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Abstract

Poly(1,3-trimethylene carbonate), poly(TMC), has often been regarded as a rubbery polymer that cannot be applied in the biomedical field

due to its poor dimensional stability, tackiness and inadequate mechanical properties. In this study we show that high molecular weight,

amorphous poly(TMC) is very flexible, tough and has excellent ultimate mechanical properties. A number average molecular weight ð �MnÞ of

100,000 was determined to be a critical value below which the polymer has negligible mechanical properties and poor dimensional stability.

This corresponds to a molecular weight that is 40 times higher than the molecular weight between entanglements. The dependency of the

mechanical properties levels off at �Mn values above 200,000. This very high molecular weight poly(TMC) shows good recovery after

mechanical deformation, considering that the only resistance to chain flow is due to chain entanglement. Poly(TMC) cross-linked upon

gamma-irradiation, resulting in the formation of an insoluble network. The degree of cross-linking increases with the radiation dose. The final

mechanical properties of the high molecular weight poly(TMC) rubbers improve upon irradiation. Especially, the creep resistance increased,

while the Young’s modulus and tensile strength were not significantly affected. These biodegradable cross-linked rubbers may find wide

application in soft tissue engineering where tough and elastomeric scaffolds are desirable.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The need for biodegradable elastomeric polymers for the

preparation of medical implants and porous scaffolds to be

used for tissue engineering has been documented in

literature in recent years [1–3]. The traditionally used

glycolide and lactide based (co)polymers are not well suited

for the preparation of soft tissue implants. These materials

are rigid as their glass transition temperature ðTgÞ is above

body temperature [4].

For soft tissue engineering, the matrices and scaffolds on

which seeded cells organize and develop into a desired

tissue in vitro and/or in vivo would ideally be made of

biodegradable polymers of which the properties resemble

those of the extracellular matrix (ECM). Elastomeric porous

structures, which adjust to the dynamics of the surrounding

and developing tissue and provide adequate micro-stresses

to the cells as well as ensure mechanical stability and

structural integrity to the developing tissue, are therefore

desirable.

Biodegradable elastomeric materials that have pre-

viously been investigated include copolymers of lactide

(LA) and 1-caprolactone (CL) [5], poly-4-hydroxybutyrate

[6], and poly(glycerol-sebacate) networks [3]. Homopoly-

meric 1,3-trimethylene carbonate (TMC), an elastomeric

aliphatic polycarbonate, has long been known [7] and its

suitability for the preparation of biomedical implants has

been previously evaluated [8]. Poly(TMC) used in those

studies had a very low modulus and low tensile strength.

These poor mechanical properties discouraged any practical

application, other than the use of TMC as a softening unit in

copolymers or poly(TMC) blends with high modulus

polymers [1,9,10]. Furthermore, TMC based copolymers

and poly(TMC) blends were used as matrices for controlled

drug release [11–13].

We recently reported [14] that very high molecular

weight amorphous poly(TMC) ( �Mn ¼ 290; 000 and
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�Mw ¼ 552; 000), is very flexible and tough with excellent

ultimate mechanical properties due to strain-induced

crystallization (Tm ¼ 36 8C). This self-reinforcement, also

observed for natural rubber, is the origin of the high tensile

strength and maximal extensibility of this strain-crystal-

lizable physical network [15]. In addition, high molecular

weight poly(TMC) was found to be totally resorbed after 3

weeks of subcutaneous implantation in rats. The degra-

dation and resorption of the polymer induced only a mild

tissue reaction [16].

In this paper, the influence of the molecular weight of

poly(TMC) on its mechanical properties is addressed. The

stress–strain behavior in cyclic loading and the creep

behavior of high molecular weight poly(TMC) were

determined to get insight in the performance of this polymer

in a dynamic environment. Finally, in view of the possible

use of implants based on poly(TMC) in the clinic, the

possibility to sterilize the scaffolds by means of a standard

sterilization method was studied. Poly(TMC) films were

sterilized by gamma-radiation and analyzed for changes in

physical and mechanical properties.

2. Materials and methods

2.1. Materials

Polymer grade 1,3-trimethylene carbonate (TMC) was

obtained from Boehringer Ingelheim, Germany and used

without further purification. Hexanol (Merck, Germany)

was distilled from CaH2 (Acros, Belgium). Stannous octoate

(SnOct2) (stannous 2-ethylhexanoate) was used as received

from Sigma, USA. Solvents (Biosolve, The Netherlands)

were of analytical grade.

2.2. Polymer synthesis

In an argon atmosphere, TMC monomer was charged

into freshly silanized (Serva, Boehringer Ingelheim Bio-

products Partnership, Germany) and dried glass ampoules

and 2 £ 1024 mol of stannous octoate per mol of monomer

was added as a solution in sodium-dried pentane. The

pentane was removed afterwards by evacuation. The

ampoules were purged three times with dry argon and

heat-sealed under vacuum. Several poly(TMC) batches

were prepared (Table 1). For batches 1 and 2, 2 £ 1025 mol

of hexanol per mol of monomer was added prior to the

purging step. In this case purging was performed after

cooling of the ampoules with liquid nitrogen to prevent

evaporation of the hexanol (initiator). By exposing the

monomer to air for different periods of time, the purity of

the monomer can be decreased in a more or less controlled

manner. In this way very high molecular poly(TMC) of

differing molecular weights could be prepared. For batches

3–8, the monomer was exposed to air for a period of time up

to 120 min. The ampoules were conditioned in an oil bath

pre-heated to the polymerization temperature and vigor-

ously shaken in order to obtain a homogeneous mixture of

the monomers and the catalyst. Polymerizations were

carried out for a period of 2 h (batch 1), 3 h (batch 2) or 3

days at 130 ^ 2 8C. After the selected reaction time the

ampoules were quenched to room temperature and the

polymers were discharged. The polymers were purified by

dissolution in chloroform (2–5 wt/vol.% solutions), fil-

tration of the solutions through a sintered glass filter and

precipitation into a 10-fold volume of methanol. Sub-

sequently the polymers were collected, washed with fresh

methanol and dried under reduced pressure at room

temperature until constant weight.

2.3. Polymer processing

Compression molding of purified polymers was done on

a Fontijne laboratory press THB008 (The Netherlands) in

600 mm thick stainless steel molds. The films were melt-

pressed at 140 8C and subsequently cooled to 15 8C under

pressure.

2.4. Polymer characterization

2.4.1. Gel permeation chromatography (GPC)

Weight and number average molecular weight ( �Mw and
�Mn; respectively), polydispersity index (PDI) and intrinsic

viscosity ð½h�Þ were determined by GPC using a Waters

Model 510 pump (USA), a HP Ti-Series 1050 autosampler

(USA), a Waters Model 410 Differential Refractometer and

a Viscotek H502 Viscometer Detector (USA) with Waters

Styragel HR5-HR4-HR2-HR1 columns placed in series.

Chloroform was used as an eluent at a flow rate of

1.5 ml/min. Narrow polystyrene standards were used for

calibration. Sample concentrations of approximately

0.5 wt/vol.% and injection volumes of 30 ml were used.

All determinations were performed at 25 8C.

2.4.2. Differential scanning calorimetry (DSC)

The thermal properties of the purified samples were

evaluated by DSC. Samples (5–15 mg) placed in aluminum

pans were analyzed with a Perkin–Elmer Pyris1 (USA) at a

heating rate of 10 8C/min. All samples were heated to 40 8C

Table 1

Characteristics of the TMC homopolymers after purification

Sample �Mn £ 1025 �Mw £ 1025 PDI ½h�a (dl/g) Tg (8C)

Poly(TMC)1 0.57 0.92 1.62 1.19 219

Poly(TMC)2 1.09 1.85 1.70 1.79 218

Poly(TMC)3 2.72 5.38 1.98 4.51 219

Poly(TMC)4 3.06 5.30 1.73 4.29 217

Poly(TMC)5 3.27 4.82 1.47 4.20 219

Poly(TMC)6 3.33 5.83 1.75 4.52 217

Poly(TMC)7 3.37 5.59 1.67 4.49 217

Poly(TMC)8 3.55 6.17 1.74 4.85 218

a In CHCl3, 25 8C.
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above their glass transition temperature. Subsequently, the

samples were quenched rapidly (300 8C/min) until 40 8C

below their glass transition temperature and after 5 min a

second scan was recorded. Unless mentioned otherwise, the

data presented were collected during the second heating

scan. The glass transition temperature ðTgÞ was taken as the

midpoint of the heat capacity change and the peak melting

temperature ðTmÞ was determined from the melting

endotherm. Indium, gallium and tin were used as standards

for temperature calibration.

2.4.3. Density

The density of poly(TMC) was determined by measuring

the dimensions and the mass of melt-pressed polymer films

(poly(TMC)6). The density of poly(TMC) is 1.31 g/cm3.

2.5. Mechanical properties

All mechanical tests were performed in triplicate on

compression-molded films with dimensions in accordance

to ASTM standard D882-91 specifications

(100 £ 5 £ 0.6 mm3). The mechanical tests were carried

out on a Zwick Z020 universal tensile testing machine

(Germany) at room temperature (18–20 8C).

2.5.1. Tensile testing

Tensile tests were carried out on the tensile testing

machine equipped with a 500 N load cell, operated at a

crosshead speed of 50 mm/min. The specimen deformation

was derived from the grip-to-grip separation, the initial grip-

to-grip separation being 50 mm.

2.5.2. Cyclic loading

Cyclic tests were carried out on the tensile testing

machine equipped with a 10 N load cell, operated at a

crosshead speed of 50 mm/min. The specimen deformation

was derived from the grip-to-grip separation, the initial grip-

to-grip separation being 50 mm. The films were deformed

cyclically (20 cycles) up to 50% strain. The 21st cycle was

started after a 2-h recovery period.

2.5.3. Creep

For the creep experiments the tensile testing machine

was equipped with a 10 N load cell. The specimen

deformation was derived from the grip-to-grip separation,

the starting grip-to-grip separation being 50 mm. The

samples were stressed to 0.1, 0.2, 0.4 and 0.6 N/mm2 and

the strain was measured as a function of time during 1 h.

2.6. Wide angle X-ray scattering

X-ray diffraction data of compression molded

poly(TMC), films were collected on a Philips PW3710

based X’Pert-1 diffractometer (The Netherlands) in Bragg-

Brentano geometry, using Cu Ka radiation and a u

compensating divergence slit. Data collection was per-

formed at room temperature, using a low-background

spinning specimen holder. The measured diffractograms

were converted to fixed slit intensities. The peak positions

were extracted using the pattern decomposition program

PROFIT. The observed individual lines and clusters of lines

were fitted using Pearson VII functions, taking the Ka2

component into account. The obtained peak positions and

relative intensities are, therefore, extracted from the

analytical Ka1 peak profiles. The absolute, relative and

integral intensities are based on peak heights or areas,

respectively, using a u compensating divergence slit, or,

when using the back-calculated diffractograms, on a fixed

slit width.

2.7. Plateau modulus determinations in the melt

The cross-over modulus (Gc; where G0ðvÞ ¼ G00ðvÞ) of a

poly(TMC) melt was measured by dynamic oscillation

using parallel plates on a Universal Dynamic Spectrometer

(Physica UDS200, Paar Physica, USA) at 195 8C. The

frequency sweeps were performed at 1% strain. From this

the plateau modulus ðG0
nÞ can be calculated, using the

polydispersity index (PDI) of the polymer post testing,

according to the following relationship [17]:

log
G0

n

Gc

 !
¼ 0:38 þ

2:63 logðPDIÞ

1 þ 2:45 logðPDIÞ
ð1Þ

Calculation of the molecular weight between entangle-

ments ðMeÞ proceeds according to Eq. (2): [18]

Me ¼
rRT

Gn0
ð2Þ

where r is the density of the polymer, T is the temperature

and R is the gas constant. Samples for dynamic oscillation

measurements were punched out (f ¼ 26 mm) from

compression molded films of purified polymer

(poly(TMC)7) with a thickness of 600 mm.

2.8. Gamma-irradiation

Poly(TMC)3 samples (in triplicate) were placed in

poly(ethylene)/poly(amide) bags and sealed after evacua-

tion. The samples were exposed to 15, 25 and 40 kGy

gamma-irradiation from a 60Co source (Gammaster, Ede,

The Netherlands). In another experiment poly(TMC) films

(poly(TMC)5) were packed under vacuum, in N2 or in air

and were exposed to 25 kGy gamma-irradiation from a 60Co

source.

Equilibrium swelling experiments (in triplicate) were

performed at room temperature using chloroform. The

samples were swollen for 1 week to reach equilibrium and

subsequently the extracted gels were dried under vacuum at

room temperature for 2 weeks until constant weight. The gel

and the sol fractions of the irradiated samples were
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calculated according to Eqs. (3) and (4), respectively:

gelfraction ¼
md

mi

ð3Þ

solfraction ¼ 1 2
md

mi

ð4Þ

where md is the mass of the extracted and dried gels and mi

is the mass of the specimens before swelling and extraction.

The degree of swelling ðqÞ was calculated from the ratio of

the weight of swollen and extracted samples ðmsÞ and the

dried gels ðmdÞ and the specific densities of solvent ðrsÞ

(1.4832 g/cm3 for chloroform [19]) and poly(TMC)

(r ¼ 1.31 g/cm3) using:

q ¼ 1 þ r
ms

mdrs

2
1

rs

� �
ð5Þ

3. Results and discussion

3.1. Polymer synthesis and characterization

Until now in studies dealing with the determination of the

mechanical properties of poly(TMC), polymer with a

relatively low molecular weight was used ( �Mn , 55; 000

or ½h� , 1.7 dl/g in CHCl3 at 25 8C) [1,8,20]. Previously,

we have seen that strain-induced crystallization occurred

upon stretching of poly(TMC) samples of high molecular

weight ( �Mn ¼ 290; 000 and �Mw ¼ 552; 000) [14]. In order

to evaluate the effect of the molecular weight on the

mechanical properties of poly(TMC) a number of polymers

covering a broad range of molecular weights was syn-

thesized by ring-opening polymerization in the melt, using

stannous octoate as a catalyst/initiator. An overview of the

properties of purified TMC polymers is given in Table 1.

In polymerizations with SnOct2 the initiating species are

formed in situ as a result of the reaction of ‘hydroxyl’

containing impurities present in the polymerization atmos-

phere, the monomer, or the SnOct2 catalyst [21].

Poly(TMC) specimens with different molecular weights

were obtained by the addition of hexanol to the reaction

mixture as a co-initiator (specimens 1 and 2) or by exposing

the monomer to air for different time periods prior to

polymerization (specimens 3–8).

Mark-Houwink coefficients for poly(TMC) in chloro-

form were determined by plotting log½h� against log �Mw

derived from the GPC measurements. Linear fitting of the

data ðr ¼ 0:994Þ gave values of K ¼ 2.43 £ 1024 and

a ¼ 0.74, in good agreement with previously reported

results [20] for lower molecular weight polymers.

All polymers were amorphous and in the rubbery state at

room temperature.

3.2. Effect of poly(TMC) molecular weight on stress–strain

behavior

Transparent films could readily be obtained by com-

pression molding. Films prepared from poly(TMC)1 and

poly(TMC)2 were not dimensionally stable and had the

tendency to stick together when pressed against each other.

Films prepared from the other batches maintained their

initial dimensions even when incubated under physiological

conditions (in phosphate buffered saline, at 37 8C) for long

periods of time [22] or when implanted in vivo [16], as

shown in previous studies.

The mechanical properties of the prepared TMC

polymers are listed in Table 2. The �Mw, �Mn and ½h� of

the polymers after compression molding are also given.

Independent of the initial molecular weight, thermal

processing of the purified polymers did not result in

extensive chain scission.

Typical stress–strain curves are presented in Fig. 1. The

polymer with the lowest molecular weight ð �Mn ¼ 53; 000Þ

has the lowest modulus, and lowest tensile strength.

Poly(TMC)2 has a higher Young’s modulus and a very

high ultimate tensile strain, but is also very weak, having a

tensile strength of approximately 1 MPa and deforming

irreversibly at very low stresses. Polymers with a �Mn above

200,000 have a higher modulus and a higher strain at yield.

The Young’s modulus, the yield stress and the maximum

tensile strength do not change with molecular weight above
�Mn values higher than 200,000 (Fig. 2(A)–(C), respect-

ively). An upturn in the stress–strain curve at high

elongations was only observed for the very high molecular

weight ð �Mn . 200; 000Þ polymers. Upon fracture and

release of the applied force in the tensile testing exper-

iments, the specimens did not recoil.

The thermal behavior of sections of the drawn specimens

was analyzed by DSC. With the exception of poly(TMC)1

samples, which had the lowest �Mn; the initially amorphous

Fig. 1. Stress–strain curves of TMC homopolymers with different

molecular weights. (· · ·) Poly(TMC)1, �Mn ¼ 53; 000; (·-·-) poly(TMC)2,
�Mn ¼ 94; 000 and (—) poly(TMC)6, �Mn ¼ 273; 000:
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poly(TMC) specimens now showed a melting endotherm

with a peak melting temperature ðTmÞ that ranged between

30 and 50 8C. The DSC scans for one of these samples,

before and after tensile testing, are shown in an earlier

publication [14]. These findings confirm that the increase in

the stress at break found for these polymers results from

strain-induced crystallization. In Fig. 3 the tensile strength

for each polymer is plotted as a function of the heat of fusion

of the strained specimens. A higher crystallinity of the

polymer resulted in a higher tensile strength.

Wide angle X-ray scattering (WAXS) measurements

performed on a completely amorphous poly(TMC) film and

on the same specimen after crystallization upon stretching,

confirmed the results of the thermal analyses. In the

amorphous state two broad peaks were detected with

maxima at 2u ¼ 21:2 and 41.8 8. After straining to 850%,

the level of order of the polymer chains increased, as can be

seen from the WAXS pattern shown in Fig. 4. The X-ray

scan of the sample after tensile testing shows distinct and

narrower peaks at 2u values of 20.2, 21.4, 25.8 and 31.2 8.

The crystallinity ðxcÞ of the drawn sample was deter-

mined by comparison of the area under the peaks

corresponding to the scattering intensities of the amorphous

Ia and crystalline ðIcÞ fractions, according to the expression

[23]:

xc ¼
Ic

Ic þ Ia

ð6Þ

The contribution of the crystalline fraction to the

scattering was determined after deconvolution of the peak

signals. For this the WAXS pattern of the amorphous

sample was taken into consideration (Fig. 4). A degree of

crystallinity of 31% was calculated as described above,

corresponding to a DH of 27 J/g as determined by DSC.

Assuming proportionality of the degree of crystallinity and

the experimental DH; the heat of fusion of 100% poly(TMC)

ðDH8Þ can then be estimated to be 87 J/g. It should be

noticed that this value is only a rough estimation [23] and

should be validated by other methods to determine crystal-

linity such as based on the densities of the crystalline and

amorphous polymer [24]. The crystal structure of (oriented)

poly(TMC) then needs to be determined from WAXS

measurements. This is beyond the scope of this study.

From the dependency of the mechanical properties on

molecular weight it can be concluded that for poly(TMC) an
�Mn of 100,000 is a characteristic minimum molecular

weight [25] below which the tensile strength is still typical

for a low molecular weight material. Above this value the

tensile strength increases significantly with increasing

molecular weight. For �Mn values above 200,000 the change

in tensile strength as well as in the other measured

mechanical properties levels off. Low molecular weight

poly(TMC) possesses a high number of chain ends per unit

volume which reduce the packing efficiency of the polymer

chains preventing crystallization. With an increase in

molecular weight, a higher percentage of the structure can

be permanently oriented by stretching, resulting in a higher

ultimate tensile strength [26].

The tensile strength of amorphous polymers is influenced

by the density of chain entanglements. Amorphous poly-

mers above the glass transition temperature only have any

appreciable strength when their molecular weight is at least

2–4 times higher than the molecular weight between

entanglements ðMeÞ [25,27,28]. In the polymer melt, the

value of Me is determined by the intrinsic stiffness of the

polymer chain. Estimations of the Me in the melt can be

obtained from determination of the cross-over modulus of

the polymer melt in dynamic oscillation. The cross-over

modulus (where G0 ¼ G00; see Fig. 5) was determined to be

2.4 £ 105 Pa.

Considering that the PDI of the poly(TMC) sample after

the test was 2.40 ( �Mn ¼ 2:1 £ 105 and ½h� ¼ 3:8), the

plateau modulus ðG0
nÞ was estimated to be approximately

1.9 £ 106 Pa. Using the measured density of 1.31 g/cm3, for

poly(TMC) at 195 8C the value for the molecular weight

between entanglements was calculated to be 2700. This

shows that in the melt the entanglement density of

poly(TMC) is high. Surprisingly, a molecular weight that

is at least 40 times higher than this Me is required for the

polymer to show appreciable mechanical properties.

3.3. Stress–strain behavior in cyclic loading and creep

behavior of poly(TMC)

To be of practical use in the preparation of medical

implants or scaffolds for tissue engineering that will be used

Table 2

Molecular weights and stress–strain behavior of compression molded poly(TMC) films

TMC content (mol%) �Mn £ 1025 �Mw £ 1025 ½h� (dl/g) Young’s modulus (MPa) syield (MPa) 1yield (%) sbreak (MPa) 1break (%) smax (MPa)

Poly(TMC)1 0.53 0.88 1.16 3.0 0.5 63 0.2 230 0.5

Poly(TMC)2 0.94 1.68 1.81 4.7 1.1 98 0.2 1250 1.1

Poly(TMC)3 2.08 5.26 4.15 – – – – – –

Poly(TMC)4 2.23 5.07 4.21 6.6 2.1 120 15 890 16

Poly(TMC)5 2.75 5.15 3.86 – – – – – –

Poly(TMC)6 2.73 5.63 4.59 6.2 2.3 140 16 850 16

Poly(TMC)7 3.37 5.83 4.34 6.3 2.3 130 12a 830a 12a

Poly(TMC)8 2.21 5.74 4.83 6.8 2.3 150 17 830 17

a Specimen slipped from grips.
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in the body, poly(TMC) must sustain and recover from

repeatedly applied stresses and strains.

In order to evaluate the behavior of high molecular

weight poly(TMC) under cyclic loading, polymer films

were deformed cyclically up to 50% strain. After 20 cycles a

2-h recovery period was allowed and subsequently a last

cycle was recorded. In Fig. 6 the typical stress–strain curves

recorded for the different loading cycles are presented.

At the beginning of the 21st cycle the permanent set was

determined. This permanent deformation is an important

parameter as it can be directly related to the hysteresis

phenomenon [29]. For high molecular weight poly(TMC) a

permanent set of 4.6% was found after 2 h. For an ideal

elastomer, plastic deformation is absent and the permanent

set is zero.

The creep behavior of a polymer is another phenomenon

resulting from viscous flow. Creep can be defined as a

progressive increase in strain over an extended period of

time in a polymer subjected to a constant stress.

Creep curves were obtained by applying a constant stress

to poly(TMC) films during 1 h and monitoring the strain as a

Fig. 2. Young’s modulus, stress at yield ðsyieldÞ and maximum tensile

strength ðsmaxÞ as a function of the number average molecular weight ð �MnÞ

of poly(TMC).

Fig. 3. Maximum tensile strength ðsmaxÞ of the TMC homopolymers as a

function of the heat of fusion ðDHÞ of the specimens after tensile testing.

Fig. 4. WAXS pattern of a poly(TMC)6 film after tensile testing (solid line).

The area under the dotted line corresponds to the scattering intensity of the

amorphous fraction ðIaÞ.
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function of time. The applied stresses corresponded to 5–

30% of the yield stress measured by conventional tensile

testing. A typical creep curve obtained in this way consisted

of an initial elastic response where the elongation of the

tensile stress is inversely proportional to the modulus of the

material. This was followed by a stage of primary creep,

where the creep rate decreases in time and a secondary

creep stage, characterized by a constant creep rate. The

creep behavior of poly(TMC) films was expressed in terms

of the constant creep rate (ASTM standard D2990). The

results obtained are summarized in Table 3.

As can be expected the constant creep rate increased with

the increase of the applied stress. At 30% of the yield stress

the constant deformation rate is substantially higher than at

lower stresses. Although poly(TMC) scaffolds to be used in

soft tissue engineering will not be subjected to severe load

bearing conditions, they will be subjected to some stresses

for long periods of time, therefore the creep behavior of the

polymer should be taken into account.

3.4. Gamma-irradiation

The possibility of sterilization of a polymer is a sine qua

non for its application in the preparation of implantable

medical devices. We investigated the possibility of using
60Co gamma-radiation sterilization, as it has the advantages

of high efficiency, negligible thermal effects and does not

involve the use of toxic substances [30]. In order to evaluate

the effect of gamma-radiation on the mechanical properties

of poly(TMC), high molecular weight polymer films

(packed under vacuum) were exposed to different radiation

doses, including 25 kGy, the standard radiation dose for the

sterilization of medical devices [30].

Unexpectedly [31], after irradiation at average radiation

doses of 15, 25 or 40 kGy, the specimens were not soluble

anymore in chloroform. Instead a gel was obtained

indicating that poly(TMC) had cross-linked upon radiation.

Table 4 presents the degree of swelling of the formed gels as

well as the gel fraction of irradiated samples.

Consistent with a decrease in the degree of swelling, the

gel fraction of the samples increased with radiation dose,

indicating an increase in cross-linking density with radiation

dose.

Cross-linking and/or chain scission are known to occur in

polymers when these are exposed to high-energy radiation.

For most polymers either cross-linking or chain scission

prevails [32–34]. In order to investigate the behavior of

poly(TMC) the obtained results were analyzed in terms of

the Charlesby-Pinner equation [35], which relates the sol

fraction ðsÞ of the irradiated samples to the radiation dose (r;

expressed in Mrad):

s þ
ffiffi
s

p
¼

GðsÞ

2GðxÞ
þ

1

2:08 £ 1026GðxÞ �Mnr
ð7Þ

where, GðsÞ is the number of main-chain scissions and GðxÞ

the number of cross-links, both produced per 100 eV

Fig. 5. Linear viscoelastic G0 (B) and G00 (V) master curves at 195 8C for

poly(TMC) (poly(TMC)7 compression molded films).

Fig. 6. Cyclic tensile test for high molecular weight poly(TMC)3

compression molded films.

Table 3

Creep behavior of high molecular weight poly(TMC)

Applied stress (MPa) Creep rate (s21)

0.1 (5%)a 1.9 £ 1025

0.2 (10%) 2.4 £ 1025

0.4 (20%) 3.8 £ 1025

0.6 (30%) 12.5 £ 1025

Poly(TMC)5 compression molded films.
a The values in brackets correspond to approximate percentages of the

yield stress in tensile tests.

Table 4

Degree of swelling and gel fraction of poly(TMC)3 compression molded

films treated with different gamma-radiation doses

Radiation dose (kGy) Degree of swelling, q (%) Gel fraction (wt%)

15 355 ^ 78 15 ^ 4

25 140 ^ 20 33 ^ 2

40 61 ^ 12 51 ^ 6
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absorbed energy and �Mn the number average molecular

weight of the polymer before treatment. It is assumed that

chain-scission and cross-linking occur at random and in

proportion to the radiation dose. Eq. (7) holds for polymers

with random, monomodal molecular weight distributions

whether or not main-chain fracture occurs simultaneously

with cross-linking. A plot of s þ
ffiffi
s

p
as a function of the

reciprocal of the radiation dose is presented in Fig. 7.

The network formation for the gamma-irradiated

poly(TMC) could be adequately described using the

Charlesby-Pinner model. The intercept for the best straight

line was 0.78. This value corresponds to the ratio of chain

scission to cross-linking per radiation dose. Gel formation

can only occur if this ratio is lower than 2 [35]. In the

absence of air, cross-linking is the main reaction that occurs

upon gamma-irradiation of poly(TMC).

Considering the determined ratio of chain scission

density to cross-linking density per radiation dose, the

maximum obtainable gel fraction ð1 2 sÞmax can be

determined as follows [36]:

ð1 2 sÞmax ¼
1

2
1 2

GðsÞ

GðxÞ
þ 1 þ

2GðsÞ

GðxÞ

� �1=2
" #

ð8Þ

According to this expression, the maximum attainable

gel fraction is 73% for poly(TMC) irradiated under vacuum.

As previously observed for other polymer systems, the

extent of cross-linking of poly(TMC) upon gamma-

irradiation is affected by the presence of air [35] (Table

5). Poly(TMC) films were packed in nitrogen, in air and

under vacuum and were irradiated with a 25 kGy standard

radiation dose. The gel fraction was significantly lower for

air-packed films than for poly(TMC) films packed and

sterilized in nitrogen or vacuum. This indicates a lower

extent of cross-linking, possibly due to an increase of

oxidative chain scission.

3.5. Mechanical properties of irradiated poly(TMC)

It is known that mechanical behavior of polymers can be

improved by cross-linking [34,37]. However, as mentioned

above, the cross-linking of poly(TMC) upon gamma-

irradiation is accompanied by main chain-scissioning,

which can lead to a reduction of elasticity modulus, tensile

strength and creep resistance.

The tensile properties of high molecular weight

poly(TMC) films irradiated in the absence of air with an

average dose of 25 kGy are presented in Table 6.

At the standard sterilization dose of 25 kGy a slight

decrease in the Young’s modulus and stress at yield was

found, compared to the results found for untreated samples

(Table 6). In contrast, the strain at break had increased. This

can be attributed to a plasticizing effect of lower molecular

weight chains formed upon irradiation due to chain scission.

Strain-induced crystallization was still observed, but the

upturn in the stress–strain curves was found at higher strain

values than for the non-irradiated samples (850% versus

500%). After the tensile test, the initially amorphous,

irradiated poly(TMC) specimens (Tg ¼ 218 8C) now

showed a melting endotherm with a melting temperature

ðTmÞ of 33 8C (DH ¼ 12 J/g), confirming strain-induced

crystallization of the polymer network. The lower heat of

fusion reflects the lower degree of crystallinity attained by

the cross-linked films upon straining which in turn accounts

for the lower maximum tensile strength of the samples.

Fig. 7. Charlesby-Pinner plot for poly(TMC)3 compression molded films

( �Mn ¼ 208; 000 after processing) irradiated under vacuum. (1 kGy ¼ 0.1

Mrad).

Table 5

Degree of swelling and gel fraction of poly(TMC)5 compression molded

films treated with a 25 kGy radiation dose under vacuum or in the presence

of nitrogen or air

Packed under Degree of swelling, q (%) Gel fraction (wt%)

Vacuum 74 ^ 2 54 ^ 1

N2 73 ^ 2 48 ^ 2

Air 94 ^ 5 28 ^ 2

Fig. 8. Cyclic tensile test for high molecular weight poly(TMC)3

compression molded films after gamma-irradiation treatment (25 kGy).

Non-extracted films.

A.P. Pêgo et al. / Polymer 44 (2003) 6495–65046502



Although the tensile properties of these samples

decreased slightly upon gamma-irradiation, a great

improvement was noticed in terms of the hysteresis effect.

Tested under similar conditions as the non-treated samples,

the irradiated compression-molded films showed better

recovery 2 h after 20 consecutive deformation cycles (Fig.

8) as well as a much higher creep resistance (Table 7).

Poly(TMC) films irradiated in vacuum showed a

permanent set of 3% after cyclic testing and subsequent

recovery. The creep rates of these films decreased

approximately two-fold in comparison with the non-

irradiated films. The cross-links hinder the movement of

polymer chains and reduce the viscous flow. The polymer

becomes more elastic. As can be expected, the positive

contribution of the covalent cross-links to the resistance of

the polymer to creep increases with the extent of cross-

linking. Samples irradiated in the presence of air showed

higher creep rates than samples irradiated in the absence of

air at the same stress applied (Table 7).

Presently, we are investigating the possibility of further

improving the dimensional recovery of poly(TMC) upon

mechanical deformation by irradiating the polymer with

higher gamma-radiation doses and the effect of cross-

linking upon gamma-irradiation on the in vivo degradation

behavior of the polymer.

4. Conclusions

Very high molecular weight poly(TMC) (with �Mn above

200,000) shows rubber-like properties despite being totally

amorphous and not cross-linked. In comparison to

poly(TMC) of lower molecular weight it shows improved

handling characteristics (lower tackiness), better dimen-

sional stability and much improved mechanical behavior.

Very high molecular weight poly(TMC) is flexible and

tough. The high maximum tensile strength of the polymer

results from reinforcement of the structure upon strain-

induced crystallization. These very high molecular weight

rubbers show good recovery after mechanical deformation,

considering that the only resistance to viscous flow comes

from chain entanglement. A critical molecular weight ð �MnÞ

below which the mechanical performance of the polymer is

poor was determined to be 100,000. This is 40 times higher

than the molecular weight between entanglements.

Gamma-irradiation of poly(TMC) results in simul-

taneous cross-linking and chain-scission. The ratio of

scission density to cross-linking density per unit radiation

dose was found to be 0.78. Upon irradiation of the polymer

an insoluble network is formed, with increasing cross-

linking density as the radiation dose is increased. The

mechanical properties of very high molecular weight

poly(TMC) rubbers improve upon irradiation. The irra-

diated polymer has significantly higher resistance to creep.
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