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The goal of this research was developing biodegradable and biocompatibile xylitol-based copolymers with im-
proved mechanical properties, and investigating the change in their thermal and chemical properties with
progress of the cross-linking process. Using a raw material of natural origin such as xylitol, a prepolymer was
obtained by esterification and polycondensation. Then, at subsequent stages of the crosslinking process in a
vacuum dryer, samples of materials were taken to determine the progress of the process using Fourier transform
infrared spectroscopy. The method of differential scanning calorimetry also defined changes in the ranges of

phase changes occurring at each stage of the crosslinking process. After the crosslinking process, ester materials
based on sebacic and succinic acid were characterized in terms of mechanical and surface properties.

1. Introduction

Polyester materials are very popular among many research teams in
the world. This is due to the fact that these materials can be obtained
from easily available raw materials and the method of their synthesis
allows you to modify them in the direction of the desired properties.
Among many types of polyesters, succinic acid copolyesters and sebacic
acid copolyesters deserve attention. These copolymers belong to the
group of biodegradable aliphatic polyesters.

Despite many advantages, widespread use of biodegradable polye-
sters is limited due to the limited range of mechanical properties and
the difficulty of their modification due to the lack of reactive functional
groups. In this paper [1] describes a new class of multiblock copolymers
composed of PBF poly (butylene fumarate and PBS poly (butylene
succinate. The obtained materials have good thermal and mechanical
properties, and as the authors describe the increase in biodegradability.
The rate of copolymer degradation was significantly accelerated by
copolymerization of PBF with PBS, especially at 50% and higher its
share in the copolymer. It has been found that both segments are
compatible in both the amorphous and crystalline region, and iso-
morphic co-crystallization between PBF and PBS occurs in the crystal
region, which was the first time. It is noteworthy that the reactive C—C
bond found in the copolymer backbone allows the physicochemical
properties to be modified as needed.

The article [2] describes the method of preparation and properties
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of multiblock copolymers composed of poly (butylene succinate) PBS
and poly (e-caprolactone) PCL and with hexamethylene diisocyanate
(HDI) as a chain extender. According to the authors, such copolymers
could be used in the field of biodegradable polymeric materials. PBS
and PCL do not show miscibility in the amorphous phase. However, in
the high temperature area two melting temperature of the crystalline
phase can be observed. The thermal stability of the copolymers in-
creases with the increase of PBS. However, the mechanical properties
can be well regulated by changing the proportion of PBS and PCL,
obtaining rigid materials characterized by a high value of stress to
break, to elastic elastomers, which is characterized by a high value of
strain to break. The authors emphasize that copolymers with 10-30%
PCL are characterized by optimal mechanical properties and impact
resistance.

Examples of multiblock copolymers are those consisting of crystal-
line poly (butylene succinate) (PBS) and amorphous poly (1,2-propy-
lene succinate) (PPSu), which were synthesized by chain elongation
using hexamethylene diisocyanate (HDI) [3]. Authors of studies '>C
NMR confirmed the receipt of copolymers with a sequential structure.
They also confirmed that block copolymers have very good mechanical
and thermal properties as well as excellent impact strength. The use of
the amorphous soft PPSu segment not only gives the copolymers higher
impact resistance without lowering the melting point, but also increases
the rate of enzymatic degradation.

In the article [4], the authors describe a biodegradable copolymer of
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Fig. 1. Scheme of poly(xylitol sebacate-co-butylene sebacate)PXBS structure.
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Fig. 2. Scheme of poly(xylitol succinate-co-butylene succinate)PXBSu structure.
Table 1
Composition and selected properties of poly(xylitol sebacate-co-butylene sebacate) PXBS after 288 h crosslinking.
Polymer sample Molar Composition [mol] H ShA o, MPa & % X% CA
Sebacic acid Xylitol Butylene glycol
poly(xylitol sebacate-co-butylene sebacate) PXBS 2 1 1 36 +/—0.42 0.93 +/-0.25 306 +/—63 91 46

where: H - Hardness, o, - Stress in break, ¢ - Elongation, X - Gel fraction, CA - Contact angle.
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Table 2
Composition and selected properties of poly(xylitol succinate-co-butylene succinate) PXBSu after 288 h crosslinking.

Polymer sample Molar Composition [mol] H ShA o, MPa e % X % CA

Succinic acid Xylitol Butylene glycol

poly(xylitol sebacate-co-butylene sebacate) PXBSu 2 1 1 46 +/-0.68 1.5 +/-0.19 248 +/-83 96 69

where: H - Hardness, o, - Stress in break, ¢ - Elongation, X - Gel fraction, CA - Contact angle.
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Fig. 3. Spectrum ATR-FTIR spectra of pre- PXBS (0 h) and PXBS during the crosslinking process (24 h-288 h).
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Fig. 4. Spectrum ATR-FTIR spectra of pre- PXBSu (0 h) and PXBSu during the crosslinking process (24 h-288 h).
poly (butylene succinate) and a butylene ester of dilinoleic acid (PBS/ cultivation.
DLA), which were the coating for multi-component controlled release Poly(polyol sebacate) polyesters are biocompatible and biodegrad-
fertilizer (NPK). It has been shown that the studied PBS/DLA are very able elastomers exhibiting a wide range of potential biomedical appli-
interesting materials in the processes of nutrient release due to their cations like scaffolds for treating cartilage defects [5] vascular tissue
biodegradability, which can be extremely important in agricultural engineering [6], myocardial tissue engineering [7], and retinal
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Table 3
Thermal properties of the poly(xylitol sebacate-co-butylene sebacate) PXBS.

Materials Today Communications 22 (2020) 100734

Cross-linking time  First heating Cooling Second heating
T ['C] AHmi [J/8]  Tm2 ['C] AHmo [J/8]  Ter ['Cl AHe [J/8] T ['C]1 Acy [J/8°C] Tmz ['Cl AHmg [J/8]  Tma ['C]  AHmg [J/8]

Oh 19 24.17 44.9 50.89 -39 65.87 -13.1 0.558 22.6 61.3 50.7 3.17
24h 18.5 28.29 42 34.38 -5 54.27 —-12 0.292 21.4 61.2 n.o. n.o.
48h 19.5 23.28 43.5 41.56 -6.3 47.16 -12.8 0.128 21.1 53.15 n.o. n.o.
120h 15.8 40.09 39.9 10.86 -7.4 46.93 -18.4 0.339 17.5 49.84 n.o. n.o.
144h 17.2 34.1 41 18.18 -8.8 42.77 -19.3 0.426 18.3 48.41 n.o. n.o.
168 h 16.4 36.8 40.7 10.28 —-10.9 39.12 —-21.7 0.371 17.5 45.74 n.o. n.o.
192h 18.9 28.67 42.9 9.76 -13.3 30.3 -20.5 0.264 19.9 35.52 n.o. n.o.
216h 16.5 34.35 40.6 6.42 -14.3 27.87 -22.9 0.209 18.2 36.04 n.o. n.o.
264h 19.5 32.15 43.3 3.54 —18.7 25.42 —26.3 0.336 20.3 34.48 n.o. n.o.
288h 17.5 24.01 41.2 0.66 -19 15.87 -28 0.248 17.6 23.18 n.o. n.o.

n.o. - not observed, where: Ty, - glass transition temperatures; Ac, - change of the heat capacity at glass transition, Tpm1, Tm2, Tms, Tma4 - melting temperature; T -
crystallization temperatures; AHp,1, AHpyo, AHps, AHpg, - heat of melting at Tp,1, T2, Tms, Tma; AHep - crystallization heat in Tq.
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Fig. 5. DSC thermograms of poly(xylitol sebacate-co-butylene sebacate) PXBS at the crosslinking stages subjected to first heating.

progenitor cell grafting [8]. They also have potential applications as
contact guidance materials [9], hollow conduit neural guides [10], and
drug delivery [11]. Polyesters with similar properties to poly(glycerol
sebacate) can be synthesized by substituting glycerol with natural
polyols like mannitol, sorbitol and xylitol [12]. One of the possible
monomers for biodegradable polyester synthesis, xylitol is a sugar al-
cohol found naturally in fruits and vegetables like lettuce, cauliflower,
raspberry, grape, banana and strawberry. It can also be found in yeast,
lichens, mushrooms, and seaweed. It is an intermediate in human car-
bohydrate metabolism, produced by human adults between 5 and 15 g/
day [13]. Xylitol-based polymers are of great interest to biomaterials
science due to their biocompatibility, and biodegradability. Poly(xylitol
sebacate) has been shown to possess in vitro and in vivo biocompat-
ibility comparable to poly(L-lactic-co-glycolic acid) (PLGA) [14-16].
Furthermore, both mechanical properties and degradation rate of
polyesters containing xylitol can be fine-tuned by adjusting xylitol:
dicarboxylic acid ratio [15,17]. Those properties can also be fine-tuned
by adjusting curing time and dicarboxylic acid chain length. [17]. To
the best of our knowledge, poly(xylitol sebacate-co-butylene sebacate)
and poly(xylitol succinate-co-butylene succinate) have not been pre-
viously synthesized by other authors, and are novelty materials. Using
butylene glycol as an additional monomer in polyester synthesis

allowed us to obtain copolyesters with improved mechanical properties
compared to polyesters synthesized using only polyol and dicarboxylic
acid.

2. Material and experimental methods
2.1. Synthesis and characterization of xylitol-based copolymers

All chemicals except xylitol were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Two copolymers containing xylitol were synthe-
sized: poly(xylitol sebacate-co-butylene sebacate) with sebacic acid:
butylene glycol: xylitol ratio of 2:1:1 (PXBS), and poly(xylitol succinate-
co-butylene succinate) with succinic acid: butylene glycol: xylitol ratio
of 2:1:1 (PXBSu) Monomers were melted in a round bottom flask in a
temperature above 100 °C under a blanket of N,. Following that, es-
terification reaction was performed for 13,5h in 150 °C under a blanket
of N,, catalyzed by Ti(OBu)s. Then, polycondensation reaction was
conducted in 150 °C under vacuum. Prepolymers were then cross-linked
in a vacuum-dryer in 100 °C under 100 mBar for 288 h. Samples were
taken directly after polycondensation reaction ended, and at con-
secutive stages of cross-linking process.
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Fig. 7. DSC thermograms of poly(xylitol sebacate-co-butylene sebacate) PXBS at the crosslinking stages subjected to second heating.
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Fig. 6. DSC thermograms of poly(xylitol sebacate-co-butylene sebacate PXBS) at the crosslinking stages subjected to cooling.

Table 4

Thermal properties of the poly(xylitol succinate-co-butylene succinate)) PXBSu.
Cross-linking time First heating Cooling Second heating

Tgy ['C] Acp [J/g°Cl Tm,; [°C] AHm, [J/g] Tg, [°C] Acpz [J/g°C] Tgs [°Cl Acps [J/8°C]

Oh -19.9 0.522 46.8 15.41 —26.4 0.84 -15.7 0.57
24h —-19.2 0.48 48.1 12.82 —-23.5 0.606 -16.9 0.519
48h -18.6 0.533 48.4 13.92 —24.8 0.542 -18.8 0.651
120h -17.8 0.533 47.8 12.12 —-23.4 0.7 -17.6 0.617
144h -17.6 0.596 48.5 12.32 —-22.5 0.668 -17.5 0.719
168 h —14.2 0.588 49.8 8.52 -18 0.709 -10.4 0.596
192h —-12.2 0.449 50.9 7.77 -18.9 0.897 —5.2 0.475
216h -12 0.604 53.2 4.14 —-18.2 0.695 -9.8 0.612
288h -7 0.572 n.o. n.o. —18.6 0.624 —-2.8 0.543

n.o. - not observed, where: Tg; 5 3 - glass transition temperatures; Acp; 2,3 - change of the heat capacity at glass transition Ty, Tga, Tgs; Tm1 - melting temperature;
AH,,; - heat of melting at Ty,;.
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Fig. 8. DSC thermograms of poly(xylitol succinate-co-butylene succinate) PXBSu at the crosslinking stages subjected to first heating.
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Fig. 9. DSC thermograms of poly(xylitol succinate-co-butylene succinate) PXBSu at the crosslinking stages subjected to cooling.

2.2. Experimental methods

2.2.1. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectrometry (ATR FTIR Alpha spectro-
meter, Bruker) was used to examine the chemical structure of all ma-
terials obtained at subsequent stages of the crosslinking process. FTIR
transmission spectra were recorded between 400 and 4000 cm ™ ?, with
2cm ™! resolution. The test results were developed using Omnic soft-
ware.

2.2.2. Differential scanning calorimetry (DSC)

Thermal properties were determined using differential scanning
calorimetry (DSC) (Q100, TA Instruments apparatus). The measure-
ment was carried out in a cycle heating in the temperature range from

—100 to 200 °C.

2.2.3. Mechanical properties

Mechanical tests were carried out with an Instron 3366 instrunents
equipped with a 500N load cell in accordance with standard PN-EN-
ISO 527/1:1996 (crosshead speed of 100 mm/min, at 25 °C and 50% of
relative humidity).

2.2.4. Hardness
Hardness (H) for materials after 288 h was measured using a Zwick/
Material Testing 3100 Shore A hardness tester.

2.2.5. Water contact angle
The water contact angle was measured by using a KRUSS DSA100
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Fig. 10. DSC thermograms of poly(xylitol succinate-co-butylene succinate) PXBSu at the crosslinking stages subjected to second heating.

digital goniometer. Static contact angle measurements were performed
on the surface of degreased materials after 288 h croslinking by placing
a 2 L droplet of deionized water using the automatic dispenser of the
goniometer. Contact angle was calculated using Kruss drop shape
analysis software (DSA4).

2.2.6. Gel fraction

Determination of gel fraction of elastomers after 288 was made by
the extraction method. PN-EN 579: 2001. Material samples after 288 h
croslinking (about 1g) were placed in Schott type P2 crucible and
subjected to extraction in boiling tetrahydrofuran (100 cm®) for 3h.
After extraction, the samples were dried in a vacuum oven at 25 °C for
3h and then in a desiccator. Three determinations were made for each
elastomer. The content of gel fractions was calculated from formula (1)
as the mean of three measurements:

X =ml/m0 100% (1)

where: m1 - sample mass after extraction, m0 - sample mass before
extraction.

3. Results and discussion

As a result of the described synthesis, two ester elastomers were
obtained, the reactions of which are shown in Figs. 1 and 2. In Tables 1
and 2 the basic physicochemical properties of PXBS and PXBS were
compared after 288 h of crosslinking (the third stage of the preparation
process - crosslinking).

3.1. Fourier transform infrared spectroscopy (FTIR)

The obtained spectra show bands typical for polyester structure. For
both materials four transmittance peaks can be observed (Fig. 3 (PXBS)
and Fig. 4 (PXBSu)): —C—O—C group at about 1150 cm ™! wavelenght,
—C=0 group at about 1706 cm~! wavelenght, —CH at about
2944 cm ™! wavelght, and intermolecularly associated —OH groups at
about 3435 cm ™ ! wavelenght. Peak intensity of —OH groups decreases,
and peak intensity of —C—O—C groups increases with the cross-linking
progress. It is the result of bonding between molecules in the adjacent
polymer chains.

3.2. Differential scanning calorimetry (DSC)

3.2.1. Poly(xylitol sebacate-co-butylene sebacate)

Table 3 contains the values of the characteristic temperatures of
phase transitions with thermal effects at subsequent stages of PXBS
crosslinking.

On the first-heating thermograms (Fig. 5) two melting temperatures
can be observed, Ty,; is the result of melting of poly(xylitol sebacate),
and Ty, is the result of melting of poly(butylene sebacate). Second
melting enthalpy value decreases with the cross-linking progress. On
the second-heating thermograms (Fig. 7) T, can only be observed for
the non-crosslinked polymer. Glass transition temperature can be ob-
served on the second-heating thermograms. Cooling thermograms
(Fig. 6) show crystallization temperatures. Both the temperatures and
enthalpies of crystallization decrease with the cross-linking progress.

3.2.2. Poly(xylitol succinate-co-butylene succinate) PXBSu

Table 4 contains the values of the characteristic temperatures of
phase transitions with thermal effects at subsequent stages of PXBSu
crosslinking.

On the first-heating thermogram glass transition temperature and
melting temperature can be observed. Glass transition temperature in-
creases with the cross-linking progress. Melting temperature increases,
and melting enthalpy decreases with the cross-linking progress. For the
completely cross-linked material melting temperature cannot be ob-
served (Fig. 8). On the cooling thermograms (Fig. 9) glass transition
temperature can be observed. Fig. 9 shows a wide range of glass tran-
sition, which is probably associated with the overlap of certain effects
associated with the crystallization of other crystalline forms. On the
second-heating thermograms (Fig. 10) thermogram only glass transition
temperature can be observed. Melting temperature cannot be observed
which is probably the result of thermal cross-linking that occurred
during DSC analysis.

3.3. Mechanical properties
The mechanical properties of the PXBS and PXBSu elastomers after

288 of crosslinking are shown in Tables 1 and 2. An elastomer based
on succinic acid (PXBSu) 288h after the crosslinking process has a
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much higher value of tensile strength of 1.5 MPa than the elastomer
PXBS (0.93 MPa). Elongation material PXBS is higher relative to the
material as is evident PXBSu the observed values of tensile strength.

3.4. Hardness

Tables 1 and 2 show the hardness results for PXBS and PXBS after
288 h of crosslinking. It can be observed that both materials have a very
low Shore A value and can be included in soft elastomers similar to
cross-linked silicone rubber.

3.5. Water contact angle

Wetting properties of polymeric materials are very important for
their applications in medicine. Therefore, it is important that the de-
signed materials determine their hydrophilicity or hydrophobicity.
Hydrophilic surfaces potentially improve biocompatibility. To in-
vestigate the wetting characteristics of the surfaces of our materials, the
water contact angle measurements were made for ester elastomers after
288 h of the crosslinking process and the results are presented in Tables
1 and 2. Both the PXBS and PXBS material are characterized by a hy-
drophilic surface. However, for an ester elastomer based on sebacic
acid, the surface of the material exhibits a significantly higher wett-
ability compared to an elastomer based on succinic acid.

3.6. Gel fraction

The results of the gel fraction for ester materials presented in
Table 1 and 2 after 288 h of cross-linking indicate obtaining materials
characterized by a high degree of cross-linking. Both PXBS and PXBSu
achieved gel fraction values of 91 and 96%, respectively. Slightly lower
value can be observed for the PXBS material, which is directly related to
the fact that the material shows an endothermic melting transformation
visible on DSC thermograms after the crosslinking process (Figs. 5, 7).
The PXBSu material does not show such a conversion, while DSC
thermograms show the glass transition temperature, which is typical for
elastomeric materials.

4. Conclusions

Copolymers synthesized by us exhibit better mechanical properties
than materials synthesized using only xylitol and dicarboxylic acid,
while retaining their biocompatibility and biodegradability.
Mechanical properties, and change in thermal and chemical properties
with progress of the cross-linking process were investigated. Different
temperatures and thermal effects corresponding to various phase
transitions were recored at consecutive stages of the cross-linking
process. Bonding between adjacent polymer chains lead to decreasing
peak intensity of intermolecularly associated —OH groups and in-
creasing peak intensity of —C—O—C groups in FTIR analysis with pro-
gress of the cross-linking process.

Materials Today Communications 22 (2020) 100734
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