymer structures. Being the

resonance peaks of methylene groups of PEG well separated from all the others, it is
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possible to evaluate the average length of polyester segments in the copolymer, i.e. its

average molecular weight from the relative integral values and the molecular weights

of PEG. The estimated molecular weight of the polysuccinate segment is in good

agreement with the molecular weight of the starting succinate oligomer obtained from

SEC.

4.3.2.4 Thermal properties

Figure 3 recorded the thermal behavior of PS-PEG poly(ester-ether-carbonate)s from

DSC. The main thermal parameters are indicated in the Table 6, together with those of

the corresponding starting oligomers.

Figure 3

DSC thermograms of oligomeric succinate (PS), PEG1000, PEG2000, and

          PS- PEG1000 and PS- PEG2000 poly(ester-ether-carbonate)s

Although both the starting oligomers are crystalline, the values of melting enthalpy

show that both PS-PEG copolymers exhibit lower degree of crystallinity, compared

with the corresponding starting oligomers. It is rather common that the presence of
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different segments in copolymers causes loosening of the tight inter-chain interaction

indispensable for reaching high crystalline order.

The DSC results do not allow concluding whether crystallization occurs with one type

of segment or both since only one crystalline phase exits.

4.4 Segmented Polyester-Urethanes (PEU)

4.4.1 Synthesis of PEU

We prepared segmented polyester-based urethanes by the so-called “two-shot”

process or prepolymer method. Scheme 5 illustrates the synthesis route.

Scheme 5

Synthetic route and structures of the segmented polyester-urethane

from 1,3-propanediol and succinic acid
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First, bisisocyanato-polyester was prepared from bifunctional prepolymers,

poly(trimethylene succinate), with excess of MDI. Then the segmented polyester-

based urethanes were synthesized by a chain extension reaction between 4,4'-

methylene bis(phenyl isocyanate) (MDI) and 1,3-propanediol. An NCO/OH ratio was

maintained as 1.00. Since a linear structure of polyurethane is desired, the application

of the low reaction temperature is required. Therefore, a temperature under 60 ºC was

kept in our experiment.

4.4.2 Structural characterization

For a better understanding of the structure-property relation, a detailed

characterization of the polymer structure is essential. Thus, we use 1H-NMR, 13C-

NMR characterized the structure of segmented polyurethanes obtained. Due to a high

viscosity and molecular weight, the polymer is not soluble in chloroform, THF,

acetone, methanol, toluene, etc., but soluble in DMF and DMSO. Therefore, we chose

DMSO-d6 as solvent for NMR measurement. Scheme 6 records the atomic labeling

structures for all components investigated.

Scheme 6

Atom labeling scheme used in NMR assignments for the segmented polyester-urethane
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Table 9

13C-NMR chemical shifts (ppm) and assignment of the segmented polyester-urethane

Assignment Chemical shift
δ (ppm)

Type of carbons

3-C 172.4 -COO- sp2

5-C 154.0 -OCONH-sp2

a-C 137.6 a-C6H4 sp2

b-C 136.1 b-C6H4 sp2

c-C 129.5 c-C6H4 sp2

d-C 119.0 d-C6H4 sp2

1-C 61.6 -CH2-OOC-sp3

39.8-41.1 CH3- in DMSO
7-C 39.5 -C6H4-CH2- C6H4-sp3

4-C 28.3 -CH2-COO-sp3

Figure 4

13C-NMR spectrum of the segmented polyester-urethane
from 1,3-propanediol and succinic acid

Table 9 summarizes the chemical shifts and assignment in the 13C-NMR spectra for

the PEU copolymers, which confirms the expected molecular structure of the

polymer75-77. As an example, the no.5 spectrum is shown in Figure 4. It can be

observed that the isocyanate peak of MDI at δ = 125.0 ppm has completely



47

disappeared, whereas the corresponding carbonyl peak at δ = 154.0 of urethane

appears, which is clear evidence for the completeness of the chain extension reaction.

Figure 5

1H-NMR spectrum of the segmented polyester-urethane

from 1,3-propanediol and succinic acid

Table 10

1H-NMR chemical shifts (ppm) and assignment of the segmented polyester-urethane

Assignment Chemical shift
δ (ppm)

Type of protons Multiplicity

6-H 9.53 -NH- in urethane s
c-H
d-H

7.05-7.34 -C6H4- in MDI m

1’-H 4.12-4.16 -CH2-OOC- t
1-H 4.02-4.06 -CH2-OOC- t
7-H 3.76 -C6H4-CH2- C6H4- s

3.31 H2O
2.53 DMSO

4-H 2.48 -CH2-COO- t
2’-H 1.93-1.97 -OCH2-CH2-CH2O- m
2-H 1.83-1.87 -OCH2-CH2-CH2O- m
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Figure 5 shows representative 1H-NMR spectrum of PEU copolymer in DMSO-d6 .

The relative chemical shifts and their assignment are shown in Table 10. The

assignment of the chemical shifts in 13C-NMR and 1H-NMR verifies the molecular

structure of the copolymers and confirms copolymer formation.

The soft-segment contents are usually estimated with the weight percentage of

prepolyester in feedings. More accurate information on the ratio of soft-segment to

hard-segment can be obtained from 1H-NMR, 13C-NMR and SEC measurement.

When small comonomer units are assembled randomly into a polyurethane molecule:

~~~~~~ABAABABBBAAABBAB~~~~~~~

the resulting random copolymer has an overall average structure that is fairly uniform

and forms a single homogeneous phase containing this average composition and

structure. When the growth of a copolymer molecule produces fairly large area

(blocks) of one monomer structure alternating with fairly large area (blocks) of

another monomer structure:

 ~~~~~~AAAABBBB~~~~~~~

these blocks will tend to separate into microphase or domains, and each type of

domain will contribute independently to the properties of the block copolymer. In one

shot synthesis of polyurethane, the polyol generally forms fairly large blocks even

before they are reacted with the polyisocyanate. Furthermore, in two shot synthesis of

polyurethane, the first –stage prepolymer forms one type of block (often called the

soft block), while the reaction of short chain-extender with isocyanate forms another

type of block (often called the hard block). Thus, polyurethane are block copolymers,

which is presented with general formula [AnBm]p
78. The values of n, m and p are
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average value. In many cases, the separation of these blocks into domains has a major

synergistic effect on the properties of the resultant polymer.

Assuming that the length of the main chain of the oligomers remains during the chain

extension reaction, the n value, representing the repeat number of the soft segments,

could be calculated from the number average molecular weight and the molar mass of

the repeat unit,

i.e. n = (Mn)p/158

Therefore, m value, representing the repeat number of the hard segments, could be

obtained from the integration intensities (I) of proton chemical shifts of the aromatic

ring (δ=7.05-7.34) and methylene group (δ01.83-1.97) in the middle of 1,3-

propanediol segments.

i.e. A = Iδ7.0/Iδ1.9 = 4(m+1)/(n+m+1)

The segmented polyester-urethane is one of [AnBm]p type block copolymer. The

repeat number of AnBm unit could be estimated from the number average molecular

weight of the copolymer.

i.e. p = (Mn)c/[158n+324(m+1)]

The results are shown in the Table 11. The average repeat number of hard segment

(m) ranges from 4.0 to 8.1, and the repeat number (p) of AnBm unit from 3.3 to 6.4.

The average length of the hard segment decreases with increasing concentration of

polyester in feeding.
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Table 11

Structure parameters of the segmented polyester-urethane

No. Prepolymer
in feeding

(%-wt)

A n m p (Mn)c×10-4

80401 46,0 1,5031 15,19 8,144 6,415 3,44
80330 51,2 1,2936 15,19 6,260 5,050 2,40
80324 56,5 1,0840 15,19 4,647 4,303 1,82
80327 59,8 1,0597 15,19 4,475 4,696 1,96
80331 61,4 1,0340 15,19 4,295 3,304 1,36
80407* 49,0 1,3410 14,56 6,343 4,958 2,32
80406* 52,0 1,2591 14,56 5,688 4,477 2,00
80403* 55,0 1,3187 14,56 6,161 5,454 2,52
80402* 58,0 1,1362 14,56 4,777 4,866 2,03
80408* 63,0 1,0152 14,56 3,952 5,557 2,17

A = Iδ7.0/Iδ1.9 ratio of integration intensities at chemical shift 7.05-7.34 and 1.83-1.97
n repeat number of the soft segment
m repeat number of the hard segment
p repeat number of AnBm unit
(Mn)c molecular weight of the segmented polyester-urethane
Note: samples with star * made from prepolymer (Mn)p = 2300, (Mw)p = 3400;
the others (Mn)p = 2400, (Mw)p = 3400

The length of hard block can also be obtained from 13C-NMR and the other peaks in

1H-NMR, as shown in Table 12. The values obtained from 13C-NMR are higher than

those from 1H-NMR. The reason probably is that decoupling of carbon-proton

resulted in a change of the peak intensity in the decoupled 13C-NMR spectrum.

Therefore, we chose the integration intensity of chemical shifts at 7.05-7.34 ppm and

1.83-1.97 ppm from 1H-NMR as the base for the calculation of repeat number of the

hard unit (m) because they have no overlap on the spectrum (Figure 5) and no

decoupling effect.

The maximum of the weight average molecular weight reached 7.44×10-4. DSC

detected the Tg of the soft segment from –10 to –19°C and the Tm of the hard segment

from 135 to 210°C.
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Table 12
Comparisons of repeat number (m) of the hard segment

from integration intensities at different chemical shifts

No. Prepolymer
in feeding

(%-wt)

m

13C-NMR

m1

1H-NMR

m2

1H-NMR

m3

1H-NMR

m4

1H-NMR

m5

1H-NMR

m6

1H-NMR

m
(average)
1H-NMR

80401 46,0 14,160 8,144 8,957 9,767 10,790 5,090 5,560 8,051
80330 51,2 11,775 6,260 7,056 7,860 8,909 3,666 4,112 6,311
80324 56,5 11,104 4,647 5,479 5,585 6,604 2,703 3,190 4,701
80327 59,8 7,837 4,475 4,186 5,751 5,374 2,283 2,129 4,033
80331 61,4 6,850 4,295 4,122 4,282 4,112 2,430 2,330 3,595

80407* 49,0 9,319 6,343 7,781 6,042 7,398 3,626 4,402 5,932
80406* 52,0 5,748 5,688 6,521 6,279 7,211 3,059 3,498 5,376
80403* 55,0 12,407 6,161 5,860 5,733 5,456 3,965 3,776 5,159
80402* 58,0 12,220 4,777 6,095 10,233 13,700 3,379 4,293 7,080
80408* 63,0 4,063 3,952 3,895 3,833 3,776 2,469 2,433 3,393

Note: m 172.4/154.0=n/(m+1); m1 7.0/1.9=4(m+1)/(n+m+1)
m2 7.0/4.1=2(m+1)/(n+m+1); m3 3.76/1.9=(m+1)/(n+m+1);
m4 3.76/4.1=(m+1)/2(n+m+1); m5 9.53/1.9=(m+1)/(n+m+1);
m6 9.53/4.1=(m+1)/2(n+m+1)

4.4.3 Mechanical properties

The relation between structure and properties as well as composition and properties is

essential for application of polyurethane materials. Many researchers have studied the

interactions between structure and properties 45-49, 65-68. It is generally agreed that the

unique mechanical properties of polyurethane, as compared to other types of

elastomers, are predominantly the result of a two-phase morphology. The polyester-

based urethanes consist of an aromatic diisocyanate with a glycol chain extender as

the hard segment and low molecular weight polyester as the soft segment. They are

considered to be linear segmented block copolymers, made up of alternating hard and

soft block segments. Compositional variables and processing conditions are known to
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affect the degree of phase segregation, phase mixing, hard segment domain

organization and subsequent polyurethane properties.

In the case of segmented polyester-urethane derived from 1,3-propanediol,

poly(trimethylene succinate) and MDI, which is also a multi-block polyesterurethane,

low molecular weight poly( trimethylene succinate) acts as soft segments. The

urethane segments from aromatic diisocyanate (MDI) and glycol chain extender (1,3-

propanediol) form hard segments.

Figure 6

Young’s modulus of the segmented polyester-urethane

as a function of polyester concentration in feeding
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Figure 7

Tensile strength at break of the segmented polyester-urethane

as a function of polyester concentration in feeding

For a reliable comparison, three groups of PEU were prepared from different

poly(trimethylene succinate) analogues, which have different molar masses. As

shown in Figure 6, Young’s modulus for PEU decreases with increasing the soft-

segment content, which is composed of poly(trimethylene succinate). In the studied

concentration range of poly(trimethylene succinate), the tensile strength at break and

the elongation at break of PEU shows a maximum value when it increases with

increasing the contents of the soft segments (Figure 7 and 8).

The results indicate that the concentration of the soft segments in PEU influences

dominantly the PEU’s mechanical properties. When PEU contains too much of the

soft segments, its tensile strength and elongation would decrease.
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Figure 8

Elongation at break of the segmented polyester-urethane

as a function of polyester concentration in feeding

The reason probably is that the increase of polyester content passed the critical value

so that PEU could not remain the microphase separation between the soft and hard

segments, which is the key condition for the comprehensive mechanical properties.

As the soft-segment content is higher, molecular aggregation of poly(trimethylene

succinate) increases. Meanwhile, higher soft-segment contents resulted in decrease of

the average length of hard segment, which is mentioned in 4.4.2. Therefore, lower

content of hard-segment and shorter hard-segment reduce the molecular aggregation

of hard-segment microcrystalline, which acts as physical crosslinking domain for the

elasticity of segmented polyurethane 49, shown as Scheme7. Higher Young’s modulus

can be obtained at lower soft-segment content, while higher tensile strength and

elongation could only be obtained at an intermediate soft-segment content, for

example, 55% to 62%. The results show that the different mechanical properties can

be obtained by adjusting the soft-segment content for different specific applications.
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Scheme 7

Resultant linear polyurethanes behave as physical cross-linked polymers

4.4.4 Thermal properties

Differential scanning calorimetry was applied to determine thermal properties

(melting point Tm, fusion enthalpies, glass transition Tg).

As shown in Figure 9, the melting temperature of hard segment microcrystalline

declines with an increase in soft segment content. Meanwhile, the crystallinity of hard

segment microcrystalline decreases with increasing soft segment contents (See Figure

10). It should be noted that both tendencies in crystalline melting temperature and

crystallinity are the same as the Young’s modulus.
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Figure 9

Melting temperature of crystalline phase in the segmented polyester-urethane

as a function of polyester concentration in feeding

Figure 10

Fusion heat of crystalline phase in the segmented polyester-urethane

as a function of polyester concentration in feeding
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The results imply that an increase in soft segment content can reduce the crystallinity

of the hard segments as well as melting temperature of hard segment microcrystalline.

Thereafter, it results in a weaker interaction of microcrystalline between polymer

chains. Thus, a higher modulus could be obtained at lower soft segment contents.

Figure 11

Glass transition temperature of the segmented polyester-urethane

as a function of polyester concentration in feeding

Tg of the soft segments decreases with increasing soft segment content (Figure 11)

due to the increase of molecular aggregation of soft-segments.

4.4.5 Degradation properties

4.4.5.1 Enzymatic degradation

Two selected samples, representing a high soft-segment content of urethane

(PEU63%) and a low content of urethane (PEU46%) were degraded by a lipase from

Pseudomonas sp. at 37 ºC. Cleavage of ester bonds was monitored by titration of the

free acids formed. The enzymatic hydrolysis is compared to an aliphatic
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homopolyester from 1,3-propanediol and succinic acid (SP3/4). Compared to the pure

aliphatic polyester SP3/4 the rate of enzymatic attack drops drastically. The SP3/4

film is degraded totally within approximately 3 hours, while the polyurethanes only

exhibit 1 to 2 percent of degradation during 20 hours. The results showed that the

introduction of the polyurethane segments significantly reduces the enzymatic

degradability of the pure polyester. However, there is still an enzymatic attack

detectable.

Biodegradation can attack the aliphatic polyester segments of polyurethane,

degrading them to much smaller molecular units via hydrolytic attack. The study

showed79 that when enzymatic degradation occurs, poly(trimethylene succinate) as a

model polyester under varying conditions, poly(trimethylene succinate) was

hydrolyzed by the use of lipase from Rhizopus delemar. Comparison of ester

cleavage and weight loss indicated that oligomers with an average length of five to

six monomer units are released from polymer bulk.

Figure 12

Weight loss of the segmented polyester-urethane after one and two months of

composting as a function of polyester concentration in feeding
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4.4.5.2 Compost simulation tests

All samples exhibited significant weight losses after 2 month of incubation (Figure

12). Pure polyester SP3/4 can not be investigated in this test due to its low melting

point (melting occurred in the compost). However, in composting experiments run at

40 ºC pure polyester (SP3/4) showed a 100% weight loss within two weeks. Also in

this experiment, a drastic reduction in the degradation rate is observed, when urethane

sequences are introduced into the polyesters. Within the polyurethane composition

under investigation, the PEU composition influences the degradability. The higher

soft-segment contents resulted in higher degradability. It is interesting that lower

hard-segment contents resulting in shorter length of hard segment, lower crystallinity

and lower melting point of the hard segment microcryatalline can partially explain

those tendencies. According to the degradation study of semi-crystalline polymer

materials, an assumption is usually accepted that the degradation occurs first or/and

faster in the amorphous phase than in crystalline phase80-82. Our results also indicated

that lower hard segment content and lower crystallinity are favorable for the onset of

degradation.
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5. CONCLUSIONS

In the framework of FAIR - BIODEPOL project a series of polymeric products,

belonging to two main classes of materials, polyester-carbonates (PEC) and polyester-

urethanes (PEU) respectively, has been produced and characterized.

Two synthetic strategies have been developed for the production of a wide spectrum

of biodegradable polyester-based materials from 1,3-propanediol and succinic acid

obtainable from renewable resources. They are:

Chain extension in the presence of phosgene.

Chain extension in the presence of 4,4’-methylene-bis(phenyl diisocyanate) (MDI).

From the results of this study it may be concluded that the chain-extension reaction

with phosgene performed on the oligomeric products of the thermal polycondensation

of excess 1,3-propanediol with succinic acid is an effective way for obtaining new,

high molecular weight polyester-carbonates from renewable resources. These

materials are potentially biodegradable to non-toxic products, and therefore have a

definite potential for specific applications as biomaterials as well as environmental

friendly films and envelopes.

The polyester-carbonates obtained have apparently a very flexible backbone, resulting

in a low glass transition temperature. Their crystalline melting point is also low.

Therefore, their dimensional stability is rapidly lost for temperatures not much higher

than the room temperature. This may narrow the field of their practical applications.

A way to overcome this problem might be to substitute part of the 1,3-propanediol

moiety with a stiffer diol.

The chain-extension reaction of the thermally polycondensed oligomers from 1,3-

propanediol / 1,4-cyclohexanedimethanol / succinic acid mixtures with excess diols

by molar ratio OH/COOH = 1.02:1.00 in the feeding, using phosgene as coupling

agent, has proved to be an effective procedure for obtaining new high molecular

weight aliphatic/alicyclic poly(ester-carbonate)s.
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The design of aliphatic/alicyclic oligomers and their chain extended products was

motivated by the need of increasing the thermal properties of poly(1,3-propylene

succinate)s. The results obtained demonstrate that even the new copolymeric aliphatic

/ alicyclic poly(ester-carbonate)s have apparently a very flexible backbone, resulting

in a low Tg. However, their crystalline melting point increases with increasing

alicyclic ester unit. Therefore, their dimensional stability is not lost for temperatures

slightly higher than room temperature.

The polycondensation of oligo(1,3-propylene succinate) with PEG of different lengths

using phosgene as coupling agent has proved a valuable procedure to obtain high

molecular weight hydrophobic/hydrophilic poly(ester-ether-carbonate)s containing

both biodegradable and biocompatible segments.

The poly(ester-ether-carbonate)s obtained are amorphous materials endowed with a

very flexible backbone. Their amphiphilic nature is confirmed by their high water-

swelling property. This could make them appealing as constituents of controlled

release systems or compatibilizers.

Moreover, preliminary enzymatic degradation tests have demonstrated that all the

above new polyester-carbonate related materials are biodegradable to non-toxic

products (the starting monomers), which makes these materials useful for several

applications, e.g. in the biomaterial field. The full investigation of the biodegradation

behavior of the copolymers will represent the subject of a forthcoming paper.

Segmented polyester-urethane (PEU) was synthesized from poly(trimethylene

succinate), 1,3-propanediol and 4,4'-diisophenylmethane diisocyanate (MDI). The

structure was confirmed using SEC, 1H-NMR and 13C-NMR. The structure

parameters of the PEU were obtained using SEC, 1H-NMR, 13C-NMR. The average

repeat number of hard segment ranges from 4.0 to 8.1, and the repeat number of AnBm

unit from 3.3 to 6.4. The average length of the hard segment decreases with increasing

concentration of polyester in feeding.
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The maximum of the weight average molecular weight of PEU reached 7.44×10-4.

DSC detected the Tg of the soft segment from –10 to –19°C and the Tm of the hard

segment from 135 to 210°C.

The results strongly suggest that the increase of soft segment content reduced both

crystallinity and melting temperature of hard segment microcrystalline, which resulted

in a weaker interaction of the microcrystalline between polymer chains and a lower

modulus. The crystallinity, Tg, Tm, tensile strength, elongation, and Young’s modulus

were influenced by the ratio of hard and soft segment. The Young’s modulus

decreases with increasing concentration of polyester segments.

All polyester-urethanes samples exhibited significant weight losses after 2 months of

the compost simulation incubation. The introduction of the polyurethane segments

significantly reduces the degradability. There is still an enzymatic attack detectable.

The higher the soft segment content, the higher the weight loss during enzymatic

degradation.

The segmented polyurethanes are of technical importance because their processibility

is similar to that of thermoplastic materials and because of the potential for property

variation simply by changing the ratio of hard and soft phases and of the chemical

structure of segments. Therefore, the segmented polyester-based urethane from 1,3-

propanediol and succinic acid is a promising, processable, soluble and biodegradable

thermoplastic material.
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