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Abstract: A series of novel polyurethane crosslinked structures (PUs) was
prepared from «,c-dihydroxy-(ethylene oxide—poly(dimethylsiloxane)—ethyl-
ene oxide) (EO-PDMS-EO), 4,4’ -methylenediphenyl diisocyanate and Bol-
torn® hyperbranched polyester of the third pseudo generation. The hydroxy-
functional hyperbranched aliphatic polyester with 26 end groups was used as a
crosslinking agent. In order to improve the compatibility of al the reactants
during the synthesis, the PU samples were prepared by two-stage, step-growth
polymerization in solution. The content of the soft EO-PDMS-EO segments
was varied in the range from 15 to 40 wt. %. The influence of the EOPDMS-EO
content on the swelling behavior, crosslink density, hardness, and the thermal
and surface properties of the synthesized PUs was investigated. The structure
of the synthesized polyurethanes was confirmed by the presence of specific
bands in the Fourier transform infrared spectra. Swelling studies were per-
formed to determine the crosslink density and polyurethane networks with
lower EO-PDMS-EO contents had higher crosslink densities. The glass transi-
tion temperature of the synthesized PUs, determined by differential scanning
caorimetry, dightly increased from 50 to 58 °C on decreasing the EO-PDMS-EO
content because of the higher crosslink density of the samples. Increasing the
EO-PDMS-EO content led to better thermal stability, as was evidenced by the
onset temperature of weight loss. The surface of the polyurethane networks
became more hydrophobic with increasing EO-PDMS-EO content. The sur-
face morphology of synthesized polyurethanes was analyzed by scanning elec-
tron microscopy.
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INTRODUCTION

Polyurethanes (PUs) based on hyperbranched polyesters (HBPs) have at-
tracted great attention due to their excellent mechanical properties and good bio-
compatibility. Additionaly, the presence of a large number of end functional
groups in HBPs, good compatibility with different materials, the presence of
nanoscal e cavities within the structure of HBPs contribute to the unique physical
and chemical properties of polyurethane networks.1.2 Potential applications of
polyurethanes based on HBPs in the fields of coatings, drug delivery, membranes
and nanomaterials have been reported.1~4 Generally, PU networks are prepared
using urethane prepolymers combined with crosslinkers having a functionality of
three or more.> The HBPs which have a large number of end hydroxyl groups
can react with the isocyanate groups of the urethane prepolymer and form net-
works.6 In addition, they contain a large number of ester groups, which could
create H-bonds with the carbonyl and amine groups of adjacent chains in the
polyurethane networks. The properties of PU networks depend especially on the
composition and chemical structure of all components, on the molecular weight
of the soft segments and particularly on the nature of the employed crosslinking
agent.”

The introduction of poly(dimethylsiloxane) (PDMS) into the polymer chains
has the advantage of imparting some of the attractive properties of PDMS to
polyurethanes, such as high flexibility, biocompatibility, excellent thermal, oxi-
dative and hydrolytic stability, and low surface energy.8-11 Combinations of
polyurethanes and poly(dimethylsiloxane)s has attracted special attention due to
the good thermal stability and high flexibility at low temperatures given by the
PDMS part and the enhanced mechanical strength and abrasion characteristics
conveyed by the polyurethane. However, PDMS has a low surface energy and a
low value of the solubility parameter, which result in incompatibility of PDMS
with other polymers. In order to overcome this, a mixture of macrodiols or a
special type of macrodiols was used in order to increase the compatibility of the
reactants and, therefore, to achieve better mechanical properties.12-17

Recently some papers dealing with the use of hyperbranched polymers for
the synthesis of PU crosslinked structures have been published. Czech et al. and
Okrasa et al.18:19 synthesized polyurethane networks using Boltorn® HBP of the
fourth pseudo generation polyethers or polyesters and 4,4’ -methylenediphenyl di-
isocyanate (MDI) or 4,4 -methylenedicyclohexyl diisocyanate. Cao and Liu20
prepared a series of novel hyperbranched polyurethanes using a second pseudo
generation hyperbranched polyester as the crosslinker and investigated the phase
transition behavior and the morphology of the products. Maji and Bhowmick2l
used Boltorn® HBPs of the second, third and fourth pseudo generations for the
preparation of PUs. Moreover, the results of a study?2 are available on poly(ure-
thane-siloxane) networks based on isophorone diisocyanate, a,w-dihydroxybu-
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NOVEL POLY (URETHANE-SILOXANE) NETWORKS 921

tyl-poly(dimethylsiloxane) and a hybrid diol containing hydrolysable S—OCoH5
groups besides OH groups in which crosslinked structure was formed by silica
domains. However, to the best of our knowledge, PDMS macrodiols have not
been used for the preparation of poly(urethane—siloxane) crosslinked structures
based on Boltorn® HBP of the third pseudo generation. Polyurethane networks
prepared from this specific combination of reactants enables the exploitation of
their good features and simultaneoudly introduces good thermal and surface
properties, swelling ability, rubber elasticity and other properties which are im-
portant for different applications, especially for coatings.

In the work presented herein, a series of novel polyurethane crosslinked
structures based on ethylene oxide—poly(dimethylsiloxane)—ethylene oxide (EO—
—PDMS-EQO) as soft segments and 4,4’-methylenediphenyl diisocyanate and
hyperbranched polyester of the third pseudo generation (BH-30) as components
of the hard segments was prepared. In the synthesis of PU networks, the ethylene
oxide blocks served as compatibilizers between the non-polar PDM S prepolymer
and the polar MDI and BH-30. In addition, in order to improve the compatibility
of all reactants during the synthesis, PU samples were prepared by two-step, step-
growth polymerization in solution. The EO—-PDM S-EO content was varied in the
range from 15 to 40 wt. %. The influence of the EO-PDMS-EO content on the
swelling behavior, hardness, and the thermal and surface properties of the syn-
thesized PU samples were investigated.

EXPERIMENTAL

Materials

a,w-Dihydroxy-(ethylene oxide—poly(dimethylsiloxane)—ethylene oxide) (a,w-dihyd-
roxy-(EO-PDMS-EQ)), supplied by ABCR, (M,, = 1000 g mol-1) was dried over molecular
sieves (0.4 nm) before use. The number-average molecular weight (M,,) determined by 1H-
-NMR spectroscopy,2® was 1200 g mol-1 and this value was used in the calculations of the
compositions of the reaction mixtures for the synthesis of the polyurethanes. The molecular
weight of the central PDMS-block was 1090 g mol-1, whereas the terminal ethylene oxide
sequences consisted of one unit. 4,4’ -Methylenediphenyl diisocyanate (MDI) (supplied by
Aldrich) with an isocyanate content of 33.6 wt. %, was used as received. Commercialy
available Boltorn® hydroxy-functional aliphatic hyperbranched polyester of the third pseudo
generation (BH-30) was kindly supplied by Perstorp Specialty Chemicals AB (Sweden) and
dried at 50 °C under vacuum for 48 h prior to use. The aiphatic hyperbranched polyester is
based on 2,2-bis(hydroxymethyl)propionic acid as the monomer and tetrafunctional etho-
xylated pentaerythrytol as the core.2* For the exact calculation of the amounts of all com-
ponents necessary for the synthesis of polyurethanes, the value of the molecular weight
determined by vapor pressure osmometry (M= 3080 g mol-1) and hydroxyl number of BH-30
determined by the titration method (HN = 474.1 mg KOH g'1) were used.?> Consequently, the
exact functionality, f,,, of the used BH-30 was calculated (f,, = 26). The solvent N-methylpyr-
rolidone (NMP), supplied by Across, was dried over calcium hydride and distilled before use.
Tetrahydrofuran (THF), supplied by J. T. Baker, was refluxed with lithium aluminum hydride
and distilled before use. Toluene (from Lach-Ner) was used as received. The catalyst was
stannous octanoate (Sn(Oct),), supplied by Aldrich.
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Synthesis of the polyurethanes

A series of polyurethanes was synthesized by two-stage, catalyzed step-growth poly-
merization in solution using a,w-dihydroxy-(ethylene oxide—poly(dimethylsiloxane)—ethylene
oxide) macrodiol, 4,4 -methylenediphenyl diisocyanate and a hyperbranched aliphatic poly-
ester as the crosslinking agent. This series consisted of four samples (PU3-40, PU3-30, PU3-
-20 and PU3-15) of different EO-PDMS-EO contents. The last two numbers in the design-
ation of the synthesized samples represent the weight percent of EO-PDMS-EO in the reac-
tants. The mixture of solvents NMP/THF was used as the reaction medium. This solvent mix-
ture and the used ratio (NMP/THF, 7/1 v/v) were found to be the best choice for the synthesis
of the investigated PUs. The molar ratio of the reactive -NCO and —OH groups (from HBP
and a,w-dihydroxy-(EO-PDMS-EQ)) for all samples was kept at a constant value of 1.05.16
The amount of the catalyst was 0.15 mol % Sn(Oct),, based on o,w-dihydroxy-(EO—-PDMS-
—F0).16 The composition of the synthesized PUs and weight of the reactants used for the
synthesis of the PUs are presented in Table I. As an example, the synthesis of a PU network
based on BH-30 with 40 wt. % soft EO-PDMS-EO segments (PU3-40 sample, Table 1) is
described.

TABLE I. Composition of the synthesized PUs and weight of reactants used for their pre-
paration

Content of soft EO-PDMS-EO segment EO-PDMS-EO BH-30 MDI

Sample Wt %62 g g g

PU3-40 40 5.000 3.040 4.463
PU3-30 30 4.000 4013 5321
PU3-20 20 3.000 5382 6.619
PU3-15 15 2.500 6.461  7.707

8Soft segment content = [M(EO—PDM S—EQ)/(m(MDI) + m(BH-30) + m(EO—PDM S-EQ))]x100

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 5.000 g (4.167 mmol) of
a,w-dihydroxy-(EO-PDMS-EO), 4.463 g (17.85 mmol) of 4,4’ -methylenediphenyl diisocya-
nate, 35 mL of NMP and 5 mL of THF. The flask was heated to 40 °C in a silicone oil bath
and the reaction started by the introduction of 0.41 mL of a solution of stannous octanoate in
NMP. The reaction mixture was stirred for 30 min at 40 °C to prepare the NCO-terminated
prepolymer, which was considered to be obtained when the theoretical -NCO content (4.94
wt. %) was attained.1® The content of -NCO groups during the reaction was determined using
the dibutylamine back titration method.28 In the second stage of reaction, 3.040 g (0.9870
mmol) of hyperbranched polyester was dissolved in 26 mL NMP and added drop-wise into the
NCO-terminated prepolymer solution, and the reaction was continued at 40 °C for 1 h. The
obtained mixture was then cast into glass dish, previously lubricated with a very small amount
of silicone ail. The crosslinking reaction was continued in a force-draft oven at 50 °C for 50 h
and 1 h at 110 °C and finally 10 h at 50 °C in a vacuum oven at 0.5 mm Hg. The polyurethane
samples were obtained as yellow films (thickness of about 2 mm). The films were kept in a
desiccator. Samples were maintained at room temperature for about two weeks before
characterization.
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Characterization of the polyurethanes

The FTIR spectra of the PUs were recorded on an ATR NICOLET 380 spectrometer.
The scanning range was from 400 to 4000 cm® at a resolution of 4 cm! and 64 scans were
collected for each sample.

Swelling measurements were performed on rectangular-shaped specimens, with dimen-
sion of 1.2x2.1x0.20 cm? (weighing approximately 0.20 g), by immersion of the samples in
toluene for 48 h and in THF for 24 h a room temperature. The applied duration of the
swelling measurements in both solvents was chosen because this was sufficient to achieve
equilibrium swelling of the examined PUs, which was previously confirmed by separate pe-
riodical measurements of the weight of swollen samples until a constant mass was obtained.
After swelling, the swollen samples were dried in vacuum oven at 0.5 mm Hg and 50 °C to
remove the absorbed solvent and the weight of the deswollen specimens was measured. Data
from three different specimens of each PU sample were averaged. Values of the equilibrium
degree of swelling, qe, were calculated using conventional gravimetric method and the following
equation:;

=% 1)
Wo

O =

where, wy and w are the sample weights before and after swelling, respectively.
The crosdlink density, v, of the PUs was calculated according to the Flory—Rehner
Equation: 27

In(1-Vpy ) +Vpy + Vi

V=
Vs (VP% - \k;Uj

)

where, y is the interaction parameter between the solvent (THF) and polymer, which is equal
t0 0.34,28 \ is the molar volume of THF (81.7 cm? mol-1)28 and Vpy is the volume fraction of
the crossinked polymer in the swollen specimen, which was calculated from the density of
the PUs (ppy from 1.065 g cm for PU3-15 to 1.149 g cm3 for PU3-40), the density of THF
(ps = 0.889 g cm3),2% and the weights of the swollen and deswollen PU samples.2”

Differential scanning calorimetry (DSC) measurements were realized using a DSC
Q1000Vv9.0 Build 275 thermal analyzer. The samples were analyzed under a nitrogen atmo-
sphere from —90 to 230 °C, at a heating and cooling rate of 10 °C min. The glass transition
temperatures (Tg) of the PU networks were determined from the second heating run as an
average of three measurements.

Thermogravimetric analysis (TGA) was performed using a TGA Q500 V6.3 Build 189
instrument under dynamic nitrogen, in the temperature range from 25 to 700 °C. The gas flow
rate was 50 cm® min'! and the heating rate was 10 °C min'l. The weight of the samples was
approximately 10 mg.

Wide angle X-ray scattering (WAXS) was performed using a PW1710 diffractometer
with CuK,, radiation employing a copper anode (tube: 40 kV, 30 mA, A4 = 0.154178 nm). The
diffraction patterns were obtained in the Bragg angle range of 5-50°. The scan speed was 0.02
s per step in al measurements.

The hardness measurements were performed using a Shore A apparatus (Hildebrand,
Germany) on polymer films. The results of the measurements were registered one second after
penetration of the needle into the sample. The average of at least five measurements was used.
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The surface morphology of the PU samples was analyzed by field emission scanning
electron microscopy (SEM). The samples were adhered to aluminum sample holders and sput-
ter coated with Au layer. The microphotographs of the PUs were obtained using a JEOL JSM-
-6610 instrument at a working distance of ca. 14 mm and an accelerating voltage of 20 or 30 kV.

Water contact angle measurements of the PU samples were performed on a Kriss
DSA100 instrument using the sessile drop method. Single 20-uL drops of distilled water were
deposited on the surface of the polymer films and the contact angles were measured after 30 s,
at atemperature of 26 °C. In all cases, at least five measurements were made, and the average
contact angle was then calculated.

RESULTS AND DISCUSSION

A series of novel polyurethanes with crosslinked structure based on a,w-di-
hydroxy-(ethylene oxide—poly(dimethylsiloxane)—ethylene oxide), 4,4 -methyl-
enedipheny! diisocyanate and Boltorn® hyperbranched polyester of the third
pseudo generation was synthesized by two-stage, step-growth polymerization in
solution. During the synthesis of all samples, the total molar ratio of -NCO and
—OH groups (from HBP and a,w-dihydroxy-(EO-PDMS-EQ)) was kept cons-
tant. The chemical structures of a,»-dihydroxy-(EO-PDMS-EO), MDI and the
hyperbranched polyester of the third pseudo generation (BH-30) are shown in
Fig. 1. The results obtained in a previous work showed that polymerization in the
melt and incompatibility of the non-polar EO—-PDMS-EO with polar reactants,
i.e., hyperbranched polyester of the second pseudo generation and MDI, led to
the formation of heterogeneous PU networks.30 Therefore, in this work a two-
step, step-growth polymerization in solution was applied to improve the compati-
bility between reactants during the synthesis of the PU networks, using the mix-
ture NMP/THF as the reaction medium. In the first stage of reaction, the NCO-
terminated prepolymer was synthesized in an argon atmosphere by reacting hyd-
roxy-terminated EO-PDMS-EO prepolymer with MDI until the theoretical
—NCO content of 4.94 wt. % was attained. In the second stage of the reaction, the
NCO-terminated prepolymer was reacted with multifunctional BH-30 as cross-
linker to form the PU network. The EO-PDMS-EO content was varied in the
range from 15 to 40 wt. % (Table I). Thus, a different degree of chemical cross-
linking was in a controlled manner brought into the structure of the synthesized
PUs through the hard segments (BH-30 and MDI).

FTIR Spectroscopy of the synthesized polyurethane networks

The structure of the synthesized polyurethanes was verified by FTIR spec-
troscopy. Typical infrared spectra of the hyperbranched polyester BH-30 and the
polyurethane samples are presented in Fig. 2. In FTIR spectrum of the hyper-
branched polyester, hydroxy! groups as a broad absorption band at 3300 cm1
can be observed, while the characteristic peak at 1723 cm1 was ascribed to the
carbony! ester groups. The IR absorption bands characteristic for the ether groups
(1010-1120 cm1), C-O linkage of ester groups (1040-1210 cm1) and -CHo—
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and —CHs groups (2900-3000 cm1) can also be observed in the FTIR spectrum
of BH-30.

o
HO—CH,—CH,—0-{-CH, ?|—o ?L—fcm)—o—cng—cuz—or-u QCN—©—CH2—©—NCQ
3 3
CHs/ CHs
X
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OH
OH oqlk,OH
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Fig. 1. Chemical structures of a,w-dihydroxy-(EO-PDMS-EO), MDI and
the hyperbranched polyester of the third pseudo generation (BH-30).

BH-30
PU3-15
PU3-20
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Fig. 2. FTIR Spectra of the hyperbranched polyester BH-30 and the synthesized polyurethanes.
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In FTIR spectra of the synthesized polyurethane samples, the bands around
3310 cmr! (H-bonded urethane N-H stretch) and 1710 cm1 (H-bonded urethane
C=0) were assigned to the urethane linkage. The amide Il and amide 111 bands
for polyurethanes appeared at 1537 and 1258 cmrL, respectively. The carbonyl
ester groups show a characteristic band at 1725 cm1. The intensive bands at
1016 and 1080 cmL correspond to the Si-O-Si and C-O—C groups. The absorp-
tion band at around 790 cm—1 was ascribed to the Si—CHs linkage. The rest of the
bands at 2961, 2903 and 2875 cm—! were assigned to the presence of symmetric
and asymmetric -CHo>— and —CH3 groups, while the bands at 1597 and 1413 cm1
were assigned to the aromatic C=C. As shown in Fig. 2, none of the samples ex-
hibited an apparent band at 2270 cm1, which means that all the -NCO groups
were consumed during the reaction.

Swelling measurements and hardness of the synthesized polyurethane networks

The swelling behavior of the synthesized PU samples was investigated in
THF and toluene. The values of equilibrium degree of swelling of the PUs deter-
mined in toluene and in THF are summarized in Table I1. The equilibrium swell-
ling degree of samples increased from 0.783 to 1.889 (in THF) and from 0.003 to
0.188 (in toluene) as the EO—PDM S—EO content increased from 15 to 40 wt. %.
Therefore, the equilibrium degree of swelling was found with increasing soft
EO-PDMS-EO content (Fig. 3). The solvent uptake was much higher after im-
mersion of synthesized PUs in THF (Table Il). Although the solubility parame-
ters of THF and toluene are similar,28 the results obtained in this work indicate
that better solvatation of the PU samples was achieved in THF. The reason for
this behavior is the difference in polarity between THF and toluene; hence, the
polar THF can easily diffuse into the PU networks leading to better solvatation of
the PU samplesin THF.

TABLE Il. The equilibrium swelling degree, e, crossink density, v, glass transition tempe-
rature, Ty, and water contact angle of the synthesized PUs

Sample Oe vx10*/ mol cm3 Tajec Water contact
THF Toluene THF 9 angle, °
PU3-40 1.8897+0.0050 0.1876+0.0031 3.76 52.1+0.1 93.9+0.9
PU3-30 1.5884+0.0044 0.1774+0.0020 5.92 57.0£0.2 87.3t1.1
PU3-20 0.8701+0.0040 0.1414+0.0031 17.95 58.2+0.1 86.6+0.8
PU3-15 0.7828+0.0035 0.0031+0.0007 23.11 50.4+0.1 87.0+1.1

@Determined by DSC analysis from the second heating run

Calculation of crosslink density of the synthesized PUs was performed using
the results obtained from equilibrium swelling in THF according to the Flory—
—Rehner Equation.2” These results are shown in Table I1. It can be observed that
the crosdlink density of the PU samples increased with decreasing EO-PDMS-
EO content. Additional crosslinking could have occurred through the formation
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of alophanates, which also would decrease the swelling ability of the PUs in
THF. Thus, for the series of synthesized PUs, the polymers with a higher cross-
link density values are less flexible and hence have alower solvent uptake.

2.00+
I.?S-‘
1.50-‘
I.25-‘

o 1.00

0.75 4

0.50 ~ Toluene
0.25 1

' __+
0/

] T 3 T ¥ T

15 20 25 30 35 40
EO-PDMS-EOQ segment content, wt. %

Fig. 3. Equilibrium degree of swelling, qe, of the synthesized PUs determined in
toluene and in THF vs. the content of EO-PDM S-EO.

The results of hardness measurements show that the hardness of the syn-
thesized polyurethanes increased with decreasing EO—PDMS-EO content, from
83 Shore A to 88 Shore A. The PU samples with lower EO-PDMS-EO content
showed dlightly higher hardness because of the higher crossink density of the
samples.

Thermal properties of the synthesized polyurethane networks

Determination of the glass transition temperature (Tg) of the synthesized
samples was performed using DSC at a heating rate of 10 ° min—L, under a nit-
rogen atmosphere. The DSC curves of the synthesized PU samples obtained
during the first and second heating runs are shown in Fig. 4. The broad endo-
thermic peak around 150 °C, observed in the DSC curves during the first heating
run, corresponds to H-bond interactions in PU samples.2 This peak was absent in
the curve obtained during the second heating run, indicating that the samples
were completely cured. As a result, the Ty values of the polyurethane samples
determined in the second run were higher in comparison with those obtained in
the first run. According to the literature,13 the EO-PDMS-EO prepolymer exhi-
bits two Tgs, at —105 and -8 °C, while the Ty of BH-30is 31 °C.31 The Ty values
of the PUs synthesized in this work, determined during the second heating run,
were in the range from 50 to 58 °C (Table Il). The obtained results show that the
Tg values of these PU samples depended on the hard segment (MDI and BH-30)
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content. As the content of hard segments increased, the values of the Tg also in-
creased, except for the last samplein PU series (sample PU3-15). The increase of
Tg is due to the higher crosslink density of PUs. Crystalization or melt peaks
were not observed for any of the samples.

T T : T T T ) !
-50 0 50 100 150 200
Temperature, "C

Fig. 4. DSC Thermograms of the synthesized polyurethane samples
obtained during the first and second heating run.

The thermal stability of the synthesized PU samples was investigated by
thermogravimetric (TG) analysis at heating rate of 10 °C min—1 under a dynamic
nitrogen atmosphere. The recorded TG curves and the differentid TG (DTG)
curves for selected PU networks presented in Fig. 5, while some characteristic
temperatures of thermal degradation and the temperatures corresponding to the
DTG pesks are listed in Table 111. From the presented results, it can be seen that
weight loss of these PU networks started between 266 and 298 °C, as observed
from the temperature of 15 % mass loss, and the temperature increased with in-
creasing content of EO-PDMS—EO in the PU networks (except for the sample
PU3-40). From Fig. 5 it is not possible to observe any specific trend in the
thermal stability of the synthesized PU network between the temperatures corres-
ponding to 15 and 50 % of weight loss. In the very short temperature range,
between temperatures, which correspond to the 50 and 70 % of weight loss, ther-
mal stability of PU samples increases with increasing crosslink density, which is
in accordance with results given in the literature.20.21 However, at higher tem-
peratures, thermal stability increased with increasing soft segment content. From
the obtained results, it can be concluded that mechanism of the thermal degra-
dation of the synthesized PU samples is very complex and influenced by the soft
EO-PDMS-EO content, i.e., the crosdink density.
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{----PU3-30
-~ PU3-20

Residual weight, %

T T T T T T T T —
100 200 300 400 500 600 700
Temperature, 'C

100 200 300 400 500 600 700
Temperature, °C

Fig. 5. TG and DTG Curves of the synthesized PU samples, determined at
aheating rate of 10 °C min', under a nitrogen atmosphere.

TABLE I1l. Characteristic temperatures of thermal degradation and temperatures of DTG peaks

Sample T15% /°C T50% /°C T70% /°C T95% /°C Tmax /°C

PU3-40 283 333 453 673 292/329/412/548
PU3-30 298 344 439 654 308/318/403/565
PU3-20 285 345 434 635 305/309/404/550
PU3-15 266 337 425 640 305/318/401/561

From the DTG curves presented in Fig. 5 and results listed in Table Ill, it
could be concluded that thermal degradation of the synthesized PU networksis a
four-step process in nitrogen. During the first step of the thermal degradation,
urethane bonds, which are thermally the weakest links in the PU samples, decom-
posed, resulting in the dissociation to the original macrodiol and isocyanate, the
formation of a primary or secondary amine, an alkene and carbon dioxide.32
During the second step of the thermal degradation, the ester components decom-
posed, while PDMS degraded in the third step. Aromatic compounds decom-
posed in the temperature region 500-600 °C (Table I11).

WAXS Analysis of the synthesized polyurethane networks

The X-ray diffractograms of the synthesized PU samples are given in Fig. 6.
All diffractograms contain two amorphous halos at 26 = 12°, arising from the
phase-separated PDM S segments, and at 20 = 20°, arising from the non PDM S
containing segments, i.e., MDI and BH-30.33 This behavior demonstrates that the
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PDMS formed a completely separated phase in the polyurethanes at room tempe-
rature. There was no evidence of any crystallinity from WAXS analysis, which is
consistent with the data obtained by DSC.

PU3-15

PU3-20
PU3-30

PU3-40

3 10 15 20 25 30 35 40 45 50
20/°
Fig. 6. X-Ray diffractograms of the synthesized polyurethane samples.

Investigation of morphology of the synthesized polyurethane networ ks

The surface morphology of PU films was investigated by scanning electron
microscopy (SEM) and the obtained microphotographs of the PU samples are
shown in Fig. 7. It is well known that polyurethanes based on PDMS show the
presence of microphase-separated structures because of the large differences
between solubility parameters of PDMS and the urethane components.33 From
the obtained results, it could be concluded that the surface morphology of the PU
samples based on EO-PDM S-EO and the hyperbranched polyester is quite com-
plex and significantly affected by the content of EO-PDMS-EO and the cross-
link density. The SEM microphotographs showed that the hard domains had
some physical associations/connectivity (hydrogen bonding) with each other, an
effect that is thought to become more pronounced on the surface of the sample
PU3-40. Furthermore, the SEM results of the samples PU3-30 and PU3-15 indi-
cated increased homogeneity of the samples and improved compatibility of all
components (Fig. 7). Therefore, the genera view of the surface revealed a homo-
geneous structure, characteristic of the synthesized crosslinked polymers. The
SEM results of the samples indicated increased phase mixing with increasing
crosslink density of PUs.

The EDX analysis, performed to identify the type of the atoms present in the
polyurethane samples at a depth of 100-1000 nm from the surface,22 confirmed
the presence of all expected elements (C, O, Si and N). The results obtained from
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EDX analysis are displayed in Fig. 8 and tabulated in Table V. It could be no-
ticed that the N-percentage determined by EDX analysis on the surface of samp-
les decreased with increasing EO-PDMS-EO content, i.e., with decreasing ure-
thane content. On the other hand, Si-percentage on the surface of samples in-
creased with increasing of EO-PDM S-EO content. This suggests that thereisin-
creased content of PDMS on the surface of the PU samples, which confirms the
tendency of PDMS to migrate to the surface of PU networks. Additional confir-
mation of this conclusion was obtained from theoretically calculated Si wt. % in
the synthesized samples (from 4.54 for PU3-15 to 12.15 wt. % for PU3-40),
which were smaller than the values experimentally determined by EDX surface
analysis. These results are in agreement with data obtained by water contact angle
measurements of the PU samples.

PU3-40

SEl 20KV x1,000 10pum  —
UB-RGF

k L
SEl 30KV x1,000  10pm  m—
UB-RGF .

Fig. 7. SEM Microphotographs of the air
surface of films of the synthesized polyure-

SEi - 20kV % Yo x1,000  AOum  e—

Ua-ReF Sl thane crosslinked structures.

Water contact angle of the synthesized polyurethane networks

The wettability and hydrophobicity of the surface of the synthesized PU
samples were investigated by static water contact angle measurements and the
obtained results are reported in Table 1. Samples that have a water contact angle
greater than 90° are considered hydrophobic. The value of the water contact
angle for the PU networks increased from 86.6 to 93.9° with increasing content
of EO-PDMS-EO in the polymers. This behavior may be ascribed to a tendency
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of the PDMS segments to migrate to the surface caused by the very low surface
energy of PDMS, which hence covered most of the surface of the Pus, which
resulted in a reduction of the surface tension. As expected, the wettability of the
polyurethane networks decreased, i.e., the hydrophobicity increased, with in-
creasing weight fraction of EO-PDMS-EO.

—_— ——

400 pum 400 pum

a PU3-15 a PU3-30
g g
= =
S 5
= Z
z £
g 2
= A A e W A Au
L] 2 4 [ 3 10 12 14 16 18 20 ] 2 4 (] 3 1 12 14 16 15 2
Energy, KeV Energy, KeV
400 pm
a] P PU3-40
£
S
E]
P
‘@
3
= Au o X i .
B ey HIQ) 8 EDX Anaysis of the synthesized
Eneray, KeV crosslinked polyurethane structures.
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In comparison with the PUs based on BH-30 prepared by other authors, the
PU networks synthesized in this study had a similar crosslink density.21 In
addition, the thermal stability of the synthesized PU networks was similar to the
thermal stability of other PU networks based on PDM S34 and dlightly higher than
the thermal stability of some PUs based on HBP.35 In addition, a good
waterproof performance of the synthesized PUs was obtained, which could be
improved by increasing the EO-PDM S—EO content.

TABLE IV. Results of EDX analysis of the synthesized PUs

PU3-15 PU3-30 PU3-40

Element

wt. % at. % wt. % at. % wt. % a. %
CK 60.34 69.72 54.56 60.77 52.63 63.64
N K 6.89 6.97 5.03 5.24 4.63 481
OK 23.36 18.69 27.25 27.46 24.19 21.96
Si K 9.41 4.62 13.28 6.53 18.55 9.59

CONCLUSIONS

Two-stage, step-growth polymerization in solution was used to prepare no-
vel poly(urethane-siloxane) crosslinked structures based on a hyperbranched
polyester of the third pseudo generation. In the first stage, 4,4’'-methylenedi-
pheny! diisocyanate was reacted with a,w-dihydroxy-(ethylene oxide—poly(dime-
thylsiloxane)—ethylene oxide), which was followed by reaction of the obtained
NCO-terminated prepolymer with a hydroxy-functional hyperbranched polyester
in the second stage. In this manner, polyurethane crosslinked structures of dif-
ferent soft EO-PDMS-EO segment contents (1540 wt. %) were synthesized.
The formation of the expected structures was verified by FTIR spectroscopy. The
influence of the EO-PDMS—EO content on some properties of the obtained poly-
urethane networks was investigated by DSC, WAXS, TGA, SEM, swelling mea-
surements, as well as hardness and water contact angle measurements. The swel-
ling behavior showed that the crosslink density of the polyurethane samples was
enhanced by decreasing the EO-PDMS-EO content. The equilibrium degree of
swelling of the synthesized PUs determined in toluene and in THF increased with
increasing content of EO-PDMS-EO. The surface morphology of the synthe-
sized polyurethanes, investigated by SEM analysis, revealed that phase mixing
increased with the increase crosslink density of the PUs. The observed glass
transition temperature of the PUs increased with decreasing EO—-PDM S-EO con-
tent. Thermal stability of the synthesized PUs increased with increasing EO—
—PDMS-EO content at the beginning of thermal degradation. The surface of the
polyurethane networks became more hydrophobic with increasing weight frac-
tion of PDMS. Findly, it could be concluded that inclusion of the PDMS pre-
polymer with ethylene oxide sequences in the PUs based on hyperbranched poly-
ester resulted in networks with good swelling behavior, thermal and surface pro-
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pertiesin comparison to some similar PU networks presented in the literature and
prepared from other types of macrodiols, which makes the synthesized PU net-
works good candidates for coatings, matrices for drugs encapsulation and compo-
Sites.
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U3BOJ

IOJIN(YPETAH-CUJIOKCAHW) HA BA3U XUITEPPA3STPAHATOT ITOJIMECTPA
KAO YMPEXUNBAYA: CUHTE3A 1 KAPAKTEPU3AIIUJA

MAPUJA B. TIEPT'AJTY, JACHA B. [IYHY30BUR?, CABbA OCTOINR?, MMO/JIPAT M. TIEPT AT, AJIEKCAHJIPA
PAJTYJTIOBUR? u CJIOBOJIAH JOBAHOBUR*

1 Ynueepsuiteii y beozpady, Unciuuiniyiu 3a xemujy, iiexnoaozujy u metmanypzujy, Ciuyoeniicku wipz 12—16, 11000
Beozpao, ZYHusepsuzZtelﬁ y Beozpady, Unciuiniyii 3a otiwiny u pusunxy xemujy, CitiyOeniticku wipz 12—16, 11000
FBeozpao, j’}’1Lm.mzp3uLTtelH y Beozpaody, Xemujcku gpaxyaitieiti, Citiyoeniticku wwipZz 12—16, 11000 beozpao u
4YHueep3umem y Beozpady, Texnoaouko—meitianaypuiku gaxyaineisi, Kapnezujesa 4, 110006eozpao

Y 0BOM pajly NpHKa3aHa je CHHTE3a, CTPYKTYpa U HeKa CBOjCTBA HOBHX YMPEKEHHUX MOJIHype-
TaHa MPUIPEMJbEHUX Monasehu on o,w-IuXUIPOKCH-(STHICHOKCHI—TIOMH (IMMETHICHIOKCAH )—
—erunenokeun) npernonumepa (EO-PDMS-EO), 4,4 -metunenmubennnmusonujanara 1 Boltorn®
XHIeppasrpanaror noiuecrpa tpehe nceymo-reHepanuje. XuneppasrpaHatd XUIPOKCH (yHKIHO-
HAJIHU aM(aTcKy mojrecTap ca 26 KpajibHx Tpyla CIyKHO je Kao yMpekaBajyhu areHc mpu cuH-
TE3U MOJUypeTaHa. Y IHbY M000JbIIaka KOMIIATUOMIHOCTH peaKkTaHaTa TOKOM CHHTE3€, HOJIHype-
TaHH Cy CHHTETHCAHHU JBOCTENICHOM MoJuMepu3aimjoM y pactBopy. Caapxaj mexor EO-PDMS-EO
cerMeHTa Bapupa je y omncery ox 15 mo 40 mac. %. Hcnutan je yruiiaj EO-PDMS-EO caapikaja
Ha TOHalIame npu OyOpemy, IyCTHHY yMpexaBama, TBPIONy, TepPMHUYKa U HOBPILIMHCKA CBOjCTBA
CHHTETHCAaHUX nonuyperaHa. CTPyKTypa CHHTETHCAHMX mnoiimyperaHa morephena je FTIR crek-
TpockonujoM. [lonamame npu OyOpemy je HCIIUTHBAHO Kako O ce oApeuia T'yCTHHA yMpexkKa-
Bamba M MOKa3aHo je Ja moianyperancke Mpexe ca HmwkuMm EO-PDMS-EO canpxajem nmajy Behy
TYCTHHY yMpekaBama. Pesynratu nudepeHuunjaine ckenupajyhe kanopumeTpuje mokasaiu cy mo-
Behame TemmepaType ocTakibuBama noiuyperana oa 50 mo 58 °C ca cmamewmem EO-PDMS-EO
caapiaja Kao rmocnenuiy Befie r'yCTHHE yMpPEKEHOCTH y30opaka. CHHTETHCAHHU MOJIMYPETaHH ca Be-
hum canpxajem EO-PDMS-EO cermenara noka3syjy 00y TepMHYKY CTaOWIIHOCT, IITO j€ HOTBp-
heno mopactoM moueTHe Temmeparype nerpamauuje, onpehene TG amammzom. XumpodoOHOCT
MOBpLIMHE MOJNUYpeTaHa je pacia ca nosehamwem caapxaja EO-PDMS-EQ y oarosapajyhem y3op-
Ky. [ToBpurHcKa MOp(OIOrija CHHTETUCAHHUX TIOJIMypeTaHa je aHanu3upaHa ckeHupajyhom enek-
TPOHCKOM MHKPOCKOIHjOM.

(TMpumsbeno 13. okrobpa, pesuaupato 28. neremOpa 2011)
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