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Abstract: A series of novel thermoplastic urethane—siloxane copolymers (TPUSS)
based on a a,w-dihydroxy-[poly(e-caprolactone)-b-poly(dimethylsiloxane)-b-
-poly(e-caprolactone)] (a,w-dihydroxy-PCL-PDMS-PCL) triblock copolymer,
4,4’ -methylenediphenyl diisocyanate (MDI) and 1,4-butanediol (BD) was syn-
thesized. The effects of the content (963 mass %) of hard urethane segments
and their degree of polymerization on the properties of the segmented TPUSs
were investigated. The structure, composition and hard segment degree of
polymerization of the hard segments were examined using H- and quantitative
13C-NMR spectroscopy. The degree of crystallinity of the synthesized copoly-
mers was determined using wide-angle X-ray scattering (WAXS). The surface
properties were evaluated by measuring the water contact angle and water
absorption. In the series of the TPUSS, the average degree of polymerization of
the hard segments was varied from 1.2 to 14.4 MDI-BD units. It was found that
average values from 3.8 to 14.4 MDI-BD units were effective segment lengths
for crystallization of hard segments, which resulted in an increase in the degree
of microphase separation of the copolymers. Spherulite-like superstructures
were observed in copolymer films by scanning electron microscopy (SEM),
which are believed to arise from the crystallization of the hard segments and/or
PCL segments, depending on the content of the hard segments. The surface of
the copolymers became more hydrophobic with increasing weight fraction of
PDMS. The synthesized copolymers based on a PCL-PDMS-PCL segment
showed good thermal stability, which increased with increasing content of soft
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PDMS segments, as was confirmed by the value of the starting temperature of
thermal degradation.

Keywords. urethane—siloxane copolymers; polyaddition; hard segment content;
quantitative 13C-NMR spectroscopy; thermal properties; X-ray scattering.

INTRODUCTION

Thermoplastic polyurethane elastomers (TPUs) have been used extensively
as biomaterial s because of their biocompatibility and good mechanical properties.
TPUs are multiblock copolymers composed of rigid polyurethane sequences,
hard segments (HS) connected via flexible soft segments (SS). A variety of ali-
phatic and aromatic diisocyanates with diol or diamine chain extenders have been
employed for hard segment formation in polyurethane materials based on poly-
ether or polyester macrodiols (typically of molecular weight 1000-5000 g mol-1)
as the soft segment components.

The favorable physical properties of segmented TPUs are the consequence
of microphase separation between the segments. The thermodynamic incompati-
bility of the hard and soft segments at low temperatures results in phase sepa-
ration and, consequently, in the formation of a domain structure. It is believed
that the hard segments, either glassy or crystalline with a melting temperature
(Try) above ambient temperature, form domains of approximately a few to tens of
nanometers in size. These hard domains separate from the soft segments, which
are usually formed of either low glass transition temperature (Tg) amorphous or
low Ty, crystalline segments. Their two-phase microstructure imparts excellent
mechanical properties.1,2 TPUs that are made of crystallizable HS and SS re-
semble a unique crystalline—crystalline multiblock copolymer, where crystalli-
zation of each segment provides nanoscale confinement of the other. The mor-
phology of semicrystalline TPU block copolymersis determined by the following
factors: block lengths, chemical composition, the thermodynamic incompatibility
between the constituent blocks and crystallization of crystallizable blocks.3-5

The introduction of poly(dimethylsiloxane) (PDMS) into a polyurethane
chain has the advantage of imparting some of the attractive properties of PDMS
to the new polyurethane materials, such as high flexibility, biocompatibility,
excellent thermal, oxidative and hydrolytic stability and low surface energy.6-11
PDMS prepolymer used for the preparation of siloxane—urethane copolymers
have number average molecular weight (M ) values in the range 1000-5000 g
mol—1. Due to substantial difference between the solubility parameters of PDMS
and urethane hard segments, materials based on siloxane—urethane copolymers
display the presence of microphase morphology. Early attempts of incorporating
PDMS into a polyurethane backbone were unsuccessful due to the difficulty in
the synthesis of TPUSs with acceptably high molecular weights from a mixture
of polar and non-polar components.12 However, a mixed or special type of polyol
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NOVEL URETHANE-SILOXANE COPOLYMERS 1705

was used in order to increase the compatibility of the reaction mixture and, there-
fore, to achieve higher molecular weights and better mechanical properties,13-18

In the past few years, significant research has been devoted to understand the
correlation between microstructure and properties of segmented polyuretha-
nes.19.20 Mazfi et al. concluded that the structure of TPUs synthesized by two-
step polyaddition method was more regular with narrower HS size distribution
compared to the one-step method.2! Barreiro et al. studied the microstructure of
poly(ester—urethane)s by experimental determination of the distribution of hard
segments length using methods based on the hydrolysis of the polymer and sub-
sequent size exclusion chromatography (SEC) analysis of the hydrolyzed pro-
ducts.22 However, until now 13C-NMR spectroscopy was used to examine the
sequence distribution of hard segments in polyurethane copolymersin only afew
research papers.23:24

In a previous paper, the optimization of the synthesis of TPUSs with a high
PCL-PDMS-PCL content was described.2> In the present work, a series of novel
urethane-siloxane copolymers based on an a,w-dihydroxy-PCL-PDMS-PCL)
triblock copolymer, 4,4 -methylenediphenyl diisocyanate (MDI) and 1,4-butane-
diol (BD) was investigated. The triblock prepolymer contained termina crystal-
lizable poly(e-caprolactone) blocks and a central poly(dimethylsiloxane) block.
The combination of the properties of PCL and PDMS makes these block co-
polymers excellent candidates for employment as surface modifying additivesin
pharmaceutical and biomaterial applications.26-28 The content of hard MDI-BD
segments in the polymer chains was varied from 9 to 63 mass %. Simultaneously,
the length of the hard segments increased with increasing HS content. In this
study, an analysis of the microstructure, i.e., the determination of the distribution
of hard segments length by quantitative 13C NMR spectroscopy, of urethane—
—siloxane copolymers is given. Hence, the influences of the content and average
degree of the repeating units (MDI-BD) of the hard segments on the thermal,
morphological and some physical properties of the synthesized TPUSs are pre-
sented in this paper.

EXPERIMENTAL

Materials

a,c-Dihydroxy-(PCL-PDMS-PCL) (supplied by ABCR, Germany, M, = 5700-6900 g
mol-1) was dried at room temperature under vacuum for 2 h. The (M n) of the a,w-dihydroxy-
-(PCL-PDMS-PCL), determined by TH-NMR spectroscopy, was 6100 g mol-1. The molecular
weights of the central PDMS block and the terminal poly(e-caprolactone) sequences were
2000 and 2050 g mol-1, respectively. 4,4’ -Methylenedipheny! diisocyanate (MDI) (supplied
by Aldrich), with an isocyanate content of 33.6 wt. %, was used as received. 1,4-Butanediol
(BD) (from Aldrich) was purified by vacuum distillation. N,N-Dimethylacetamide (DMAC)
(from Across) was dried over calcium hydride and then distilled under vacuum. The solvent
tetrahydrofuran (THF) (supplied by J. T. Baker) was dried over lithium auminum hydride and
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1706 PERGAL et al.

distilled before use. Stannous octanoate (Sn(Oct),) (purchased from Aldrich) was used as the
catalyst without further purification.

Synthesis of polyurethane samples

The thermoplastic polyurethane copolymers were prepared by a two-step catalyzed poly-
merization in solution, starting from 4,4’ -methylenediphenyl diisocyanate, 1,4-butanediol and
a,w-dihydroxy-(PCL-PDMS-PCL). All the copolymers were synthesized in the same manner
under the optimal polymerization conditions;?> the molar ratio of NCO/OH groups was 1.05/1,
the amount of the catalyst was 0.15 mol % Sn(Oct),/a,w-dihydroxy-(PCL-PDMS-PCL) and a
mixture of DMAC/THF (1/1 v/v) was employed as the solvent. As an example, the synthesis
of a copolymer with 87 mass % soft segment is described. A four necked round-bottom flask
equipped with a mechanical stirrer, an inlet for dry argon, a reflux condenser and a dropping
funnel was charged with 18.300 g (3.0 mmol) of a,w-dihydroxy-(PCL-PDMS-PCL), 1.575 g
(6.3 mmol) of 4,4’ -methylenediphenyl diisocyanate, 60 mL of DMAc and 60 mL of THF. The
flask was heated to 80 °C on a silicone oil bath and the reaction was started by the intro-
duction of 0.29 mL of a solution of stannous octanoate in DMAC/THF (1.8 mg, 4.5x103
mmol of Sn(Oct),). The reaction mixture was stirred for 40 min at 80 °C to prepare the NCO-
-terminated prepolymer. The content of NCO during reaction was determined using the di-
butylamine back-titration method.2® The reaction was stopped when the theoreticall NCO
content was attained (1.27 mass %).25 For chain extension, a dilute solution of BD (0.540 g,
6.0 mmol) in DMAC/THF was added dropwise to the prepolymer with the addition of a se-
cond portion of MDI (0.785 g, 3.1 mmol) dissolved in DMAC/THF. The reaction was con-
tinued at the same temperature for 24 h. The viscous polymer solution was precipitated into
methanol/water (1/1 v/v) and the polymer was filtered off and dried to constant weight in a
vacuum oven at 40 °C for 3 days. Polyurethane films were prepared from a 10 mass %
solution in DMAc and cast onto a Teflon® plate. The solvent was evaporated for 48 h at 40 °C
in a force-draft oven. The films were obtained under vacuum at 40 °C for 24 h (0.4-0.5 mm
thick) and stored in a desiccator.

Characterization

The NMR experiments were performed on Bruker Avance 500 spectrometer equipped
with 5 mm inverse detection z-gradient probe. The 1H- and 13C-NMR spectra (at 500.13 and
125.75 MHz, respectively) were measured at 25 °C using DM SO-dg as the solvent. Chemical
shifts are given on the ¢ scale relative to the residual DM SO signal. The copolymers were
dissolved in DMSO-dg at 50 °C at a concentration of 10 % (w/v). The quantitative 13C-NMR
spectra were obtained using the gated decoupling method under the following conditions:
pulse delay time of 10 s, an acquisition time of 1.10 s, a pulse width of 16.8 us, a spectral
width of 29.8 kHz and the number of scans was between 7000 and 21000.

The viscosities of solutions of the copolymersin DMAc were measured at 25 °C using
an Ubbelohde viscometer. The intrinsic viscosities were calculated from these measurements.

Wide angle X-ray scattering (WAXS) was performed using a Diffractometric System
APD 2000 diffractometer with CuK, radiation using a copper anode (tube: 40 kV, 30 mA, A =
= 0.154178 nm). The diffraction patterns were obtained in the Bragg angle range of 5-60°.
The scan speed was 0.02 s per step in all measurements. The peaks in diffraction patterns were
fitted by the Voigt deconvolution technique, using the Peakfit program, resulting in the areas
of peaks. The percent crystallinity was calculated by peak deconvolution and subsequent
determination of the relative areas under the amorphous halo and the crystalline peaks of the
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NOVEL URETHANE-SILOXANE COPOLYMERS 1707

X-ray diffraction pattern. The ratio of the area under the crystalline peaks to the total (amor-
phous + crystalline) area gave the degree of crystallinity.

The thermal stability of the copolymers was determined using TGA Q500 V6.3 Build
189 instrument in the temperature range from 25 to 700 °C, at a heating rate of 10 °C min'L.
The TGA scans were recorded under a dynamic nitrogen atmosphere with a gas flow rate of
50 mL min-l. The average weight of the samples was about 10 mg.

The free or “air exposed” and cross-section morphology of the copolymer films was
analyzed by field emission scanning electron microscopy (SEM). The samples were adhered
to auminum sample holders and sputter coated with Au to athickness of ca. 5 nm (BAL-TEC
SCD 005). The samples were then inserted into a JEOL JSM-6460LV microscope and the
microphotographs were obtained at a working distance of ca. 14 mm at an acceleration vol-
tage of 20 kV.

Water contact angle (WCA) measurements of the polymer films were realized in a Kriss
DSA100 instrument using the sessile drop method. Single drops of distilled water with a
volume of 20 uL were deposited on the film surface and the contact angles were measured
after 30 s. All measurements were performed in air, at a temperature of 26 °C. The WCA
measurements on polymer films were used to evaluate the surface properties and the wetta-
bility of the polymers by means of the sorption rate after 10 min (WCA,) of deposition of the
water droplet on the film surface. In all cases, at least five measurements were performed and
the average contact angle was calcul ated.

To determine equilibrium water content of the synthesized TPUSs, polymer films were
immersed in phosphate buffered saline (PBS, pH 7.4) at 37 °C, for 2.5, 5, 8, 24, 26, 28 and 48
h, respectively. At each time point, the samples were removed and blotted lightly with filter
paper to remove excess water. The weight of the hydrated samples was then determined and
the water absorption was calculated as follows: (w — wg)*x100/wg, where w is the maximum
wet weight measured and wy is the weight of the dry sample.

RESULTS AND DISCUSSION

A series of novel TPUSs was synthesized using PCL-PDMS-PCL as the soft
segment component and MDI and BD as the hard segment components. The che-
mical structure of the synthesized polyurethanes is shown in Scheme 1. The
samples were synthesized by a two-step polyaddition reaction in solution under
optimized conditions.2> In the synthesis of the TPUSs, the PCL blocks served as
a compatibilizer between the non-polar PDM S blocks and the polar comonomers,
MDI and BD. The TPUSs were synthesized first using an NCO-terminated pre-
polymer obtained from a,w-dihydroxy-(PCL-PDMS-PCL) with slight excess of
MDI and then chain extended with 1,4-butanediol to prepare the final TPUSs.
The molar ratio of the a,w-dihydroxy-(PCL-PDMS-PCL), MDI and BD was va-
ried from 1:2:1 to 1:27:26 (Table I). The hard segment content of TPUSs was in
the range of 9 to 60 mass %. The yields of the synthesized copolymers after pre-
cipitation were in the range of 85-93 % (Table).

The structure and composition of the TPUSs

The molecular structure of the polyurethanes was investigated by 1H and 13C
NMR spectroscopy.
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Scheme 1. The chemical structure of the synthesized polyurethane copolymers
based on soft PCL-PDMS-PCL and hard MDI-BD segments.

TABLE I. Composition of the reaction mixture and the copolymers, the average degree of
polymerization of the hard segments, intrinsic viscosities, yields and degree of crystallinity
determined by WAXS of the synthesized TPUSs

. o Fraction of MDI-BD, HS units o [ Yield® X./%
Sample  Molarratio™ = o masssoNMR MY dlgt o (waxg)
TPUS9 121 8.8 85 12 0.50 87 40
TPUS-13 1:3:2 13.2 153 17 0.55 85 36
TPUS-17 1:4:3 17.2 17.2 1.9 0.58 88 30
TPUS-21 1:5:4 20.9 199 38 0.61 90 26
TPUS-30 1:8:7 30.1 29.4 4.0 0.64 91 g;25°
TPUS40 1:12:11 39.5 38.4 4.7 0.67 91 9 16°
TPUS50 1:18:17 49.7 484 10.2 0.74 93 1057
TPUS-60 1:27:26 59.8 62.6 14.4 0.83 92 13:5°

#PCL-PDMS-PCL:MDI:BD in the reaction mixture; at a 1.05 molar ratio of NCO/OH groups; predeterml ned
by the composition of the reaction mixtures; cdetermined by H-NMR spectroscopy; yetermined by quantita-
tive *c-NMR spectroscopy; Scalculated after precipitation of the copolymers; fdegree of crystalinity of the
MDI-BD segments; %degree of crystallinity of the PCL segments

The 1H-NMR spectra of the copolymers showed characteristic signals at
chemical shift values: —0.04 ppm of the Si—CH3 protons; 0.43 ppm of the S—CH»
protons; 1.27 ppm of the central CH» protons from the e-caprolactone residues
and the central CH» protons from the PDMS propylene groups; 1.51 ppm of the
internal CH» protons from the e-caprolactone residues; 2.25 ppm of the CH>—-COO
protons from the e-caprolactone residues; 3.96 ppm of the terminal CH» protons
from the ¢-caprolactone residues; 3.77 ppm of the CH2 protons from the MDI
residues; 1.70 and 4.09 ppm of the central and terminal CH» protons of the BD
residues, respectively; 3.40 ppm of the CH>-OOC protons from the PDMS
propylene groups; 7.08 and 7.34 ppm of the aromatic protons and 8.50 and 9.50
ppm of the —-NH urethane protons.

As an example, the 1H-NMR spectrum of TPUS-60 is shown in Fig. 1.

The 13C-NMR spectra showed characteristic signals at the chemical shift va-
lues: 0.2 ppm of the SiCH3 carbon; 24.1, 24.9 and 27.8 ppm of the central and
internal CH»> carbons from the e-caprolactone residues; 60.4 and 63.5 ppm of the
terminal CH» carbons from the PDMS propylene groups and terminal CH» car-
bons from the e-caprolactone residues; 33.4 ppm of the CH>—COOQO carbons from
the e-caprolactone residues; 25.3 and 63.7 ppm of the central and terminal CH»
carbons from the BD residues; 40.0 ppm of the CH» carbon from the MDI resi-
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NOVEL URETHANE-SILOXANE COPOLYMERS 1709

dues; 153.6 and 172.7 ppm of the carbonyl carbons from the urethane and esters
groups, respectively; 118.6, 129.1, 135.5 and 137.1 ppm of the aromatic carbons.

i i g f eo o ponfo g | &k
—o{cui-cul-nl -CH,-CH, -E-o)-cu cnz—cnz $i- ())—di-ﬁcnﬂ;(o-b—icndg);o{é-ﬂ-@-ﬂt,—@-i‘\!-'{"-o-ﬂlﬁcuﬁicuz—o]»
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Fig. 1. TH-NMR Spectrum of the polyurethane copolymer with 40 mass % PCL-PDMS-PCL.

The composition of the polyurethanes, i.e., the content of hard and soft seg-
ments, was calculated from the TH-NMR spectra as the relative intensities of the
methyl proton signals arising from the —SiCH3 groups and the aromatic proton
signals from the MDI moieties. Thus, the mole and weight fraction of hard and
soft segments were calculated, using the formulas:

| (Ar—H)

8 -1 —
XHS = [(SCH3) _ 1(Ar—H) Xss=1 = s
6Xx+6 8

Wiy = XHSM Hs Weg =1 W
XHsM ps + XssMss S
where: xys and xsg are the mole fractions of hard and soft segments, respec-
tively; wys and wsg are the weight fractions of hard and soft segments, respec-

Available online at www.shd.org.rs/JSCS

2011 Copyright (CC) SCS
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tively; Mys = 340 g mol—1, the molecular weight of an MDI-BD unit; Msg =
= 6350 g mol-1, molecular weight of a PCL-PDMS-PCL segment and X, =
= 25.3, the degree of polymerization of the PDMS-block in the prepolymer.

The theoretical and experimental mass % contents of the hard segments of
the synthesized copolymers are presented in Table I. These results show that the
weight fractions of the hard segments obtained from the 1H-NMR analysis were
in the range from 8.5 to 62.6 mass %. The obtained values of the weight fraction
of the hard segments were in good agreement with values predetermined from the
reaction mixture composition. For al the samples, except for TPUS-60, the dis-
agreement was in the range of experimental error. It could be concluded that the
composition of the polyurethanes was in good agreement with those expected
from the composition of the feed, except for that of TPUS-60.

The NMR analysis showed that the syntheses of the polyurethane copoly-
mers were successful, resulting in TPUSs with different lengths of the hard seg-
ments. The length of the hard segments in copolymer chains is defined as the
number of repeating units (MDI-BD),, (wheren =1, 2, 3, 4,...) and is designated
as Ln(HS). The length of the hard segments, i.e., the average degree of polyme-
rization, L, (HS), was cal culated from the results of quantitative 13C-NMR spec-
troscopy, which are given in Table |. The 13C-NMR spectra of the non-proto-
nated aromatic region for polyurethane copolymers with different HS content are
shown in Fig. 2, from which it could be seen that the peaks of the original sym-
metrical aromatic carbon atoms contained in MDI split and different signals (r, r’
at 134.9-135.5 ppmand t, t" at 137.1-137.7 ppm) resulted due to the existence of
MDI-BD and MDI-PCL linkages.2324 In addition, two signals, one at § 152.5
and the other at 6 153.4 ppm that are related to -NHCOO- were found, which
could be attributed to the -NHCOO- formed by reaction of MDI with 1,4-buta-
nediol and with e-caprolactone, respectively. The Ly(HS) was calculated from the
ratio of the integral of the aromatic carbon signal from the MDI connected to 1,4~
butanediol (r, Fig. 2) and that of the aromatic carbon signa from the MDI con-
nected to e-caprolactone (r’, Fig. 2). The synthesized TPUSs showed that the
average hard segment lengths increased from 1.2 to 14.4 MDI-BD units with in-
creasing HS content. According to the obtained results, 13C-NMR analysis pro-
vides a relatively simple and reliable method to determine the microstructure of
TPUS copolymers.

The results of the intrinsic viscosity, [ 77], measurements of the polyurethanes
are presented in Table I. The intrinsic viscosities values were between 0.50 and
0.83 dL g. Increasing content of hard segments in the copolymer, i.e., a de-
crease in the flexibility of the copolymer chains, led to an increase of theintrinsic
viscosity.
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Fig. 2. Comparison of quantitative 13C-NMR spectra of the polyurethane copolymersin the
aromatic region showing the splitting for the non-protonated carbons.

Sequence length distribution of the TPUSs

In this study, the hard-segment length distribution in the obtained polyure-
thane copolymers was analyzed according to the Peebles statistical procedure,30
assuming that the polyurethanes were formed by polyaddition reaction without
side reactions and under stoichiometric conditions, and with the relative reac-
tivity of the MDI groups x = 1. The calculated hard-segment length distributions
are presented as weight and mole fraction distributions. Plots of the two distri-
bution functions for several reaction mixture compositions are shown in Fig. 3.
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Fig. 3. Number fraction distribu-

: oo ST tion curve (a) and weight fraction

t T T . T . T T 1 distribution curve (b) of the hard

0 5 1015 20 25 30 35 40 segment length for the TPUS co-
Number BD units in HS segment polymers.

The distribution of the sequence lengths, as was previously reported,30 fol-
lowed the most probable form:

R=Cy(1-p)° P
where P; is the concentration of sequence lengths that contain exactly i extenders
(BD) and i+1 MDI units, Cq istheinitial concentration of BD.

The weight fraction distributions were calculated from the weight fraction of
MDI residues containing BD units, (i+1) P; / A1, and the weight fraction of the
internal diisocyanate units X;iNY/A; both normalized to the initial concentration
of MDI, Aq.
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NOVEL URETHANE-SILOXANE COPOLYMERS 1713

It can be seen that on a number basis there were more lone MDI units than
any other HS units regardless of the copolymer composition. The weight fraction
distribution shows that the most probable segment length increased from 2 to 26
with increasing hard segment content from 9 to 63 mass %. The average segment
length was below 5 for the copolymers with a hard segment content of less than
40 mass %. The content of one MDI unit in the copolymer chains was reduced
with increasing hard segment content. In addition, the polydispersity of the HS
distribution increased with increasing hard-segment content. Higher contents of
hard segments introduce longer sequence lengths into the polymer chains, which
would promote microphase separation.

WAXS Analysis of the TPUSs

The information on the crystalline structure of the synthesized copolymers
was obtained from WAXS measurements. The diffraction diagrams for the poly-
urethanes are shown in Fig. 4, from which it can be seen that all the TPUSs dis-
played three crystalline peaks at 26 values of 21.31-21.66, 22.06-22.30 and
22.99-23.98°. The X-ray diffraction pattern of the a,w-dihydroxy-(PCL-PDMS-
-PCL) prepolymer displayed an amorphous halo from the PDMS block and three
peaks at 26 values of 21.21, 21.85 and 23.56°, which originated from the PCL
blocks. For poly(e-caprolactone), PCL, the presence of only one crystalline sys-
tem, ortho-rhombic, was reported.3! Based on the combined X-ray and electron
diffraction data, the unit cell of poly(MDI-BD) is triclinic with dimensions a =
=533A,b=526A,c=38.68A, a=113.6°, B=116.0°, y=94.4°.32

I,____,M TPUS-9

_,_,.__/JUL‘ TPUS-13

__,___—J\k TPUS-17

__,__,.,s._—/-ﬂ\i\‘ TPUS-21

____,,___..-J\J\ TPUS-30

__,_,_._._.r‘J‘V\\_ TPUS-40

RTINS TPUS-50

B o N TPUS-60
T T T ’ T T T T 1 Fig. 4. X-Ray diffraction pat-
10 20 30 40 50 terns of the synthesized poly-

20/° urethane copolymers.

From the X-ray data and the peak positions in the diffractograms of the a,w-
-dihydroxy-(PCL-PDMS-PCL) prepolymer and TPUS copolymers, it may be
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1714 PERGAL et al.

stated that the soft PCL-PDMS-PCL segments in the TPUSs formed a crystalline
structure. Thisis due to crystallization resulting from the PCL component in the
soft segments. The diffractograms of the TPUSs were very similar to the diffrac-
togram of the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer and the main peaks
occurred at almost the same 26 values. Shifts in the peaks positions were ob-
served for every copolymer, which could be attributed to deformations of the unit
cell due to constraints imposed by the segmented structure and strong hydrogen
bonds. In addition, it is visible that with increasing content of hard segments in
the polymers, the areas of the crystalline peaks were reduced compared to the
peaks from the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer. The X-ray dif-
fraction patterns of the TPUS-30, TPUS-40, TPUS-50 and TPUS-60 samples
displayed additional, not very sharp, peaks at 20 19.39 and 25.24°.7 These peaks
positions were reported in the literature for MDI-BD crystalinity. In al the
TPUS diffractograms, an amorphous halo at 26 12° due to the presence of the
PDMS blocks was also observed. The behavior clearly demonstrates that the
PDMS blocks formed a completely separated phase in the copolymers at room
temperature.

The WAXS analyses confirmed that the hard MDI-BD segments partialy
contributed to the total degree of crystalinity of the TPUS samples with a hard
segment content between 20 and 63 mass %. It can be concluded that the average
degree of polymerization from 3.8 to 14.4 MDI-BD units were effective segment
lengths for the formation of crystalline hard segments. The degrees of crystal-
linity, X,\WAXS, of the polyurethanes were in the range from 17 to 40 % (Table 1),
while the degree of crystallinity of the a,w-dihydroxy-(PCL-PDMS-PCL) prepo-
lymer was 57 %. The value of degree of crystallinity of the HS tended to increase
with increasing content of the hard segment length while the value of degree of
crystalinity of the PCL-segments tended to decrease with increasing content and
average degree of polymerization of HS (Fig. 5). The fact that the WAXS degree
of crystallinity decreased with increasing weight fraction of MDI-BD hard seg-
ments in TPUSs was confirmed by the results of DSC analysis (to be published
elsawhere). The total degree of crystallinity for TPUS-60, calculated from the
DSC results, was the lowest in the series of copolymers and was around 30 %,
from which it can be concluded that the presence of the hard segments probably
disturbed the crystal growth of the PCL-segments. The synthesized TPUSs that
consisted of crystallizable hard MDI-BD and soft PCL-PDMS-PCL segments
were double crystalline copolymers.

A decrease in the crystalinity of segmented polyurethanes was previously
reported for copolymers with different segment lengths of PCL,3334 but a sys-
tematic verification of the influence of the polyurethane hard segment length on
the morphology of the PCL-block was not addressed. In a general way, the ob-
served decrease in the degree of crystallinity of the PCL phase with increasing
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urethane content in the copolymers can be explained in terms of the restrictions
introduced by the covalent linkages and, more importantly, by the presence of
strong interchain interactions through hydrogen bonding.3%:36
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Fig. 5. Change in the degree of crystallinity of the PCL and hard segments determined by
WAXS, as afunction of the average degree of polymerization, L,,, of the hard segments.

TG analysis of the TPUSs

The thermal stability and degradation behavior of the synthesized polyure-
thanes were investigated by thermogravimetric analysis under a nitrogen atmo-
sphere. The TG curves for the TPUSs with different contents of hard segmentsin
the integral and differential form are shown in Figs. 6a and 6b, respectively. The
characteristic temperatures for weight losses of 5 %, 50 % and 90 % as well as
the residual weight at 600 °C are considered. The obtained results are given in
Table 1. The Tso, value is considered to represent the beginning of degradation.

The degradation of the copolymers commenced between 281 and 316 °C.
From these data, it could be concluded that the thermal stability of the synthe-
sized TPUSs depended strongly on the concentration of the urethane groups and
decreased with increasing hard segment content in the copolymers. In addition,
the temperature of 50 % weight loss in the TPUS series decreased with in-
creasing content of hard segments. The thermally weakest link in polyurethane
copolymers is the urethane bond, which starts to dissociate at around 200 °C.
Three mechanisms of decompositions of urethane bonds have been suggested and
the reactions may proceed simultaneously: dissociation to the original polyol and
isocyanate, formation of a primary amine, an alkene, and carbon dioxide, and for-
mation of a secondary amine and carbon dioxide.3”
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Fig. 6. TG and DTG curves for the polyurethane copolymers recorded at a
heating rate of 10 °C under a nitrogen atmosphere.

The shapes of the weight loss curves of all the synthesized TPUSs were
similar and overall differences in thermal stability appeared when the hard seg-
ment content increased. The thermal degradation of the synthesized TPUSs was a
three-step process under a nitrogen atmosphere (Fig. 6b). The thermal degrada-
tion of the copolymers commenced via the decomposition of the urethane bonds,
followed by degradation of the soft segments. Further decomposition in the re-
gion between 500 and 600 °C correlates with the aromatic content in the poly-
urethanes.37:38 The obtained results indicated that TPUSs based on PCL-PDMS-
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-PCL are sufficiently stable to be melt processed, for example, by injection mold-
ing and extrusion.

Table Il. Thermal stability of the synthesized TPUSs under a nitrogen atmosphere

tse  tsoe  toowe tmax Residual weight
Sample °C  °C °C °C at 600 °C, %
TPUS9 316 391 536 319/379/397/514 6.8
TPUS-13 306 391 548 310/376/391/515 76
TPUS-17 208 384 -  316/375/395/490 10.7
TPUS-21 301 394 538 316/374/399/525 6.8
TPUS-30 208 391 538 317/379/404/519 5.4
TPUS-40 286 386 555  313/383/538 6.3
TPUS-50 283 381 585  314/382/538 87
TPUS-60 281 367 555  318/382/538 48
a,o-dihydroxy-(PCL-PDMS-PCL) 258 364 520 280/345/397/490 7.4

The residua weights of the TPUS samples at 600 °C ranged from 4.8 to 10.7 %
(Table 11). The residual weight originated mainly from the “organic”-fraction
(MDI-BD and PCL), while the poly(dimethylsiloxane) chains under a nitrogen
atmosphere degraded by depolymerization, giving cyclosiloxanes as the degra-
dation products.39

It could be concluded that introduction of siloxane prepolymer with terminal
PCL sequences enhanced the thermal stability in comparison with TPUs based on
poly(caprolactone)-b-poly(tetrahydrofuran)-b-poly(caprolactone)  diol  (PCL-
-PTHF-PCL).40

Mor phological investigation of the TPUSs by SEM

The “air* surface of the obtained films was investigated by SEM to observe
any possible superstructure. The SEM microphotographs of the synthesized
TPUSs and the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer are shown in Fig.
7. The SEM microphotograph of a,w-dihydroxy-(PCL-PDMS-PCL) exhibited a
spherulitic structure typical for a semicrystalline polymer. The SEM microphoto-
graphs of the polyurethane films displayed a distinct spherulitic-like structure.
There was a significant difference in the morphology between the copolymers
with 9-20 and 3063 mass % hard segments. For this reason, microphotographs
of TPUSs at different magnifications are shown in Fig. 7.

The polyurethane samples with a hard segment content below 30 mass %
showed a spherulite-like structure that is believed to arise from the crystallization
of the PCL segments only, which was aso suggested by the WAXS results. The
mean size of the PCL crystalline superstructures in the prepolymer was 125 pm,
while in the polyurethanes with a hard segment content below 30 mass %, it was
in the range 46 — 64 um. With increasing hard segment content, an enhancement
in the crystallinity of the hard domains was evidenced. Due to this, at hard seg-
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1718 PERGAL et al.

ment contents above 30 mass %, the visible ball-like structure probably arose
from crystallization of both hard and PCL segments, which could lead to sphe-
rulitic structures. The interconnection of the crystallites, visible in SEM the mic-
rographs, was most likely the consequence of the increasing length of the hard
MDI-BD segments (Fig. 7). The main size of these crystalline superstructures in
the TPUSs with more than 30 mass % hard segment was in the range 1 — 14 um.
The lack of crystalline fibrilar growth in these structures might be due to non-
uniformity of the hard segment lengths in the mentioned samples, thereby im-
peding longer range ordering, but thisis only a supposition.41

o L

TPUS-50

Fig. 7. SEM Microphotographs of the air surface of films of the polyurethanes and
the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.

In addition, Fig. 8 shows the cross-sectional morphologies of polyurethane
copolymers with different HS contents. In addition, it could be seen that the
TPUSs show a unique structure with spherulitic-like structure in the longitudinal
cross-section.#2 The average spherulite sizes in the TPUS copolymers were 2—4
um. The spherulites of a,w-dihydroxy-(PCL-PDMS-PCL) were 136 um in size.
The smaller size of the spherulites in the copolymer than in prepolymer can be
explained by the introduction of the urethane block in polymer chains that res-
tricts crystallization of the PCL-segments.

Water contact angle of the TPUSs

Specia attention was focused on the wettability of the polyurethane surface,
evaluated by water contact angle measurements (WCA). A water contact angle of
90° or more indicates a non-wetting surface. The relationship between the water
contact angle and hard segment content is shownin Fig. 9, from which it can be seen
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Fig. 8. SEM Microphotographs of the cross-section of films of the polyurethanes and
the a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.
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that the value of the WCA for the TPUSs increased from 78.9 to 99.8° with in-
creasing content of PDMS in the copolymers. The wettability of the copolymers
decreased, i.e., the hydrophobicity increased, with increasing weight fraction of
PDMS. The water absorption rates of the TPUS samples, WCA1g, were measured
after 10 min of the deposition of the water drop on the sample surface (Fig. 9),
indicating that polyurethanes with higher HS contents absorbed the water drop
more rapidly, decreasing their original values by 9.6 for TPUS-9 and 17.7 for
TPUS-60. Thus, the polyurethanes with higher PDM S contents are more hydro-
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phobic. The obtained results may be ascribed to the migration tendency of PDMS
to the surface of the TPUSs, caused by the very low surface energy of PDMS.26
The water contact angles for the TPUS-40, TPUS-50 and TPUS-60 samples were
comparable with the contact angles of TPUs used in commercial implantable
devices (75-80°) and culture grade polystyrene (80-85°).43

Water absorption of the TPUSs

Water uptake for the TPUS samplesin PBS at 37 °C as a function of timeis
shown in Fig. 10. The obtained results showed that water absorption increased
dlightly with increasing immersion times. The water uptake of the TPUS samples
after 24 h was between 1.42 and 2.90 %, while it was 1.50 % for the prepolymer.
The value of the water uptake for the TPUSs increased with decreasing content
of PDMS in the copolymers. This occurred because PDMS in copolymer formed
a hydrophobic surface, which caused the reduction in the water uptake of TPUSs.
All the synthesized TPUSs absorbed water. However, in comparison with poly-
urethanes based on more hydrophilic polyols reported by other authors## the
synthesized TPUSs were considered rather hydrophobic due to the hydrophobic
nature of the PDM S and poly(e-caprolactone). Therefore, polyurethanes based on
PDMS with its potent water resistant properties demonstrated a great promise for
use as medical implant.11
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Fig. 10. Water absorption in dependence of the immersion time of the synthesized
polyurethanes and a,w-dihydroxy-(PCL-PDMS-PCL) prepolymer.

CONCLUSIONS

In order to investigate the influence of the hard segment length, i.e., the
average degree of polymerization, L,, (MDI-BD) on the properties of TPUSs,
novel thermoplastic siloxane-urethane copolymers based on biocompatible PCL -
-PDMS-PCL as soft segments with varying contents of hard segments were syn-
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thesized. The weight fractions of the hard segments in the TPUS copolymers
were in the range from 9 to 63 mass % and the average degree of polymerization
of the hard segments varied between 1.2 and 14.4 MDI-BD units and was lower
compared to the statistically calculated values. The increase in the HS degree of
polymerization with hard segment content indicated that the chain-extension step
in the synthesis of TPUSs was successful. The degree of crystallinity calculated
from WAXS data was in the range from 17 to 40 %. The TPUS series represents
a class of crystaline-crystalline block copolymers that consist of crystallizable
hard and soft segments. Due to the increase in the degree of polymerization of
the hard MDI-BD segments, the degree of crystallinity of the HS increased. It
was found that an average number between 3.8 and 14.4 repeating MDI-BD units
were effective segment lengths for a crystalline hard segment to be formed. As
the HS content increased, there was a marked decrease in SS crystallinity. SEM
images confirmed the presence of a spherulitic morphology, which arises from
the crystallization of the hard segments and/or PCL segments depending on the
content of the hard segments. The surface of the copolymers became more
hydrophabic with increasing weight fraction of PDMS. The obtained results indi-
cated that TPUSs based on soft PCL-PDMS-PCL segments are sufficiently stable
to be melt processed, for example, by injection molding and extrusion. The syn-
thesized TPUSs thus combine chemical, thermal, surface and morphological pro-
perties that might be employed in future biomedical applications.
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U3BOJI

YTULAJ CAJIPXKAJA TBPIOT' CETMEHTA HA CBOJCTBA HOBUX YPETAH-
-CHJIOKCAHCKUX KOTIOJIMMEPA HA BA3U ITOJIN(e-KATIPOJIAKTOH)-b-
-TTOJIN(IUMETUJIICUIIOKCAH)-b-TTOJIN (e KATIPOJTAKTOHA)

MAPHJA B. [TIEPTAJTY, BECHA B. AHTURZ, CAIbA OCTOJUR®, MUJIEHA MAPUHOBU R-LIUHIIOBUR?
1 JACHA BOHJIATUR®

! Lenitiap 3a xemujy, MHCuiny i 3a xemujy, fiexHoa0Zujy u meiianypujy, Yuusepauiteiti y beozpady, Ciiyoeniticku
iwpz 12—16, Beozpad, *Momoiipuspednu axyaitiei, Yuusepauitiei y Beozpady, Hemarouna 6, beozpad, * Huciiuiiyit
3a oty u usuuky xemujy, CitiyOeniticku imipz 12—16, Beozpad, *Uncitiuiliy i 3a nykaeapre nayke Bunua, i.iip. 522,

Beozpad u’ Texnonowxo—memianyuxu daxyaiieiss, Ynusepsuiie y beozpady, Kapnezujesa 4, Beozpad

VYV 0BOM pajy MpHKa3zaHa je CTPYKTypa M HEKa CBOjCTBA CEpHje HOBHX TEPMOIUIACTHYHUX
yperaH—cuiiokcanckux koronumepa (TPUSS) Ha 6a3u a,@-1uxuapokcu-[monu(e-KanpoaakToH)-b-
-MoNU(IMMETHIICHITOKCaH)-Dmonu(e-kanponakron)] Tpubiaok koromumepa (o,w-auxuapokcu-PCL-
-PDMS-PCL), 4,4 -metunenaudennnaunsonujanara (MDI) u 1,4-6Gyrananona (BD). Ucnuran je
yTHIA] CajipKaja ypeTaHcKor TBpaor cermenTa (9-63 mMac. %) u meroBe JyKHHE, Tj. CTEMEHA MO~
nuMepu3anyje, upaxene npexo 6poja MDI-BD ocraraka, Ha cBojcTBa cerMeHTHpaHux 1PUSS.
CTpyKTypa, CacTaB M CTEIEH MOTMMepH3alije TBPIOr CErMeHTa cy ucnurany nomohy H- u ksan-
turatusae 3C-NMR crnekrpockonuje. CTeneH KpHCTATMHAYHOCTH KOIOIMMepa je oapehen mero-
nom audpakimje X-3paka Ha BenukuM yriosuma (WAXS). TToBpiuMHCKa CBOjCTBA KOMOJIHMEPa Cy
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1722 PERGAL et al.

WCIHTaHa oApehBameM KOHTaKTHHX YTJIOBa Ca BOJOM H MEPCH-EM arcopmiuje Boae. Y cepuju
KONoJIMMepa Oy KHHa TBPJOT CETMEHTa M3paykeHa mpeko 0poja nmoHaesbajyhux MDI-BD jeauanma
je Bapupana oz 1,2 1o 14,4. VtBpheno je na tBpau cermentu ca 3,8 no 14,4 nonasspajyhux MDI-BD
jenuHuIa ehUKACHO KPHCTAIHILY, IITO je Pe3yJToBalo y noBehiamy cTerneHa MukpodasHe cenapa-
yje kononumepa. SEM ananmsa je mokasana npucycTBO chepyInTHE CTPYKTYpe Y KONOIUMEPHHM
¢GunMoBHMMa, Koja HajBEpOBATHHUjE MOTHYE O] Kpuctanusauuje TBpaux u/mwmm PCL cermenara, 3a-
BHCHO OJI CaJipikaja TBPAMX cerMeHaTa. XuApo(pOoOHOCT MOBPIIMHE KOMOJIMMEpa je paciia ca ImoBe-
hamem macenor yaena PDMS-a y oxmroBapajyhiem y3opky. CHHTETHCAHH HONUypeTaHH Ha Oa3u
PCL-PDMS-PCL mnoxka3zyjy noBehame Tepmuuke crabmiHocTH ca noBehamem cagpikaja mekux PDMS
CerMeHara, IITo je MOTBpH)EeHO MopacToM MOoYeTHE TeMiieparype aerpanaimje, onpehene TG ananmuzom.
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