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ABSTRACT: The structural effects of polydimethylsilox-
ane (PDMS) or polyhedral oligosilsesquioxanes (POSSs) on
the thermomechanical properties of polyurethane (PU) net-
works were studied. An ester–amine-functionalized silses-
quioxane and a PDMS macromer were synthesized, and
the macromer (10 wt %) was crosslinked with the PU pre-
polymer to obtain PU networks. The synthesized macro-
mers and hybrids were characterized with Fourier
transform infrared, 1H-NMR, 13C-NMR, and 29Si-NMR
spectroscopy techniques. The influence of POSS cubes on
the thermal and mechanical properties of the polymer net-
work films was studied comparatively with the similarly
functionalized PDMS linear chain via thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC),
and dynamic mechanical analysis (DMA) measurements.
The degradation pattern of the POSS-incorporated PU
nanocomposites was almost the same as that of the PU
network synthesized from the linear PDMS macromer.
The differences in the char yields and activation ener-

gies of the hybrids reflected the enhancement of the
thermal properties of the nanohybrids. The TGA and
DSC curves of the macromers suggested that the thermal
properties of the macromers not only depended on
either the PDMS or POSS inorganic core but also
depended on the organic peripheral attached to the inor-
ganic core. The glass-transition temperatures of the
nanohybrids were higher than those of the linear-PDMS-
incorporated hybrids. The storage modulus values
increased 3-fold upon the incorporation of POSS rigid
groups into the PU hybrids in comparison with the
flexible PDMS-chain-incorporated PU hybrids. The DMA
measurements showed a long-range rubbery plateau
region for all the PU hybrids, with high storage modu-
lus and tan d values showing the structural homogeneity
of the crosslinked networks. VVC 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 113: 4052–4065, 2009
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INTRODUCTION

Polyurethane (PU) is a versatile polymer that can
be prepared by a simple polyaddition reaction of
polyol, isocyanate, and a chain extender.1–3 Unfortu-
nately, conventional PU is known to exhibit little re-
sistance to heat, and this limits its applications.
Previously, attempts to improve the thermal stability
of PU have involved either the modification of the
chemical structure by blending or copolymerization
or grafting to more thermally stable polymers such
as polydimethylsiloxane (PDMS)4 and polyimides.5

Chemical modification of PU by copolymerization
with other monomers has some disadvantages: the

copolymer tends to lower the individual properties
of PU. For example, the mechanical properties of PU
are reduced by copolymerization with a siloxane
soft segment, and the insoluble nature of polyamides
and polyimides limits the applications of PU
processing.
In recent years, nanocomposites with improved

thermal and mechanical properties have been stud-
ied extensively. Nanocomposites are composite
materials consisting of building blocks on the scale
of nanometers or tens of nanometers, and the nano-
particles can be either chemically bonded or
blended.6 Various PU nanocomposites have been
prepared with different types of nanoparticles such
as ZnO, clay, and especially polyhedral oligosilses-
quioxane (POSS).7–10 POSS is a hybrid nanostruc-
tured macromer widely used in the preparation of
polymeric nanocomposites.11–18 POSS molecules are
an interesting class of clusters derived from the
hydrolytic condensation of trifunctional organosili-
con monomers.19,20 The term silsesquioxane is used
to denote materials containing on average 1 silicon
atom bound to 1.5 oxygen atoms and 1 R group
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(where R may be an organofunctional groups) and
having the general formula [RSiO3/2]n (n is an even
integer � 4).

POSS can be incorporated into a polymer matrix via
physical blending or covalent bonding with polymers.
Covalently bonded POSS nanocomposites exhibit
improved thermal and mechanical properties,
increased glass-transition temperature (Tg) values,
and decreased dielectric constants for hybrid inor-
ganic/organic nanocomposites.21–23 POSS molecules
are also used as nanocatalyst supports and have excel-
lent biomedical applications.24,25 POSS functionalized
with eight identical groups can be reacted to form a
material with a high crosslink density. The functional
groups that have been used in the preparation of
crosslinked hybrid materials include epoxy,26 amine,27

methacryloyl,28 vinyl,29 and hydroxyl groups.30

Very few reports have been available in the litera-
ture about PU hybrids using POSS systems because
the functionalization of a POSS macromer to form
PU nanocomposites is difficult. However, research-
ers have found various synthetic routes to function-
alize POSS molecules suitable for obtaining PU–
POSS hybrids.9,10,31–34 In this work, we employed a
different route for the synthesis of amine-functional-
ized POSS and a POSS molecule suitable for the syn-
thesis of PU–POSS nanocomposites. The purpose of
incorporating POSS was to determine the structural
effect of the POSS cage molecule and linear PDMS
chain on the thermal and mechanical properties of
PU. The influence of the POSS cage structure on the
thermal and mechanical properties of hybrids was
compared with composites synthesized from a simi-
larly functionalized linear PDMS macromer. To pre-
pare organic/inorganic hybrid polymers, we
incorporated 10 wt % POSS or linear PDMS macro-
mer as a crosslinker into hybrids. The structural
effect of POSS or PDMS on the thermomechanical
properties of PU networks was studied on the basis
of dynamic mechanical analysis (DMA), thermogra-
vimetric analysis (TGA), and differential scanning
calorimetry (DSC) analysis.

EXPERIMENTAL

Materials and measurements

Octakis(dimethylsilyl)silsesquioxane (Q8M8
H) was

synthesized by the adoption of a modified literature
procedure.35,36 Polyhydromethylsiloxane (PHMS)
with a number-average molecular weight of 1900
and 2-allyloxyethanol were obtained from Lancaster
and used as received. Tetraethoxysilane, tetramethy-
lammonium hydroxide, chlorodimethylsilane, allyl
alcohol, 4-nitrobenzoyl chloride, poly(ethylene gly-
col) (PEG; number-average molecular weight ¼
1000), aminopropyl-terminated PDMS (number-aver-

age molecular weight ¼ 2500), and platinum divinyl-
tetramethyl disiloxane complex [Pt(dvs); used as a
catalyst] were obtained from Aldrich (St. Louis,
MO). Methylene diphenyl diisocyanate (MDI; Merck,
Mumbai, India) and dibutyl tin dilaurate (DBTDL;
Aldrich) were used as received. Solvents such as tol-
uene and dimethylformamide were dried with cal-
cium hydride.

Characterization

IR spectra were recorded with a PerkinElmer Fourier
(USA) transform infrared (FTIR) spectrometer with
the KBr pellet technique.

1H-, 13C-, and 29Si-NMR spectra were recorded
with CDCl3 or hexadeuterated dimethyl sulfoxide
(DMSO-d6) as the solvent and tetramethylsilane as
the internal standard on a JEOL 500-MHz instrument
(Peabody, MA).
Electron spray ionization was performed with a

Thermo Fennigan mass spectrometer (Canton, MA).
Elemental analysis data were recorded with a Euro-
Vector elemental analyzer (Milan, Italy). Thermal
analyses were performed with a PerkinElmer DSC
TGA-7 under a nitrogen flow. The average activation
energy (Ea) values of the PU hybrids were calculated
at various heating rates (5, 10, 15, and 20�C/min).
Dynamical mechanical tests were carried out

under an N2 atmosphere with a Netzsch DMA 242
mechanical analyzer (Selb, Germany) on 25 � 5 �
0.5 mm3 samples at a frequency of 0.1 Hz from �100
to 250�C with a heating rate of 5�C.
The surface morphology of PU nanohybrids was

studied with a Nanoscope III atomic force micros-
copy (AFM, Santa Barbara, CA) instrument, and
imaging was performed in the contact mode at room
temperature in air. In these studies, we used a com-
mercial tip of Si3N4 provided by Digital Instruments.
The cantilever length was 200 lm, and the spring
constant was 0.12 N/m.

Synthesis of allyl 4-nitrobenzoate (2a)

Triethylamine (20 mL, 0.15 mol) was added to a so-
lution of 1a (5.8 g, 0.1 mol; Scheme 1) in 10 mL of
dried toluene and then heated to 50�C. A solution of
4-nitrobenzoyl chloride (18.5 g, 0.1 mol) in toluene
was added dropwise over 30 min, and the mixture
was refluxed for 5 h. The reaction mixture was
allowed to cool to room temperature and filtered to
remove the precipitate. Finally, the filtrate was
washed with a 5% aqueous NaHCO3 solution (40
mL). Then, the toluene phase was separated, and the
product was concentrated. 2a (Scheme 1) was
obtained (90% yield) as a light, pale green liquid.
IR (cm�1): 2946 (CAH stretch), 1726 (C¼¼O

stretch), 1273 (OAC¼¼O), 1602 (C¼¼C stretch), 1529
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and 1348 (NAO stretch), 868 and 504 (aromatic ring
stretch). 1H-NMR (500 MHz, CDCl3, ppm): 5.37 and
5.41 (d CH2¼¼CH), 6.01 (m CH2¼¼CH), 4.82 (d
CH2AO), 8.22 and 8.18 (d Ar CAH). 13C-NMR (500
MHz, CDCl3, ppm): 119.14 (CH2¼¼CH), 135.56
(CH2¼¼CH), 66.50 (CH2AO), 131.62, 130.81, 123.60,
and 150.60 (ArAC), 164.38 (AC¼¼O). m/z: 207 (Mþ).
ANAL. Calcd for C10H9NO4: C, 57.97%; H, 4.38%; N,
6.76%. Found: C, 56.12%; H, 3.91%; N, 6.19%.

Synthesis of allyl(oxy)ethyl 4-nitrobenzoate (2b)

The same procedure used in the synthesis of 2a was
followed to obtain 2b. A pale green, waxy liquid
was obtained (85% yield).

IR (cm�1): 2921 (CAH stretch), 1720 (C¼¼O
stretch), 1276 (OAC¼¼O), 1599 (C¼¼C stretch), 1528
and 1340 (NAO stretch), 1104 (CAOAC stretch), 868
and 719 (aromatic ring stretch). 1H-NMR (500 MHz,
CDCl3, ppm): 5.28 and 5.16 (d CH2¼¼CH), 5.88 (m
CH2¼¼CH), 4.56 (t CH2ACH2AOAC¼¼O), 4.04 (t
CH2ACH2AOAC¼¼O), 3.77 (d CHACH2AO), 8.23
and 8.19 (d Ar CAH). 13C-NMR (500 MHz, CDCl3,
ppm): 117.57 (CH2¼¼CH), 135.54 (CH2¼¼CH), 72.21
(CH2ACH2AOAC¼¼O), 67.77 (CH2ACH2AOAC¼¼O),
65.08 (CHACH2AO), 134.36, 131.08, 123.57, and
150.61 (ArAC), 164.74 (AC¼¼O). m/z: 251 (Mþ).
ANAL. Calcd for C12H13NO5: C, 57.37%; H, 5.22%; N,
5.57%. Found: C, 55.20%; H, 4.91%; N, 5.35%.

Synthesis of allyl 4-aminobenzoate (3a)

A 500-mL, three-necked, round-bottom flask fitted
with a dropping funnel, a condenser, and a stirrer
was charged with 19.5 g (0.3 mol) of activated Zn

(activated by stirring in 30 mL of 5% aqueous HCl
for 2 min and washed then with 100 mL of water
and finally 30 mL of MeOH) and ammonium for-
mate (18.0 g, 0.3 mol) in 50 mL of toluene. A solu-
tion of 2a (20.7 g 0.1 mol) in acetic acid (17.7.mL, 0.3
mol) was added dropwise over 30 min, and reflux-
ing was continued for 12 h. The mixture was then
neutralized with NaHCO3 and filtered while hot.
When the filtrate was washed with water, the tolu-
ene phase was separated, and the product was con-
centrated to give an orange-brown solid (70% yield).
IR (cm�1): 2946 (CAH stretch), 1691 (C¼¼O

stretch), 1637 (C¼¼C stretch), 3420, 3334, and 3216
(NAH stretch), 1276 (OAC¼¼O), 3095, 842, and 561
(aromatic ring stretch). 1H-NMR (500 MHz, CDCl3,
ppm): 5.39 and 5.23 (d CH2¼¼CH), 6.04 (m
CH2¼¼CH), 4.75 (d CH2AO), 4.09 (s, NH2), 7.87 and
6.62 (d Ar CAH). 13C-NMR (500 MHz, CDCl3, ppm):
119.66 (CH2¼¼CH), 132.80 (CH2¼¼CH), 65.08
(CH2AO), 113.87, 131.79, 117.81, and 151.05 (ArAC),
166.43 (AC¼¼O). m/z: 177 (Mþ). ANAL. Calcd for
C10H11NO2: C, 67.78%; H, 6.26%; N, 7.90%. Found:
C, 66.55%; H, 5.95%; N, 7.60%.

Synthesis of allyl(oxy)ethyl 4-aminobenzoate (3b)

The synthetic procedure adopted for 3a was used
for the synthesis of 3b. An orange-brown liquid was
obtained (70% yield).
IR (cm�1): 2865 (CAH stretch), 1696 (C¼¼O

stretch), 1275 (OAC¼¼O), 1603 (C¼¼C stretch), 3367
(NAH stretch), 1023 (CAOAC stretch), 845 and 771
(aromatic ring stretch). 1H-NMR (500 MHz, CDCl3,
ppm): 5.29 and 5.19 (d CH2¼¼CH), 5.90 (m
CH2¼¼CH), 4.39 (t CH2ACH2AO), 4.03 (t
CH2ACH2AO), 3.73 (d CHACH2AO), 4.10 (s, NH2),

Scheme 1 Synthesis of 3a and 3b.
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7.82 and 6.65 (d Ar CAH). 13C-NMR (500 MHz,
CDCl3, ppm): 119.39 (CH2¼¼CH), 134.59 (CH2¼¼CH),
72.21 (CH2ACH2AO), 68.27 (CH2ACH2AO), 63.71
(CHACH2AO), 113.82, 131.83, 117.46, and 151.22
(ArAC), 166.81 (AC¼¼O). m/z: 221 (Mþ). ANAL. Calcd
for C12H15NO3: C, 65.14%; H, 6.83%; N, 6.33%.
Found: C, 64.34%; H, 6.28%; N, 6.06%.

Synthesis of POSS–3a

Into a two-necked, 100-mL, round-bottom flask
equipped with a reflux condenser and N2 inlet were
placed Q8M8

H (1 g, 0.98 mmol), 3a (1.74 g, 9.82
mmol), and dried toluene (20 mL). Karstedt’s cata-
lyst [Pt(dvs); 20 lL] was then added, and the reac-
tion was carried out for 12 h at room temperature
under an atmosphere of N2. A brown, waxy liquid
settled on the sides of the flask after 12 h. Then, the

toluene phase was removed, and the waxy liquid
was washed thoroughly with toluene. The trapped
solvent in the product was removed under reduced
pressure. A brownish-yellow solid was obtained
(75% yield).
IR (cm�1): 2961 (CAH stretch), 1679 (C¼¼O

stretch), 3370 (NAH stretch), 1283 (OAC¼¼O), 1103
(SiAOASi stretch), 845 and 555 (aromatic ring
stretch).1H-NMR (500 MHz, DMSO-d6, ppm): 0.02 (s,
ASiACH3), 1.61 (m, CH2ACH2ASi), 0.55 (t,
ACH2ASi), 4.01 (s NH2), 5.83 (t, AOACH2), 6.51 and
7.58 (d Ar CAH). 13C-NMR (500 MHz, DMSO-d6,
ppm): 0.23 (ASiACH3), 13.53 (ACH2ASi), 22.55
(CH2ACH2ASi), 66.54 (AOACH2), 113.09, 131.75,
117.37, 153.88 (ArAC), 168.05 (AC¼¼O). 29Si-NMR
(500 MHz, DMSO-d6, ppm): 13.60 (SiACH2), �108.05
(SiO4). ANAL. Calcd for C96H144N8O36Si16: C, 48.73%; H,
5.98%; N, 4.82%. Found: C, 48.10%; H, 5.45%; N, 4.24%.

Scheme 2 Synthesis of POSS–3a and POSS–3b.
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Synthesis of POSS–3b

The same reaction conditions adopted for POSS–3a
were used for the synthesis of POSS–3b. A slight
modification of the reaction procedure was carried
out. The reaction mixture was heated to 60�C to
obtain a clear liquid before the addition of the cata-
lyst and then was cooled to room temperature. After
30 min, 20 lL of the catalyst was added, and the
reaction was continued for 12 h. A dark brown,
waxy liquid settled on the bottom of the flask, which
was washed with toluene and vacuum-dried. A
brownish-black, waxy liquid was obtained (70% yield).

IR (cm�1): 2954 (CAH stretch), 1693 (C¼¼O
stretch), 3370 (NAH stretch), 1276 (OAC¼¼O), 1105
(SiAOASi stretch), 1024 (CAOAC stretch), 843 and
772 (aromatic ring stretch). 1H-NMR (500 MHz,
CDCl3, ppm): 0.09 (s, ASiACH3), 0.58 (t, ACH2ASi),
1.57 (m, CH2ACH2ASi), 3.42 (t, CH2ACH2ACH2AO),
4.37 (t, CH2ACH2AOAC¼¼O), 3.69 (t, CH2ACH2AO
AC¼¼O), 4.10 (s NH2), 7.83 and 6.59 (d Ar CAH).
13C-NMR (500 MHz, CDCl3, ppm): �0.31 (ASiACH3),
13.69 (ACH2ASi), 23.20 (CH2ACH2ASi), 63.78
(CH2ACH2ACH2AO), 68.86 (CH2ACH2AOAC¼¼O),
74.02 (CH2ACH2AOAC¼¼O), 113.80, 131.81, 119.44,
and 151.19 (ArAC), 166.78 (AC¼¼O). 29Si-NMR (500
MHz, CDCl3, ppm): 13.60 (SiACH2), �108.52 (SiO4).
ANAL. Calcd for C112H176N8O44Si16: C, 48.25%; H, 6.36%;
N, 4.02%. Found: C, 47.43%; H, 5.92%; N, 3.54%.

Synthesis of PHMS–3a

PHMS (1.9 g, 1.0 mmol), 3a (5.3 g, 29.99 mmol), and
dried toluene (20 mL) were placed in a 100-mL, two-

necked, round-bottom flask equipped with a reflux
condenser under an atmosphere of N2. To this, 20
lL of Pt(dvs) was added, and the reaction was car-
ried out for 3 h. A brown precipitate was formed,
and it was filtered and washed with toluene. Then,
the product was vacuum-dried at 60�C for 10 h. A
brown, spongy solid was obtained (72% yield).
IR (cm�1): 2952 (CAH stretch), 1679 (C¼¼O

stretch), 3367 (NAH stretch), 1283 (OAC¼¼O), 1102
(SiAOASi stretch), 897 and 770 (aromatic ring
stretch). 1H-NMR (500 MHz, DMSO-d6, ppm): 0.03
(s, ASiACH3), 1.63 (m, CH2ACH2ASi), 0.51 (t,
ACH2ASi), 4.01 (s NH2), 5.85 (t, AOACH2), 6.51 and
7.58 (d Ar CAH). 13C-NMR (500 MHz, DMSO-d6,
ppm): �0.13 (ASiACH3), 13.53 (ACH2ASi), 22.55
(CH2ACH2ASi), 66.54 (AOACH2), 112.09, 132.75,
117.37, and 152.81 (ArAC), 168.05 (AC¼¼O). ANAL.
Calcd for C112H176N8O44Si16: C, 55.40%; H, 6.43%; N,
5.76%. Found: C, 54.24%; H, 5.85%; N, 5.21%.

Synthesis of PHMS–3b

The procedure described for PHMS–3a was used for
the synthesis of PHMS–3b. The reaction mixture was
heated to 60�C to obtain a clear brown solution
before the addition of the catalyst and then was
cooled to room temperature. After 30 min, 20 lL of
the Pt(dvs) catalyst was added to the cooled reaction
mixture. Then, the reaction was carried out for 4 h.
A yellowish-brown, waxy liquid settled on the bot-
tom of the flask, and it was separated and washed
with toluene. The product was dried at 60�C for
12 h to remove traces of the solvent (73% yield).
IR (cm�1): 2942 (CAH stretch), 1696 (C¼¼O

stretch), 3368 (NAH stretch), 1277 (OAC¼¼O), 1102
(SiAOASi stretch), 1053 (CAOAC stretch), 850 and
770 (aromatic ring stretch). 1H-NMR (500 MHz,
DMSO-d6, ppm): 0.02 (s, ASiACH3), 0.39 (t, ACH2ASi),
1.45 (m, CH2ACH2ASi), 3.28 (t, CH2ACH2ACH2AO),
3.51 (t, CH2ACH2AOAC¼¼O), 5.85 (t, CH2ACH2

AOAC¼¼O), 4.15 (s NH2), 7.57 and 6.53 (d Ar CAH).
13C-NMR (500 MHz, DMSO-d6, ppm): �0.15
(ASiACH3), 13.43 (ACH2ASi), 23.18 (CH2ACH2ASi),
63.41 (CH2ACH2ACH2AO), 68.59 (CH2ACH2AO
AC¼¼O), 73.28 (CH2ACH2AOAC¼¼O), 113.08, 131.61,
116.31, and 153.93 (ArAC), 166.32 (AC¼¼O). ANAL.
Calcd for C112H176N8O44Si16: C, 55.27%; H, 6.84%; N,
4.88%. Found: C, 54.95%; H, 6.45%; N, 4.51%.

Synthesis of PU hybrids

PEG (1.0 g, 1.0 mmol), 1.0 g (0.40 mmol) of amino-
propyl-terminated PDMS, 0.7 g (2.8 mmol) of MDI,
and 30 mL of dried toluene were charged into a 100-
mL, three-necked, round-bottom flask equipped
with a mechanical stirrer and a nitrogen inlet. The
reaction was performed under a nitrogen atmos-
phere at 80�C for 5 h to produce the PU prepolymer.

Scheme 3 Synthesis of PHMS–3a and PHMS–3b.
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POSS–3a (0.3 g, 0.12 mmol), dissolved in 10 mL of
dried N,N0-dimethylformamide, was added to the
PU prepolymer at 80�C with vigorous stirring. To
this reaction mixture, 20 lL of the DBTDL catalyst
was added. After 30 min, the reaction mixture
became viscous; it was vigorously stirred and then
cast into films in a Teflon-coated petri dish. Subse-
quently, the solution was cured at 100�C for 2 h and
at 120�C for 3 h. Then, the films were peeled from
the petri dish and dried for 24 h at 120�C. The same

procedure was followed for the synthesis of PU–
POSS–3b, PU–PHMS–3a, and PU–PHMS–3b with 10
wt % concentrations of the POSS–3b, PHMS–3a, and
PHMS–3b macromers, respectively.

RESULTS AND DISCUSSION

Synthesis of the macromers

To synthesize POSS-incorporated hybrid materials,
the functionalization of the POSS molecule is

Figure 1 1H-NMR spectrum of POSS–3b.
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essential. To graft a functional group into the POSS
molecule, the hydrosilylation reaction is the best
tool. Hence, we grafted 3a or 3b to a POSS (Q8M8

H)
molecule (Scheme 2) through a hydrosilylation reac-
tion with the Pt(dvs) catalyst in the presence of tolu-
ene as the medium. Similarly, PHMS was reacted
with 3a or 3b (Scheme 3) through a hydrosilylation
reaction. The synthesized macromer was well con-
firmed with FTIR and 1H-NMR on the basis of the
SiAH band at 2100 cm�1 and the chemical shift at
4.7 ppm, which fully disappeared and showed com-
plete substitution in the POSS molecule and also in
the PHMS molecule. The 1H-NMR spectrum of
POSS–3b is shown in Figure 1. The POSS-functional-
ized macromer was further characterized with the
29Si-NMR spectroscopic technique. Figure 2 shows
two chemical shift values corresponding to the two
types of silicon atoms present in the macromer. The
chemical shift at 13.6 ppm corresponds to the silicon
atom present in the outer core bonded to the POSS
cube, and the shift at �108.52 ppm is due to the sili-
con atom present in the core. The presence of these
two chemical shifts confirms the complete substitu-
tion in the POSS molecule, which further supports
the idea that the cube structure of POSS remains
unaltered during the hydrosilylation reaction.

Solubility behavior of the macromers

The solubility behavior of the synthesized macro-
mers was studied in various solvents and is shown
in Table I. The macromers POSS–3a, PHMS–3a, and
PHMS–3b were soluble only in solvents such as di-
methyl sulfoxide, N,N0-dimethylformamide, and N-
methylpyrrolidone. The macromer POSS–3b was
highly soluble in most of the solvents except toluene
and hexane. This may have been due to the substitu-
tion of a higher alkane chain and the presence of an
ether linkage in the POSS molecule. In the case of
POSS–3a, the substituted alkane chains were short
and less soluble. However, the solubility of PHMS–
3a and the solubility of PHMS–3b were almost the

same in all the solvents. This shows that the solubil-
ity behavior not only is governed by the organic
substituents but also depends on the SiAOASi struc-
tural framework of the siloxane group. From Table I,
it can be concluded that the POSS macromers were
more soluble than the linear PHMS-substituted mac-
romers. Even for the POSS-substituted macromers,
the solubility depended on the chain length of the
organic tethers and the nature (e.g., ether linkage) of
the organic tethers.

Preparation of the nanocomposites

The nanocomposites were prepared via the cross-
linking of the PU prepolymer with the amine-func-
tionalized POSS macromer. The thermal and
mechanical properties of the nanocomposites were
compared with those of hybrids obtained from the
linear amine-functionalized PDMS macromer. The
prepolymer was synthesized through the reaction of
the MDI hard segment with PEG and aminopropyl-
terminated PDMS soft segments. To study the effect
of the nanocrosslinker, all the hybrids were synthe-
sized via the crosslinking of 50 wt % PEG prepoly-
mer and 40 wt % PDMS prepolymer with the
respective macromers (10 wt %). The crosslinked
chemical structures of the POSS- and PHMS-incorpo-
rated hybrids are shown in Schemes 4 and 5. In this
work, PDMS and PEG bisoft segments were used to
obtain a hybrid film with good thermomechanical
properties. Reports show that bisoft segmented
hybrids have better mechanical properties than indi-
vidual soft segments.37 The chemical structures of the
hybrids were elucidated with the FTIR technique.
Figure 3 shows the FTIR spectra of PU hybrids

containing POSS and linear PDMS macromer. The
stretching vibrations of the NAH groups at 3300
cm�1 together with the carbonyl bands at 1726 cm�1

were indicative of the presence of urethane moieties.

Figure 2 29Si-NMR spectrum of POSS–3b.

TABLE I
Solubility Behavior of Amine–Ester-Functionalized

Macromers

Solvent PHMS–3a PHMS–3b POSS–3a POSS–3b

NMP þ þ þ þ
DMF þ þ þ þ
DMSO þ þ þ þ
DCM � � � þ
THF � � � þ
Toluene � � � �
Chloroform � � � þ
Methanol � � � þ

The quantitative solubility was tested with a 15-mg sam-
ple in 1 mL of the solvent. þ ¼ soluble at room tempera-
ture; � ¼ partially soluble at room temperature; � ¼
insoluble even on heating; DCM ¼ dichloromethane; DMF
¼ N,N0-dimethylformamide; DMSO ¼ dimethyl sulfoxide;
NMP ¼ N-methylpyrrolidone; THF ¼ tetrahydrofuran.
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Multiple absorption spectra were observed near
1750–1630 cm�1, and they reflected the properties of
hydrogen bonding in the hybrid films. All the spec-
tra were characterized by a major band centered at
approximately 1725 cm�1, which was attributed to
free C¼¼O urethane groups, and a shoulder at 1710
cm�1, which might have been due to C¼¼O ester
groups of the macromers. A strong peak near 1635
and 1665 cm�1 corresponded to the free C¼¼O urea
and hydrogen-bonded urea C¼¼O group. The band
at 1116 cm�1 was due to the stretching vibration of
SiAOASi groups of PHMS and POSS, and the band
at 1024 cm�1 was due to the stretching vibration of
CAOAC groups of PEG. The IR analysis confirmed
the disappearance of the bands at 2250–2275 cm�1,
which are the distinct characteristic peaks of isocya-

nate groups, indicating the completion of the cross-
linking reaction between the macromers and the PU
prepolymer.

AFM

To understand the influence of POSS nanoparticles
on the final composite structure, the top surfaces of
the prepared composites were observed with AFM.
The surface topography of AFM images of hybrids
with 10 wt % POSS ratios is shown in Figure 4(a,b).
Microphase separation with granular-type POSS
aggregation was observed on the surfaces of the
hybrids. The heterogeneous morphology of the
hybrids revealed the incompatibility of the hydro-
phobic POSS molecule with the PU matrix. Because

Scheme 4 Synthesis of PU–POSS–3a and PU–POSS–3b.
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of the thermodynamic incompatibility of the POSS
and PU components in the matrix, the POSS mole-
cule aggregated on the surfaces of the hybrid mem-
branes. The microphase-separated morphology led
to very attractive bulk mechanical properties for the
POSS-incorporated hybrids; this was observed by
DMA, which showed enhanced mechanical proper-
ties for the POSS-incorporated hybrids. However,
multiple Tg values for the microphase-separated
polymer chains were not observed clearly in the
DSC analysis. In practice, the amount of phase-sepa-
rated material was small versus the mass of the bulk
phases, so the Tg values of the microphases could
not be observed readily.

TGA

The TGA and differential thermogravimetry (DTG)
curves of the obtained macromers and PU hybrid

Scheme 5 Synthesis of PU–PHMS–3a and PU–PHMS–3b.

Figure 3 FTIR spectra of various macromer-incorporated
PU hybrid films.
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films are shown in Figures 5–8. Macromers such as
POSS–3a and PHMS–3a showed a two-stage decom-
position process, and macromers such as POSS–3b
and PHMS–3b showed single-stage decomposition
thermograms. The initial decomposition of POSS–3a
and PHMS–3a could have been due to the decompo-
sition of thermally less stable organic substituents
(3a) in the inorganic core. The second stage of
decomposition was due to the decomposition of
highly stable siloxane or POSS groups. TGA sug-
gested that the macromers containing silsesquioxane
were more stable than those macromers containing
linear PDMS chains. The thermal stability of macro-
mers such as POSS–3a and PHMS–3a was higher
than that of POSS–3b and PHMS–3b. Also, the

decomposition patterns of POSS–3a and PHMS–3a
were different from those of POSS–3b and PHMS–
3b. This observation implies that the thermal proper-
ties depended not only on the POSS cage or PDMS
inorganic core but also on the organic tethers
involved in the inorganic core.
All the PU hybrids showed similar initial decom-

position patterns, and neither PDMS nor POSS had
an effect near the initial decomposition temperature.
However, at a higher temperature range, the decom-
position patterns of POSS-incorporated PU hybrids
differed slightly from those of PDMS-incorporated
PU hybrids, and the char yield values were also
high for POSS-incorporated PU hybrids. However,
at a higher temperature range, the decomposition

Figure 4 AFM images of PU nanohybrids: (a) PU–POSS–3a (top) and (b) PU–POSS–3b (bottom). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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patterns of POSS-incorporated PU hybrids differed
slightly from those of PDMS-incorporated PU
hybrids, and the char yield values were also high for
POSS-incorporated PU hybrids. The average Ea val-
ues of PU hybrids, calculated with the Ozawa
method38 at various heating rates, are shown in
Table II. Ea depended on the kinds of crosslinkers
used for the synthesis of the hybrids. The Ea values
of the hybrids were found to be 84.22, 77.44, 75.33,
and 70.33 kJ/mol for PU–POSS–3a, PU–POSS–3b,
PU–PHMS–3a, and PU–PHMS–3b, respectively. Fig-
ure 9 shows a plot of the logarithm of the heating
rate against the reciprocal of the absolute tempera-
ture at various degrees of conversion (a) for the PU–
POSS–3a hybrid. The POSS-incorporated hybrids
displayed Ea values higher than those of the PHMS-
incorporated hybrids. At values of a (weight loss at
a given temperature/total weight loss of the degra-

dation) near the initial degradation stage (a < 0.3),
similar Ea values were observed for both types of
hybrids, and this indicated that the initial degrada-
tion was due to the less thermally stable urethane/
urea groups present in both types of hybrids. How-
ever, at higher a values (>0.7), high Ea values were
observed for the POSS-incorporated hybrids. This
revealed that at higher a values, the degradation
was mainly due to the POSS or PHMS molecule,
and the higher Ea values at higher a values (>0.7)
for the POSS nanohybrids reflected the fact that the
POSS molecule was more thermally stable than the
PHMS crosslinker. On the basis of the Ea and char
yield values, we could suggest that the POSS-incor-
porated nanohybrids possessed better thermal prop-
erties than the PDMS-incorporated PU hybrids. The
decomposition values of the macromers and hybrids
are presented in Table III.

Figure 5 TGA curves of macromers at a heating rate of
5�C/min under nitrogen.

Figure 7 TGA curves of PU hybrid films at a heating rate
of 5�C/min under nitrogen.

Figure 6 DTG curves of macromers at a heating rate of
5�C/min under nitrogen.

Figure 8 DTG curves of PU hybrid films at a heating rate
of 5�C/min under nitrogen.
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DSC analysis

The DSC curves of the macromers are shown in
Figure 10. For the PDMS-functionalized macromer,
Tg values were shifted from �135 (unfunctionalized
PDMS) to �4 (PHMS–3a) and �93�C (PHMS–3b).
The melting temperatures for PHMS–3a and PHMS–
3b were observed at 159 and 5.1�C, respectively. The
POSS-functionalized macromer showed an endother-
mic peak near 6�C for POSS–3a and one at �101�C
for the POSS–3b macromer, and these might repre-
sent the Tg values. Also, these monomers showed
melting temperatures of 161 and �1�C. The DSC
curves of macromers such as POSS–3a and PHMS–
3a showed similar thermogram patterns, and similar
observations were made for the POSS–3b and
PHMS–3b macromers. These observations indicated
that the transitions in the macromer mainly
depended on the functional group substituted into
the siloxane groups.

Figure 11 shows the DSC thermograms of the PU
hybrids obtained with POSS nanoparticles and
PDMS-functionalized macromers. All the hybrids
showed a single Tg value, and this suggested that
these hybrids exhibited a single phase. The Tg values
of the nanohybrids were significantly increased in

comparison with those of the hybrids obtained with
the linear PDMS macromer. The enhanced Tg values
resulted from the restricted motion of the polymer
chains, which was caused by the even distribution
of POSS units on the segmental level. The nanohy-
brids showed Tg values of 45 and 39�C for PU–
POSS–3a and PU–POSS–3b, respectively. The PDMS-
macromer-incorporated PU hybrids showed Tg val-
ues of 27 and 25�C. The Tg values of PU hybrids
obtained with the PDMS chain macromer were
expected to be high because the number of crosslink-
ing sites was high in the PDMS macromer. However,
this trend was not observed, and the Tg values of
the nanohybrids were higher than those of the
PDMS-incorporated hybrids. This indicated that the
restriction of the segmental mobility by the hard
cage structure of POSS was more predominant than
the crosslinking density of the PU hybrids. There-
fore, one may presume that the structural arrange-
ment of the silicon atom played a more important
role than the crosslinking density in the hybrids.

DMA

A plot of the storage modulus (E0) as a function of
temperature at 0.1 Hz for the PU hybrids is shown
in Figure 12. E0 was increased by the incorporation
of a small amount of POSS into the hybrid. The E0

values of all the POSS hybrids were higher than
those of the linear-PDMS-chain-incorporated hybrids.
The E0 values at 30�C were found to be 190.17, 118.76,

TABLE II
Ea Values for the Sample Degradation Process Calculated with the Ozawa Method

Sample

a

Average Ea (kJ/mol)0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

PU–POSS–3a 55 66 71 76 86 84 83 112 125 84
PU–POSS–3b 54 64 68 70 76 79 81 99 106 77
PU–PHMS–3a 54 63 65 70 75 80 77 92 102 75
PU–PHMS–3b 52 58 60 68 73 72 70 85 95 70

TABLE III
TGA and DSC Values for the Macromers

and PU Hybrids

Sample T10 (
�C) T50 (

�C)
Char yield
at 650�C (%) Tg (

�C)

POSS–3a 239 684 53.8 6
POSS–3b 339 500 39.4 �101
PHMS–3a 236 524 44.2 4
PHMS–3b 323 407 30.0 �93
PU–POSS–3a 294 393 15.2 45
PU–POSS–3b 301 395 13.2 39
PU–PHMS–3a 300 395 7.48 27
PU–PHMS–3b 300 392 5.5 25

T10 ¼ temperature at 10% decomposition; T50 ¼ temper-
ature at 50% decomposition.

Figure 9 Plot of the logarithm of the heating rate (log b)
against the reciprocal of the absolute temperature (1000/T)
at various a values for the PU–POSS–3a hybrid.

SYNTHESIS OF POLYURETHANE HYBRIDS 4063

Journal of Applied Polymer Science DOI 10.1002/app



40.43, and 22.25 MPa for PU–POSS–3a, PU–POSS–
3b, PU–PHMS–3a, and PU–PHMS–3b, respectively.
The POSS-incorporated hybrids had E0 values 4
times greater than those of the linear-PDMS-chain-
incorporated hybrids. This implied that the incorpo-
ration of the POSS nanoparticle played an important
role in the viscoelastic behavior of the synthesized
hybrids. The hybrids showed a very long range rub-
bery plateau region because all the hybrids con-
tained almost 90% concentrations of both the PEG
and PDMS soft segments. The enormous increase in
E0 of the nanohybrids even at a low concentration
(10 wt %) of POSS incorporation confirmed the con-

tribution of the POSS cage structure toward the
increase in the viscoelastic properties of the nanohy-
brids. Figure 13 shows plots of tan d as a function of
temperature for the PU hybrids obtained from the
POSS macromer and linear PHMS macromer. Tg (tan
d peak temperatures) was observed at 44, 37, 29, and
20�C for PU–POSS–3a, PU–POSS–3b, PU–PHMS–3a,
and PU–PHMS–3b, respectively. The Tg values sig-
nificantly increased with an increase in the incorpo-
ration of POSS, as explained by the DSC analysis.
The Tg values obtained from DSC measurements
were found to be in good agreement with the Tg val-
ues obtained from DMA measurements. For the
POSS-incorporated PU hybrids, the tan d values
were very high and the peaks were broadened in
comparison with the PDMS-incorporated PU
hybrids. The high d peaks showed an even distribu-
tion of POSS molecules in the PU network structure.

Figure 10 DSC curves of macromers.

Figure 11 DSC curves of PU hybrid films.
Figure 13 Plot of tan d versus the temperature for PU
hybrid films.

Figure 12 Plot of E0 versus the temperature for PU
hybrid films.

Journal of Applied Polymer Science DOI 10.1002/app

4064 MADHAVAN AND REDDY



CONCLUSIONS

A new class of ester–amine-functionalized silses-
quioxane macromers was synthesized, and these
macromers were used to synthesize PU nanocompo-
sites. Similarly, an ester–amine-functionalized linear
poly(dimethylsiloxane) was also synthesized to
study the influence of the silsesquioxane macromer
and PDMS macromer on the thermal and mechani-
cal properties of PU hybrids. AFM images showed a
heterogeneous morphology reflecting the less disper-
sive nature of POSS with the PU hybrids. The TGA
thermograms of the macromers revealed that the
thermal stability depended on both the substituted
functional group and the structure of the siloxane
compound. The DSC curves of the macromers
showed that the thermal transitions were mainly de-
pendent on the functional group substituted into the
inorganic core. The Tg values of the POSS-incorpo-
rated PU networks were higher than those of the lin-
ear-PDMS-chain-incorporated PU networks, and this
showed that the restriction of segmental mobility
was highly influenced by the POSS cage structure.
The mechanical properties of the POSS-incorporated
network showed an enhancement of E0.
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