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Influence of cross-linking time on physico-chemical
and mechanical properties of bulk poly(glycerol sebacate)
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In the presented study, a PGS prepolymer (pPGS) was synthesized utilizing polycondensation technique (equimolar sebacic
acid:glycerol ratio, 130 °C, 24 h). Subsequently, the pPGS was thermally cross-linked in vacuum oven in 130 °C for 84 and 168 h. The cylindri-
cal and dumbbell-shaped samples were subjected for physico-chemical and thorough mechanical analysis including tensile and compressive
strength evaluation as well as dynamic mechanical thermal analysis (DMTA). The study allowed for the investigation of alteration of PGS
properties during cross-linking and decay of elastomeric properties over prolonged cross-linking time. Moreover, a deconvolution in
FTIR analysis allowed to glimpse into the hydrogen bonding structure of the materials which weakens during the cross-linking. The
obtained results can be utilized during designing PGS-based bulk materials for biomedical application where bearing mechanical loads
and tuned chemical character is of vital importance.
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1. Introduction

PGS is a polyester that can be obtained in a poly-
condensation of sebacic acid and glycerol [24], [29]. It
has an elastomeric character, potential for structural
modification as well as cross-linking (thermal or
chemical) [20]. Moreover, it is considered biodegrable
[19], [21], [42]. PGS-based systems are thoroughly
investigated in literature in the scope of potential tis-
sue engineering application [13], [17], [20], [35], [37]
or in drug delivery systems [20], [33], [39] The vast
majority of studies include porous materials thin films
and fibres, all of which mostly in the composite form
[5], [11], [32], [35], [36], [41], [42].

PGS, as a matrix, is regarded as a material that re-
sembles the mechanical and biological properties as
well as morphology of soft tissues including retinal,
nervous or cartilage [20], [29], [33]. Moreover, in recent
years, this polyester has gathered attention as a possible
material for hard (bone) tissue engineering, especially

when bound with materials enhancing mechanical pa-
rameters and/or act as an osteoinductive factor [45]–[47].
This particular scientific interest results from the afore-
mentioned biodegrability, possibility to infiltrate it with
apatite ceramics (essential in inducing osteoregenera-
tive potential) [6], [27], [30], [48], lack of cytotoxicity
[22], [42], [45] and mechanical properties similar to
osteoid tissue and other bone tissue-related structures
[23], [47].

The mechanical properties of PGS-based systems
vary drastically depending on the synthetic pathway,
morphology of the material and addition of more com-
ponents to the composite blend. Therefore, a thorough
understanding of physico-chemical and mechanical
behaviour of the polymer matrix itself is a significant
matter. Especially taking into consideration the fact
that every biomedical application needs particular
mechanical, physico-chemical and biological proper-
ties [20].

This study regards an influence of thermal cross-
-linking time on physico-chemical and mechanical
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properties of bulk PGS. The tensile and compres-
sive tests are utilized to correlate the alterations in
mechanical behaviour with progression in cross-
linking. The dynamic mechanical thermal analysis
(DMTA) study puts an emphasis on the change in
viscoelasticity of the analysed specimens. Viscoe-
lasticity is a trait of particular interest in the polymer
indicated for soft tissue engineering or as a matrix
for hard tissue engineering. The stress relaxation
property of viscoelastic material affects cell behav-
iour such as cellular remodelling or osteogenic dif-
ferentiation [15]. The novelty of the presented re-
search covers the mechanical and physico-chemical
characterization of bulk PGS matrixes not reported
previously.

2. Materials and methods

2.1. Prepolymer (pPGS) synthesis
and sample formation

The pPGS prepolymer synthesis was conducted on
a Mettler Toledo EasyMax® 102 automated reactor. The
process was performed solventless with 1:1 monomer
molar ratio. To the reaction vessel, 30 g (0.3258 mol) of
glycerol and 65.85 g of sebacic acid was weighted in.
The reaction was stirred mechanically and heated to
130 °C until monomers were combined. Then, the
process continued for 24 h. After the due time, in or-
der to quench the reaction, the temperature was low-
ered to 25 °C and the product was kept for further
post-processing.

Prepolymer was heated up to 60 °C and subsequently
1,5 mL of pPGS was poured into multi-well custom
silicon plates in both cylindrical and tensile stress test
specimen shapes (in accordance with ISO-527-2:2012).
Afterwards, the samples were subjected for thermal
cross-linking in 130 °C for 84 and 168 h under reduced

pressure. Graphical presentation of synthesis and sam-
ple processing is presented in the Fig. 1.

2.2. Water contact angle (WCA)

WCA measurement was conducted with a PG-X
contact angle goniometer (Testing Machines, Inc.). Five
measurements were carried out for each specimen
with arithmetic average as the result and standard
deviation as an error.

2.3. Sol/gel content

Sol content was evaluated with previously reported
method, but with change of the solvent from THF to
ethanol [10], [18]. Namely, three of each cross-linked
PGS cylinders were weighted (W1) and covered with
20 mL of 96% ethyl alcohol (EtOH) for 24 h. After the
due time, samples were dried under vacuum in 40 °C
for 24 and another 24 h under atmosphere ambient with
air circulation and subsequently weighted (W2). Sol
content (S) was calculated as:

%100
1

21 ×
−

=
W

WWS . (1)

From the obtained value gel content (G) was cal-
culated as G = 100% – S.

2.4. Infrared spectroscopy

The FT-IR spectra were registered using a Nicolet
iZ10 infrared spectrometer (Thermo Scientific, Walt-
ham, MA, USA) equipped with an ATR attachment. The
spectra were registered using 32 scans, resolution of
4 cm–1 and spectral range between 4000–550 cm−1. De-
convolution of the peaks was performed using Gaussian
function fit and integrated using the Omnic software.

Fig. 1. Graphical schematics of synthesis and formation of bulk PGS samples
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2.5. Compressive and tensile strength

Static uniaxial compressive stress evaluation was
performed on Instron 5966 universal testing machine
with a 10 kN load cell and 1 mm/min compression rate.
The cylindrical specimens had dimensions of 15 mm in
diameter and 8 mm in height, on average. The meas-
urements were carried out until specimen was dam-
aged or the measurement reached 70% of specimen
strain. Obtained stress–strain curves made it possible
to determine compressive modulus for both evaluated
specimens.

The static tensile strength measurement was per-
formed on the same instrument equipped with 10 kN
load cell as well as mechanical wedge grips. The test
was carried out with a speed of 10 mm/min until the
specimen was broken. For both tensile and compres-
sion test, a series of 5 specimens were tested for fur-
ther data analysis. Young’s modulus was calculated as
a mean value of linear’ fit slope for all samples.

Based on the Young’s modulus derived from the
tensile test, the cross-linking density (n) was calcu-
lated utilizing the formula reported previously [31],
[38], [42].

RTEn 3/0= , (2)

where:
n – moles of active network chains/unit volume,
E0 – Young’s modulus [Pa],
R – universal gas constant 8.314 [J/(mol·K)],
T – temperature [K].

2.6. DMTA

Dynamic thermomechanical analysis (DMTA) was
performed using a DMA/SDTA861e instrument from
Mettler Toledo International, Inc. (Greifensee, Swit-
zerland). The tests were carried out in compression
mode on cylindrical-shaped samples with a diameter
of ~14 mm and a thickness of ~8 mm. First, a number
of pre-tests were executed, including the linearity test
and the determination of the force offset needed to
perform the measurements. The force offset was de-
termined at the level of 1.5 N. Next, the actual vis-
coelastic measurements were carried out in the tem-
perature range of –50–250 °C with a heating rate of
3 °C/min, at a constant displacement amplitude of
0.2 µm and a frequency of 1 Hz. Finally, frequency
sweep tests from 0.1 to 100 Hz were performed in the
linear viscoelastic region for a displacement amplitude
of 0.2 µm (the same for all samples) at room tem-
perature.

3. Results

3.1. Structural analysis of pPGS

As a polyester, PGS has ester functional groups in its
backbone as well as terminal and peripheral carboxylic
and hydroxylic groups [13], [23], [33]. During cross-
-linking, the new covalent ester bonds are formed by
condensation reaction between –OH and –COOH groups
that could occur both under inter- and intramolecular
pathway. The exemplary schematics of formation of
a polymeric cross-linked network is presented in
Fig. 2D.

The FT-IR spectra registered for prepolymer and
cured cylinders are presented in Fig. 2A along with
the deconvolution of the carboxylic band (Fig. 2B)
and the fit peaks intensity ratio (Fig. 2C). We can
outline characteristic bands for PGS which are previ-
ously reported in the literature [5], [8], [30]. Namely,
broad hydroxyl group (O-H) ~3400 cm–1 stretching
band, carbonyl (C=O) stretching band ~1730 cm–1 and
ester stretching band (C-O) ~1160 cm–1. The main
distinction between registered spectra is the geometry
of the carbonyl peak during the curing process [22].
Method of synthesising PGS utilized in this study re-
sults in a polymer with a branching degree of 0.37 [30].
Although, it is not a hyperbranched structure, a study
on hyperbranched polyesters [3] reported that the car-
bonyl band is composed of free and hydrogen-bonded
ester carbonyl with alike band morphology. Another
reported study on chemically cross-linked poly(butylene
sebacate)diol, indicated that deconvolution of the car-
bonyl peak on the FTIR spectrum was linked to the
free and hydrogen-bonded carbonyl [34]. That leads
to an observation that during thermal cross-linking of
the bulk PGS, a hydrogen bonding steric limitation
of ester carbonyl is decreasing. The cause of this could
be a cross-linking process resulting in formation of new
rigid inter- or intramolecular covalent bonding rather
than letting the free polymeric backbones to interact
with each other with a hydrogen bonds. The thermal
cross-linking also influences the mechanical proper-
ties which additionally supports this conclusion. It is
reported that both cross-linking and the hydrogen
bonding interactions between the –OH groups have
a significant effect on elastomeric properties [21], [33].
The plausible mechanistic explanation is depicted in
Fig. 2D.

WCA for prepolymer was 48.5°, for the sample
cured in 84 h was 74.5°, while after 168 h of curing
time, the value increased to 102.7°. Before the
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measurement, prepolymer sample was placed on a glass
slide and gently heated for 2 minutes in 50 °C in order to
distribute the material uniformly on the surface. As
reported in the literature, the contact angle for PGS
ranges between as low as 30, up to 70–80° [1], [14],
[30], [41], [42], which is consistent with the pPGS as
well as samples cured over 84 h (Table 1). However,
with higher curing time an increase in the WCA value
was observed. Therefore, we can observe a gradual
weakening in hydrophilic character of the material
during cross-linking.

What is more, in Table 1, calculated values of gel
and sol content are presented. It is clearly visible that
during cross-linking the gel content increases – from
81.5% after 84 h of cross-linking up to 97.5% after
168 h. That means that in the course of the process
major part of a soluble in EtOH fraction of prepo-
lymer transforms into a phase non-soluble in EtOH.
This conclusion is in line with the study regarding
degradation of PGS where the mass of content ex-
tracted by EtOH was lower after each cross-linking
time interval [31]. The prepolymer was fully soluble

Fig. 2. FT-IR spectra of PGS prepolymer and samples cured at 84 h and 168 h with highlighted carbonyl group area (A),
deconvolution of the carbonyl band with Gaussian fit (B), intensity ratio of the free ester carbonyl to the hydrogen bonded one (C)

and schematic explanation of the hydrogen bonding decrease (D)

Table 1. Water contact angle measurement, and sol/gel content of the cured PGS samples

Sample Gel content [%] Sol content [%] Water contact angle [º] Representative WCA
drop image

pPGS 0 100 48.5 ± 3.7

PGS 84 h 81.5 ± 1.5 18.5 ± 9.2 74.5 ± 5.5

PGS 168 h 97.5 ± 1.6 2.5 ± 2.4 102.7 ± 3.0
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in EtOH. Therefore, its gel content was assumed as 0
and sol content as 100.

3.2. Mechanical properties

The cross-linked PGS specimens were subjected
for tensile and compression tests (Fig. 3) as well as
DMTA analysis (Fig. 4).

Linear (elastic) and densification regions can be
outlined for both tested specimens during the com-
pression (Fig. 3A). Although, for the PGS 168 h sam-
ple, the division between both stages is not that sharp.
The compressive test of the bulk PGS specimens indi-
cated almost 4-fold increase in compressive modulus
(from 0.14 MPa to 0.55 MPa) between PGS 84 h and
PGS 168 h samples (Table 2). In literature [36], simi-
lar experiments were conducted (the prepolymer syn-
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Fig. 3. Compressive (A) and tensile (B) stress–strain curves for cured PGS samples
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thesis slightly differed and cross-linking temperature
was 120 °C for 96 h), and the obtained compression
moduli values were by approximately one order of
magnitude lower than the one presented in this study.
In case of the other material reported in literature, the
bulk PGS which cured for 130 °C in vacuum for 48 h
had a compression modulus of 1.67 ± 1.15 MPa [4],
which is over 3 times higher than the value for PGS
168 h sample. However, the measurement error for the
quoted study was ± 69%. It is vital to understand
a critical failure parameters during compression as
presented in this study.

The literature reports nonlinear stress–strain be-
haviour for PGS during tensile strength tests, which is
exemplary for soft elastomeric materials [24], [33],
[42]. The tensile stress–strain curves obtained in the
presented study (Fig. 3B) are in line with this conclu-
sion. Based ondata collected in Table 2, we can ob-
serve a 400% increase in tensile modulus (from 0.74
to 2.90 MPa), and 200% increase in ultimate tensile
strength (UTS) for the sample cured in 168 h in com-
parison with the one cured at 84 h. Moreover, in jux-
taposition with tensile tests performed in the previ-
ously reported studies involving cured thin PGS
sheets [24], the UTS was comparable (~0.5 MPa) with
PGS sample cured in 168 h. It is worth mentioning that
in the referred study, the prepolymer resulted from
reduced-pressure polycondensation rather than con-
ventional thermal polycondensation reported in this
study. It is vital to recognise that the mechanical prop-
erties of PGS polymer are affected by the synthetic
pathway and subsequent post-processing (e.g., cross-
linking temperature and time [33]) resulting in differ-
ent degree of polymerization and branching. Moreo-
ver, the cross-linking density (n) was calculated based
on the Young’s modulus derived from the tensile test.

It represents the active molecular chains in a volume unit
[38]. Its value has risen with the cross-linking time from
99.5 ± 7.3 after 84 h to 389.9 ± 21.7 after 168 h, which
remains in the same order of magnitude as for thermally
cross-linked PGS reported elsewhere [31]. Taking into
consideration increasing values of both gel content and
cross-linking density with prolonged curing time, we can
correlate those results with an increase of PGS cross-
linking degree over processing time.

The DMTA analysis of the samples was performed
to determine the mechanical properties of the solid
materials as well as the viscoelastic behaviour of the
samples during temperature sweep. For both materials,
the temperature sweep experiments (Fig. 4A) were per-
formed in the linear viscoelastic regions. In the studies
on PGS-based materials, such experiments were usu-
ally carried out at low temperatures (from Celsius-
-negative temperatures to max. 60 °C) in order to rec-
ord the glass transition [1], [4], [7], [23]. In this study,
the focus was also put on the course of the curves at
higher temperatures in order to capture the evolution
occurring during the thermal cross-linking of the ma-
terial. If one aims to design a material for tissue engi-
neering, the mechanical parameters are of vital im-
portance.

In Figure 4A, the changes in the storage moduli (E ′)
as a function of temperature are presented. Selected
parameters determined from E'(T) curves are listed in
the Table 3. At the initial temperature of the meas-
urement (–50 °C), both tested samples are in a glassy
state. In both cases the value of the storage modulus
reached 20–30 MPa at maximum. At a temperature of
about –25 °C, the beginning of the glass transition
associated with a significant decrease in the modulus
value can be observed. In case of the sample cured in
168 h, this decrease is rapid, while in the case of the

Table 2. Juxtaposition of compressive and tensile moduli, UTS (ultimate tensile strength),
tensile strain at break values and stress at 70% strain for compression test derived from the compression and tensile tests

Sample Compressive modulus
[MPa]

Tensile modulus
[MPa]

UTS
[MPa]

Tensile strain
at break [%]

Compressive stress
at 70% strain [MPa]

PGS 84 h 0.14 ± 0.01 0.74 ± 0.02 0.25 ± 0.02 43.2 ± 6.6 1.81 ± 0.25
PGS 168 h 0.55 ± 0.03 2.90 ± 0.01 0.56 ± 0.01 22.4 ± 2.9 –

Table 3. Thermomechanical parameters determined from the DMTA curves

Temperature sweep (Fig. 4A, B) Frequency sweep (Fig. 4C, D)

Sample E’ [MPa]
at Tg(e)

E’ [MPa]
at 250 °C

Tg(e)
[°C]

Tg
[°C]

E’ [MPa]
at 1 Hz

E’ [MPa]
at 10 Hz

Tanδ
[–]

at 1 Hz

Tanδ
[–]

at 10 Hz
PGS 84 h 0.18 1.57 55.2 –19.7 2.85 3.36 0.097 0.193

PGS 168 h 0.89 4.05 14.2 –25.6 0.88 0.89 0.002 0.022
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material cured in 84 h, it is a several-step change,
spread over a longer period of time. The nature of the
glass transition is well illustrated by the course of the
curve of the damping factor (tanδ) in the function of
temperature (Fig. 4B).

The differences in the degree of cross-linking of the
samples can be clearly seen Fig. 4A. The value of
the storage modulus at the temperature of the end of
the glass transition (Tg(e)) is about four times higher
for the PGS 164 h sample than for the PGS 84 h one.
This is the result of a higher cross-linking density of
a sample cured for 164 h. The upward trend of E′
moduli is also interesting, indicating further curing of
materials, intensified especially above 200 °C.

In the last stage, frequency sweep tests were car-
ried out to study the effect of the oscillation frequency
on the viscoelastic behaviour of the tested materials.
Figures 4C and 4D show the values of E' and tanδ as
a function of the oscillation frequency. In Table 3, the
values of the measured parameters for the frequency
of 1 and 10 Hz are also compared. As can be seen, the
storage modulus is relatively constant in the case of PGS
164 h, however for the PGS 84 h, it tends to increase.
The situation with the tanδ parameter is a bit different.
As the oscillation increases, it undergoes a significant
increase. For the less cross-linked sample (PGS 84 h),
this increase is visible throughout the frequency range,
whereas for PGS 164 h, the damping factor starts to
increase only about the frequency of 10 Hz. An in-
crease in tanδ indicates an increase in the loss modulus
and thus the viscous nature of the material. A similar
effect was observed in the case of bio-materials based
on poly(glycerol sebacate urethane) [1], [6], [9].

4. Discussion

During cross-linking, the intermolecular polycon-
densation might lead to decrease in amount of periph-
eral hydroxylic groups. Previously reported plasma
surface treatment of the PGS introduced polar groups to
the surface which lowered the contact angle and in-
creased the hydrophilicity [41]. Therefore, the proposed
explanation of decrease in number of polar (hydro-
philic) groups and increase in hydrophobicity after
prolonged curing time is plausible. Accessible hydroxyl
groups are necessary for further structural modification
of PGS such as acrylation [25], [39] or grafting with
hexamethylene diisocyanate (HDI) [43] for the sake of
chemical or photochemical curing. Nonetheless, this
study is focused on thermal curing which does not re-
quire further structural modification of PGS.

We can directly correlate the advancement in cross-
-linking with alteration of tensile and compression
properties (i.e., increase in both compressive and
tensile moduli). Moreover, the FT-IR analysis (Fig. 2)
depicts a gradual decrease in the hydrogen bonding
restriction of carbonyl bond which is a direct indica-
tion of formation of inter- or intramolecular covalent
bonding. The study proposes a plausible mechanistic
explanation of presence of hydrogen bonding in the
polymer matrix during cross-linking (Fig. 2D). Fur-
thermore, the curing process has an increasing effect
on both gel content and cross-linking density. There-
fore, it is claimed that a 3D PGS cross-linked net-
work has a decreased elastomeric character as well
as more stiffness introduced to the matrix in com-
parison with semi-crosslinked or prepolymer struc-
tures. If one aims to design a material for tissue en-
gineering, the mechanical parameters are important.
For example, if the potential implant has higher
elastic modulus than the surrounding tissue, it may
reduce the mechanostimulation (which is essential in
bone tissue regeneration) [15].

When discussing the viscoelastic characteristics of
the materials, it is necessary to refer to the properties of
the pPGS prepolymer itself. The literature shows that
the great challenge is to produce pPGS with a narrow
molecular weight distribution. Typically, a product of
several fractions with significantly different molecular
weights is obtained [28], [44]. This translates into its
physicochemical properties – calorimetric studies show
even several melting peaks at different temperatures
above the glass transition [2], [36], [44] (all these
effect often overlap). Returning to the tested materi-
als, for the PGS 84 h sample containing a significant
part of the non-crosslinked phase, the effect of the
decrease in the E’ parameter may be the result of all
these phase transformations. Hence, interpreting Fig.
4B, in addition to the maximum at Tg = –19.7 °C re-
lated to the glass transition temperature, additional
smaller peaks are observed, resulting from the melting
of the non-cross-linked fractions. A similar wide and
“jagged” glass transition effect visible on the tanδ (T)
curve for less cross-linked samples was demonstrated
also in other article [44]. The PGS 164 h sample which
is more cross-linked, has a glass transition in a more
narrow temperature range and glass transition tem-
perature of Tg = –25.6 °C. The content of the non-
cross-linked phase is so small that it does not affect
the value of the storage modules during glass transi-
tion to a greater extent. The visible effect is visible
only at higher temperatures, when cross-linking of the
remaining non-cross-linked phase occurs, causing an
increase in the value of E′ (Fig. 4a).
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To sum up, a higher degree of cross-linking makes
it possible to obtain materials that are more rigid on the
one hand and less susceptible to plastic deformation on
the other, which increases their potential in soft tissue
engineering for dynamic environments [9].

5. Conclusions

Cross-linking time of PGS is an important factor
considering the presented results. It is a variable that
gives an overview of change in structural and me-
chanical parameters over the course of thermal cross-
linking. During thermal cross-linking of the PGS ma-
trix we observe a gradual decay in elastomeric char-
acter proved by both tensile and compression tests as
well as DMTA. During thermal cross-linking over time,
an increase of tensile, compressive as well as storage
moduli is observed. It gives an indication of increased
stiffness of the material as well as its capability of stor-
ing energy elastically. Moreover, DMTA was proven as
a tool for determination of viscoelastic properties of
PGS in various ranges of temperatures and frequen-
cies as well as to observe changes occurring with the
progress of cross-linking.

The results are correlated with the presence of hy-
drogen bonding restricting the carbonyl group on the
polymer backbone. Over cross-linking time the effect
of the hydrogen bonding is dampened. Therefore, we
can assume that the 3D network is being formed,
which affects the final properties of the matrix. This
structural effect is also confirmed by increase in WCA,
caused by cross-linking and subsequent decrease in
amount of peripheral polar hydroxylic groups respon-
sible for hydrophilic interactions In the light of pre-
sented results, a feasible method of synthesizing a PGS
matrix with properties within the showcased parame-
ter range is introduced.
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