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Abstract

In this article optical and physical property oé ttomposition of polyurethane open cell (PUOC) with
different concentrations of SiO2 nanoparticles il @wt. %) will be reported. Tetra ortho silicalEEQS) as al
organic agent with different condeations (0.05, 0.1, 0.15 and 0.2 Vol./Vol.) wasded to polyurethan
composition. Optical microscopy imaging, wateringtake, FTIR and Raman spectroscopy of the syntbe
samples were measured. The cell size of samplesltiypg SiO2 NPs and TEOS wdecreased. The PUOC/1wt.
SiO2 was recognized as a best specimen for absgpuisétter. By focusing on the recorded Raman speittia,
revealed that PUOC/1wt. % SiO2 and PUOC[Z0DEOS have more covalent bonds than others. Tlgeedeof
phase separatioPS, and the hydrogen bonding index, R, in sampleie evaluated in terms of their FT
spectroscopy data. Two samples, PUOC/1wt. % Si@2PArOC/80QI TEOS, have the highest R and DPS fac
among the synthesized samples. By adding SiO2 NBsT&OS ito PUOC, the apparent density of foams
increased. This is similar to the behavior of mahsity in SiO2 NPs into PUOC but by adding TEO® iRUOC,
the real density of samples were decreased. Thepotosity, open porosity and closed porosityhe synthesized
samples were calculated. By adding SiO2 NPs andSTle@®@ PUOC, the open porosity of samples was aseéd.
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Introduction

Polyurethanes (PUs) are kinds of attrac
synthetic materials in industry that are used wide!
coating, synthesizing and preparing leathers, $if
foams, thermoplastic elastomers and so ¢-3].
Nowadays, scientists are interested in produ
polyurethane with high performance by chancg
some factors that affects the morphology of PU ¢
as the hard and soft sections of the PU matrixg
and weight of these two components and chen
construction of the chains of PU. Furtherme
organic polyners lack important properties such
stability at low temperatures and weak mechar
strengths which has led in introducing inorge
materials doping for improving the physic
properties of organic matrixes. Orge-inorganic
composite hybrid materiglhave both advantages
organic polymers and inorganic materials suct
flexibility, ductility, rigidity, high thermal staility,
etc... receiving these properties from both
inorganic and organic agents [4].

Silica NP is one of the porous inorga
materials with high specific surface area and |
surface energy. It has been shown that silica dr
is useful for improving the characteristics of puobr
matrix especially in mechanicaherma—chemical
propertes [3]. In this research we have tried

evaluate the presence of silica in PU matrix \
considering and focusing on its optical propert
The most common silica organic precursor, for ¢
of becoming easily purified and having slow ¢
controllablerate of reaction, is TEOS. We have u
two sources of silica&&i0O2 NPs and tetra ethyle
ortho silicate (TEOS) with open cell PUs structt
Furthermore the properties of using different ses
as inorganic or organic source and new producte
investigated.

Materials and Methods

Silicon oxide nanoparticles (99.5+%,—
type, Spherical particles, 188 nm, amorphous) wz
purchased from US Research Nanomaterials,
(Fig.1). Tetraethyl ortho silicate (TEOS, C8H200¢
99%) was used from Merck. Diphenimethane
diisocyanate (MDI, density=1.23g/cm3), polyet
polyol (SROC: Semi Rigid Open Ce
density=1.1g/cm3) was collected from Exxon Pa
Co., Ltd., Tehran, Iran and deionized water wasl|
as blowing agent.
Preparation of PUOC/ SiO2

Two different weght percent of SiO2 NF
(1 and 2 wt. %) were dissolved into open cell pb
part solution individually. Dissolving carried @
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under vigorous electrical stirring for 20 secondthw
3000 rpm until a homogenous solution was achieved.
After that MDI part was added to the solution by
doing vortex at 2000rpm for 4-5 seconds. Then for a
well prepared sample the cover of the container of
PU/SIO2 was taken off. After 10-12 seconds reaction
was ended by formation of foams in samples. The
ratio of polyol:MDI was 1 (2ml):1(2ml). For the
analysis purposes the samples were kept in thanstre
of the liquid nitrogen gas and then were cut in the
slices with 1mm diameter.

XL

fe. ALY
Figure 1. SEM image of SiO2 nanoparticle prepared US
Research Nanomaterials, Inc.

Preparation of PUOC/TEOS

Four different amounts of TEOS: 200, 400,
600 and 800! were individually dissolved into 2ml
of the open cell polyol. The procedure of preparing
samples was the same as for PU/SIO2 samples,
mentioned above, hence dissolving of TEOS into
polyol part was easier than for SiO2 NPs.

Results and Discussion
Microscopic Evaluation

In order to determine cell size of PU and
observing its microstructure optical microscopy is
used. For this aim, thin layers of PU nanocomposite
and PU/TEOS with thicknesses of about 1mm were
cut perpendicular to the rising direction of foahie
freeze—fractured surfaces of the samples were
prepared at liquid nitrogen temperature and then
examined.

Different image of blank PU, PU containing
nanocomposites of SiO2 or TEOS with different
concentrations were collected. Fig. (2a) to (2ewsh
the transmitting optical microscopy images for
PUOC including TEOS and SiO2 NPs.

It can be seen in Fig. 2 that by increasing of
SiO2 NPs in pure PUOC the cell sizes in the matrix
have been changed, foams containing 1 and 2 wt. %
SiO2 have lesser large cell sizes in comparison of
their pure PUOC. However the cell networking looks
to be destroyed in foams containing 2 wt. %
Si02.The PUOC structures have been changed by
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increasing of TEOS, figures show that the mean cell
size of the foams decreases. By examining the
micrographs it reveals that the mean cell sizeallof
PUOC composites and PUOC nanocomposite
samples can be classified in the following manner:

Figure 2. Microstructures of: (a) blank PUOC, (b)
PUOC/1wt. % SiO2 (c) PUOC/2wt. % SiO2, (d) PUOC/208
TEOS, (e) PUOC/40@l TEOS, (f) PUOC/60Qul TEOS and (g)
PUOC/80(ul TEOCS.

The successive mean cell size of PUOC composite
foams are: blank PUOC > PUOC/200
TEOS > PUOC/400 TEOS > PUOC/1wt% SiO2>
PUOC/60@I TEOS > PUOC/2wt% SiO2>
PUOC/80@ TEOS.
FTIR Spectroscopy Analysis

Fourier  transform infra—red (FTIR)
transmission spectra of the samples as powder—
pressed KBr pellets was collected by using a Thermo
Nicolet Nexus 670 FTIR spectrometer system with
4cm’ resolution and in the wave number range from
4000 to 400cm at room temperature.
FTIR Spectroscopy of PUOC/SIO,
The FTIR skeletal spectra in Fig. 3 of PUOC/SiO2
have some important features related to the presenc
of Si0O2 NPs. The intensity of peaks at 635, 81%, an
1103 cmt in Fig. 3 referred to Si—-C [5], symmetric
stretching/bending  Si-O-Si  bond [6,7] and
asymmetric stretching Si—-O-Si bond [7] which were
increased by adding SiO2 NPs contents up to 2wt. %.
These peaks had higher intensity in PUOC/2wt.
%Si02 in compared with PUOC/1wt. % SiO2 that it
was concluded as the extra amount of SiO2 in
PUOC/2wt. % SiO2 rather than PUOC/1wt. %SiO2.
There are some peaks at 1460, 1540 and 334D cm
assigned to the secondary reaction between
isocyanate and urethane groups [8] of PUOC, N-H
bending [9], and N-H bonds of urethane [10] in
PUOC nanocomposite foams that the intensity of
them decrease by adding SiO2 NPs up to 1wt. % and
then increase up to 2wt. %. The number of cross
linking sites in PUOC foam was increased by adding
SiO2 NPs into polymer matrix.
The fundamental factor for measuring physical
properties of PUOC foam is phase separation. Xia
and Song [11] can examine the degree of phase
separation (DPS) by the Cooper method. There are
two peaks at 1708 and 1718 twhich are related to
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the bonded carbonyl and free carbonyl groups [2].
The hydrogen bonding index, R, is assigned to the

ratio of absorption peak aR = ,%Onded/ A , Where

AbondeqiS the absorbance peak intensity of 1708 cm-1
and A is the absorbance peak intensity of 1718 cm
! The hydrogen bonding index, R, and DPS increases
up to 1wt. % SiO2 contents and begin to decrease up
to 2wt. % SiO2 NPs.
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Figure 3. FTIR spectra of blank PUOC and
PUOC/SiO2 nanocomposites.
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The R index and DPS factor were increased form
blank PUOC nanocomposite foams to PUOC/1wt. %
SiO2 nanocomposite and then decreased in
PUOC/2wt. % SiO2 nanocomposite (Table 1). The
data anticipate that silica NPs are probably disgabr

in soft segments of PUOC/1wt. % SiO2 but by
increasing the amount of SiO2 NPs, they prefer to
disperse in hard segments.

FTIR Spectroscopy of PUOC/TEQS

Fig. 4 has shown the detailed FTIR spectra
of PUOC/TEOS composites. It is clear that all the
spectra are similar but there are some differences
among them. After adding TEOS to PUOC matrix
some absorption peaks are created at 457, 1012, and
1080 cmt' in all PUOC/TEOS composites. These
peaks are related to Si—O-Si bond rocking vibration
[12], Si-O-C bonding [5], and asymmetric Si-O-Si
stretching mode [7]. In all of them the procedwse i
similar since by adding SiO2 NPs up to fDthe
intensity of these peaks decrease and then start to
increase by adding up to 8dto PUOC matrix. So
the PUOC/60QITEOS has less covalent bonding
compared to others.

There are two peaks at 1690 and 1718'cm
that are related to the bonded carbonyl and free
carbonyl groups, respectively [2]. In this cases th
hydrogen bonding index, R, and DPS decrease by
adding TEOS contents up to §00and begin to
increase up to 8Q0 TEOS into PUOC foams (Table
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1). The results show that in low loading of TEOS in
PUOC foams, the produced SiO2 by adding TEOS is
set in hard segment. However, in high loading of
TEOS it is set in soft segment.

The intensity of peaks at 1460, 1535, and
3360 cmt are related to the secondary reaction
between isocyanate and urethane groups [8], urethan
N-H bending [9], and N—-H bonds of urethane [10] in
PUOC composite foams, respectively, which were
decreased by adding TEOS contents up tauba0d
started to increase up to 800TEOS into polymer
matrix.
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Figure 4. FTIR spectra of blank PUOC and

PUOC/20Qul, 400ul, 600ul, and 80Qul TEOS.

Raman Back-Scattering Analysis

Raman spectra of the samples were collected
by using a Thermo Nicolet Almega dispersive micro-
Raman spectrometer operating by a 532 nm laser line
as the second harmonic of a Nd:YLF laser in a back-
scattering configuration.

Raman Spectra of PUOC/SIO,

The possible interaction between SiO2 NPs
and PUOC foams was investigated by analyzing the
recorded Raman spectra shown in Fig.5. In these
composites by adding SiO2 NPs in PUOC matrix, the
C-H wagging [13] bond was appeared in two
composites at 870 chrwhich they were not observed
in pure PUOC. This peak was shifted to higher wave
numbers by increasing the amount of SiO2 NPs in
PUOC matrix. The Raman peak at 646'csirelated
to C-C-C bending [13] mode that is just in
PUOC/1wt. % SiO2 with a weak intensity.
Furthermore the Si—O-Si stretching vibration bond
[12] is just existed in PUOC/1wt. % SiO2 at 1040
cm®. There is another Raman peak at 487" ¢hat
assigned to the rocking of Si-O-Si bond [14] and by
increasing the amount of SiO2 NPs, this Raman peak
is shifted to lower wave numbers. All samples have
C—C stretching bond [13] at 1595 ¢rbut this bond
at PUOC/2wt. % SiO2 has more intensity than pure
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PUOC and PUOC/1wt. % SiO2. The C-H bending
and C-C stretching bonds [13] in all samples are at
about 1500 cih As the intensity of this peak in
PUOC/1wt. % SiO2 is higher than others, it reveals
our expectation about the hardness of this congposit
The interesting point is that by adding SiO2 ineur
PUOC two more modes appear in them which are
assigned to C-C bending and C-H bending at
1300cm’. These peaks start to shift toward lower
wave numbers by adding SiO2 NPs up to 2wt. % in
PUOC matrix.
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Figure 5. Raman spectra of blank PUOC, and
PUOC/SiO2 nanocomposites.

Raman Spectra of PUOC/TEQOS

The detailed Raman spectra of PUOC/TEQOS
are shown in Fig. 6. The Raman peak at 626 @n
related to existence of TEOS [12] which was
observed in all PUOC/TEOS composites. This peak
is shifted at 400l TEOS with PUOC towards large
wave numbers that it is related to the disperstates
of TEOS in the PUOC matrix. There is a Raman peak
at 482 crit that is assigned to rocking of Si-O-Si
bond [14]. This peak is just in the §00and 60Qul
TEOS with PUOC samples, which existed for high
concentrations of TEOS rather than in other
synthesized composites. Furthermore this peak has
shifted to higher wave numbers by increasing the
amount of TEOS in PUOC matrix but the intensity of
it started to decrease. There is a band which is
presented in the 960-980 ¢mregion in all
PUOC/TEOS composites and assigned to Si—O
stretching vibrations of silanol (Si—OH) groups
[14,15].

All peaks that are related to Si show the
interaction between TEOS and PUOC that they lead
to produce of SiO2 in PUOC matrix confirms our
initial expectation. According to C-C stretchingdan
C-H bending modes [13] at 1500 ¢mamong
PUOC/TEOS composites it is seen that these peaks
have higher intensity in 2@0 TEOS in comparison

ISSN: 2277-9655
Impact Factor: 1.852

with the related Raman spectrum of 8DOEOS
sample. These peaks are very weak in two other
composites. The C-C-C bending mode [13] has
appeared at 670 ¢tmin 200, 400 and 6Q0 TEOS
with  PUOC which was shifted to lower wave
numbers by adding the amount of TEOS and it is
reasonable to claim that the sample with 20TEOS

has stronger bonds than the other composites.
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Figure 6. Raman spectra of blank PUOC,

PUOC/20Qul, 400ul, 600ul, and 80Qul TEOS.

Water Uptake

In order to determine the water uptake and
water absorption of the samples, all samples wete c
to 10 mm *10 mm dimensions with 1mm thickness.
The samples were dried in a vacuum oven for 24
hour and their dry weights were measured as Wd.
The wet weight of soaking samples (Wt) was
examined in deionised water at room temperature at
different immersion times up to 96 hours. Water
absorption of the samples was calculated by usieg t
following relation [16]:

W(%) = W-W x100 @

W,
The mean value of three different readings wasrtake
Fig. 7 shows the water absorption of PUOC /TEOS
and SiO2 NPs. The most water uptaking of PUOC
samples is related to the samples with 1 wt. % SiO2
NPs into polymer matrix. Water uptake of the
samples with SiO2 NPs is higher than pure samples;
this is reasonable for the inherent hydrophiliSad2
NPs. The best amount of TEOS for absorbing water
in PU is 20@l TEOS even though 6@0 TEOS in
PUOC is the nearest absorbing water tol2dQEOS.
As was seen the best component of PUOC in terms of
absorbing water is PUOC/2Q0TEQOS, but the best
nanocomposite component in PUOC has lesser
concentration of SiO2 NPs in PUOC matrix.
Apparent Density And Real Density
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For obtaining apparent and real density,
three various specimens were cut from different
regions of the prepared foams and the average svalue
of the densities were measured. The apparent gtensit
(bulk density) is calculated by dividing of the rsas
by the related volumes which have the dimension of
kg/m® or gr/cn®. A common way to measure the bulk
density of a porous material is based on Archimedes
principle, by hydrostatic balance and immersing of
samples in the water.
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Figure 7. Water absorption of PUOC/SiO2 NP—
TEOS.

Fig. 8 shows the apparent density of PUOC
foams versus the SiO2 NP and TEOS loading
segments. In this image with the addition of filldre
apparent density increases at higher loading
segments. By increasing sample’s apparent density,
the mean cell sizes were reduced.
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Figure 8. Apparent density of blank PUOC,
PUOC/TEOS and PUOC/SiO2 NPs.

This can also be understood from the optical
microscopy images. However, the apparent density
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was increased much more, in compared to PUOC
sample, by adding SiO2 NPs with 2wt. %
concentration. The real density of the samples were
measured by immersing them and recording the water
displacement (pycnometry) as it introduced theorati
of its mass to the volume enclosed by an enveldpe o
water surrounding the foam [17]. The real densfty o
PUOC foams versus the SiO2 NPs and TEOS loading
fractions is seen in Fig. 9.

When the mean cell size of the foams
increased, the real density of them decreaseds It i
probably related to the higher mass in the same
volume. This result was the same for TEOS added to
PUOC foam. Furthermore by adding SiO2 NPs into
PUOC foams, the behaviors of the real densities are
bit different to each other. In PUOC, by adding &iO
NPs the real density was decreased (Table 1). One
reason would be due to the creation of
interconnectivity between cells of PUOC foams. AAs i
can be seen, the real density of PUOC is higher tha
the apparent density of them. It can be understood
that the amount of NPs is an important factor itewa
absorption and determining of density in the sasiple
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Figure 9. Real density of blank PUOC,

PUOC/TEOS and PUOC/ SiO2 NPs.

Porosity

As it was mentioned during chemical
reaction of producing foams, the blowing agent
causes the micro vides in the cell strut which glay
major role in determination and construction of
porosity. The fraction of the total volume thatnist
occupied is porosity [18]. Fig. 10 shows the total
porosity, open porosity and closed porosity of the
PUOC samples versus the TEOS and SiO2 NPs
loading fractions.
By using the following equation [19], the percertag
of the total porosity of the prepared samples was
measured.
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¢total = (1_ papparen(/p real) x100% (2}

The real and apparent densities of the samples were
measured in previous section. In PUOC foams the
total porosity of PUOC/TEOS composites is about 2
% less than the blank PUOC foam.

On the other hand, the open porosity is a sign of
sound absorption that the foam with high open
porosity is a good sound absorber [20]. By usirg th
given data from water absorption and also the
saturation time of samples, the volume of water was
measured by using the following relation

Vwater = (msaturated_ mdr)/ P water (3)
where m,...s1S the mass of water saturated foam

and m,, is the oven dry mass of the samples. The

PuateriS the mass density of water. If the, .

volume of water is divided by the original foam
volume, the percentage of open porosity of the
samples will be calculated. The difference between
the open porosity and the total porosity will be th
percentage of closed porosity of the samples.
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Figure 10. Total porosity, open porosity and close
porosity of blank PUOC, PUOC/TEOS and
PUOC/SIiO2 NPs.

It is clear in PUOC nanocomposites that the open
porosity of them reaches a maximum of up to about
66%, higher than the blank PUOC foam for 2wt. %
SiO2 content. Then by increasing the SiO2 NPs
loading fraction, the open porosity of PUOC
nanocomposites starts to increase. The decreasing o
mean cell size tends to higher conductivity of wate
and its absorption will increase. This means that b
decreasing cell size, the open porosity starts to
increase.
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Table 1.Calculated values of some properties of
blank PUOC, PUOC/SiO, NPs and PUOC/TEOS
composites

Sample E DPs Apparant Feeal
Dens. Dens.
(kz'm’) (kz'm)

FUCC 0088 (0496 27 1163

PUOC 1w, %0 1.00 0.300 423 1172
Si0:

PUOC 2wt. %0 099 0497 493 1184
Si0n

PUQC0.2ml 0982 04093 386 1139
TEOS

PUOC/O4ml 0978 (0494 355 1133
TEOS

PUQC 0.6ml 0.96 048 46.8 1148
TEOS

PUCC/ 0. 8ml 1.00 0.300 333 1143
TEOS

Conclusions

Two PUOC hybrids prepared with SINPs
and TEOS as the energy decaying filler at high
loading fractions up to 2wt. % Sj@nd 80@I TEOS.
The relationship among the mentioned PUOC foam
microstructure via optical micrograph and its
different optical and non-optical properties were
evaluated. The interaction between fillers and lblan
PUOC and thus the effects of this interaction on
optical and non-optical properties of PEU
nanocomposites and PUOC composites was
investigated by FTIR and Raman spectroscopy. The
following results can be pointed:

1. The mean cell sizes of foams initially increases
on the addition of SigNPs from 0.0wt. % up to
1.0wt. % but tends to decrease up to 2.0wt. %.
By increasing TEOS content from 200up to
80Qul into the blank PUOC, the mean cell sizes
of foams decreased.

2. The water absorption of samples showed that
the PUOC/1wt. % SigNPs was the best sample
for absorbing water. Furthermore, by increasing
TEOS contents into blank PEU, the water up
taking was increased but their capacity of them
for absorbing water were less than PUOC/1wt.
% SiO, foam.

3. The results indicated that there was a maximum
of 8% decrease in the apparent density of
PUOC/1wt. % Si@ nanocomposite in
comparison with the blank PUOC foam. The
apparent densities of PUOC/TEOS foams were
between apparent density of PUOC/1wt. % SiO
and PUOC/2wt. % Si©

4. The real density reaches a maximum of up to
about 3.5% higher than blank PUOC foam for
1wt. % SiQ and then start to decrease for 2wt.
% SiO,. The real densities of PUOC/TEOS
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foams were between real density of PUOC/1wt.
% SiO, and PEU/2wt. % Si©

5. The open porosity of the PUOC foam reached a

maximum of up to about 18% higher than the
blank PUOC foam for 2 wt. % of S}ONPs
content.
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