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A series of waterborne polyurethane (WPU) dispersions modified with different contents of 3-
aminopropyltriethoxysilane (APTES) were synthesized based on poly(1,6-hexyl 1,2-ethylcarbonate) diol
(PHEC) and isophorone diisocyanate (IPDI), and the films were obtained by casting the dispersions on
Teflon molds. Effects of APTES content on the particle size and viscosity of the dispersions were studied.
The structure and properties of the resulting films were investigated by Fourier transform infrared spec-
troscopy, wide angle X-ray diffraction measurement, dynamic mechanical analysis, thermogravimetric
analysis and mechanical testing. The experimental results showed that the incorporation of APTES played
an important role in the enhancement of the water and toluene resistance and mechanical properties of
the SPU films. Young’s moduli and ultimate tensile strengths were improved from 8.0 to 451 MPa and
6.5-19 MPa respectively as the APTES content increased from 1wt.% to 20 wt.%. The ability of scratch
resistance was enhanced, when the content of APTES increased to 20 wt.%, the 3H pencil could not mar
the surface. Moreover, the transmittance spectra indicated that the coatings showed high transparence.
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1. Introduction

Polyurethanes (PUs), most versatile classes of polymers, are
used extensively in applications from foams and elastomers to
adhesives and coatings [1-7]. The wide applicability of PU is due
to the flexibility in selection of monomeric materials from a great
variety of diisocyanates, macrodiols and chain extenders, as well
as the ability to form different types of molecular architectures
specifically tailed for each application. However, the conventional
PU products usually contain a large number of organic solvents
and sometimes even free isocyanate monomers which are harmful
to the environment and human health. Therefore, they have been
gradually replaced by the (WPU) in the past decades [8-14].

WPU are binary colloidal systems in which the particles of PU are
dispersed in a continuous water phase. They have been used in var-
ious fields including as coatings, printings and adhesives because of
environmental advantages. However, the thermal stability, water
resistance, and mechanical properties of the WPU are needed to
be improved compared with the organic solvent based PU. Great
efforts have been devoted to speeding up the developments of
WPU. For example, organic-inorganic nanocomposites have been
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developed to combine the desirable properties of WPU with inor-
ganic fillers. Various types of filler, such as clay, cellulose, silica
and starch nanocrystals were used, and the tests demonstrated
significant improvement of the performances such as mechanical
properties, thermal stability and others [ 15-18]. Moreover, various
WPU/acrylic hybrid dispersions were carried out to offer syner-
getic proprieties through different routes, such as seeded emulsion
polymerization, miniemulsion polymerization, interpenetrating
polymer networks (IPN) and so on [19,20]. Additionally, some other
materials, e.g., epoxy resin, polysiloxane and alkoxysilane have also
been used to incorporate into polyurethane backbone to improve
WPU proprieties [21,22]. Among the above-mentioned methods,
modification of WPU with APTES is an important and effective way
to prepare high performance materials [13,23]. The introduction
of APTES into polyurethane backbone can be carried out easily
through the terminal amine group of APTES reacting with the func-
tional group of diisocyanate. Silanized polyurethane contain the
condensable terminal groups and the sol-gel reactions take place
during the phase inversion process which involve the hydrolysis
and polycondensation reactions of silicon alkoxides and give rise
to a stable siloxane crosslinked WPU.

Polycarbonate (PC) based polyurethanes have been studied and
exploited especially for high transparent coatings due to the supe-
rior proprieties of PC such as great toughness, flexibility, durability,
hydrolysis resistance, oil resistance and high transparence [24,25].
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The purpose of this study is to prepare a series of PC based WPU
dispersions with different contents of APTES and investigate the
effects of APTES on the viscosity and particle size of the disper-
sions, and the thermal properties, mechanical properties, optical
properties of the films.

2. Experimental
2.1. Materials

Isophorone diisocyanate (IPDI), 2-dimethylol propionic
acid (DMPA), poly(1,6-hexyl 1,2-ethyl carbonate) diol (PHEC)
(Mw =2000), were supplied by An Li Artificial Leather Co.,
Ltd., Hefei, China. Sodium hydroxide and hydrochloric acid,
dibutylamine, dibutyltin dilaurate (DBTDL), ethylene glycol
(EG), triethylamine (TEA) were purchased from Su Yi Chemical
Reagent Co., Ltd., Shanghai, China. Acetone (Ac), toluene, 3-
aminopropyltriethoxysilane (APTES) were purchased from Qiang
Shen Chemical Reagent Co., Ltd., Nanjing, China. The raw materials
were used as received, except for the PHEC which were dried
in vacuo at 100°C for 2 h.

2.2. Preparation of SPU

The silanized WPU (SPU) was prepared by the acetone process.
The PHEC (90 g), IPDI (40 g), and DMPA (4.4 g) were added to a four-
necked flask equipped with a mechanical stirrer, nitrogen inlet,
condenser, and thermometer. The reaction mixture was stirred
and carried out at 80°C for 1h under a dry nitrogen atmosphere.
Upon reaching the theoretical NCO value (6.4 wt% NCO) which was
determined by a dibutylamine back titration method, EG (5.3 g) and
DBTDL were added. Stirring was continued for 30 min at 60 °C and
then AC was added to reduce the viscosity of the system. After an
additional 3 h of reaction, APTES (1.4 g) was added and allowed to
react with the remaining free isocyanate groups at 50°C for 1h,
then the reactants were cooled to room temperature and neutral-
ized by the addition of TEA (3.3 g) for 30 min to neutralize all the
carboxylic acid groups at 40°C. At the end, water was added to
accomplish the dispersing at high speed. Finally, Ac was removed
using distillation equipment. The solid content of the resulting dis-
persion was comprised between 30%. The dispersions were poured
into Teflon molds to dry at ambient temperature for 7 days to obtain
transparent films. The compositions of other samples are given in
Table 1.

2.3. Characterization

Fourier transform infrared (FTIR) spectroscopy was performed
on a spectrometer (Nexus, Nicolet) using the attenuated total
reflectance (ATR) technique. Data were collected at 4cm~! resolu-
tion co-adding 32 scans per spectrum. Wide angle X-ray diffraction
measurement was carried out with a Philips X’pert-PRO using Cu-
Ka radiation. The diffraction angle 20 ranged from 10 to 90°. The
particle size and viscosity of the dispersions were measured with
a Malvern Zetasizer and a Brookfield Viscometer (NDJ-5S) at 25°C.
The dispersions were kept in sealed bottles at room temperature
to examine the storage stability. Dynamic mechanical tests were
performed using a dynamic mechanical thermal analyzer (DMTA)
(Pyris Diamond DMA, Perkin-Elmer) at 1 Hz, 5°C/min from —80°C
to 200 °C. The tensile properties of the films were measured at 25 °C
with a universal testing machine (CMT, SANS) at a crosshead speed
of 300 mm/min. The reported values are averages obtained from
five specimens. Thermogravimeter (Pyris 1 TGA) was used to mea-
sure the weight loss of the SPU films under N, atmosphere. The
samples were heated from 100°C to 700°C at a heating rate of
10°C/min. Pencil hardness was carried out by a pencil hardness
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Fig. 1. IR spectra of the SPU.

tester (Pushen) according to the State Standard Testing Method
(GB/T 6739-2006, equivalent of ISO 15184). The SPU were coated
on glass and the final thickness of the films was about 100 wm. The
transmittance of the glass with the SPU coatings were measured
by UV360 (Shimadzu) UV-VIS-NIR spectrophotometer. The transi-
tion mode was used and the wavenumber range was set from 400
to 780 nm. The refractive index of SPU-0 was measured by Auto-
matic Digital Refractometer (RA-620). The surface morphology of
the SPU samples was analyzed by field emission scanning electron
microscopy (FESEM, Sirion 200 FEI). Samples were adhered to alu-
minum sample holders and sputter coated with Au layer. TEM of the
diluted SPU dispersions were obtained with a transmission electron
microscope (JEM-2010). The swelling ratios of the SPU films were
determined as follows. Samples of 1 g were cut from the SPU films,
weighed, and then immersed in water or toluene for 24 h at room
temperature. After the residual solvent was wiped from the film
surface with filter paper, the weight of the swollen film was mea-
sured immediately. The swelling ratio was expressed as the weight
percentage of solvent in the swollen film:

. . Wy
swelling ratio = W,
where W is the weight of the swollen film and Wj; is the weight of
the dry film.

3. Results and discussion
3.1. FT-IR

FT-IR spectroscopic measurements were performed to identify
SPU with different APTES contents. The samples were analyzed in
the form of films. In Fig. 1, the FTIR spectra of the SPU are presented
with absorption peaks assigned according to the literature [26].
For SPU containing PHEC, a pronounced peak at 1250 cm~! char-
acteristic of the carbonate group (—O—C(=0)—0) are significant.
The absorption bands around 3343 cm~! (N—H stretching), strong
absorptions at 1740 cm~! (free C=0 stretching of urethane and car-
bonate groups), 2940 and 2861 cm~! (the CH, anti-symmetry and
symmetry stretching vibrations), 1113cm~! (C—O—C stretching
vibration of PC and Si—O—Si asymmetric stretching vibration) con-
firm the formation of the urethane linkage. The band of 1670 cm~!
assigned to the carbonyl stretching vibrations of urea groups
generated as a consequence of the reaction between isocyanate
and APTES amine groups. The insertion of APTES into the poly-
mer chains can be confirmed by the broadening of the band at
1670cm~! and 1113 cm™1,
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Table 1

Formulations to SPU, swelling properties and TGA for SPU films.
Sample APTES (wt.%) IPDI (g) PCD (g) DMPA (g) EG (g) TEA (g) APTES (g) Sw (%)? Sx (%)° Tio) (°C)° Tso (°C)¢
SPU-0 0 40 90 4.4 5.3 33 0 22 Soluble 290 330
SPU-1 1 40 90 44 5.1 33 1.4 16 230 294 338
SPU-3 3 40 90 4.4 4.7 33 4.2 14 162 291 339
SPU-5 5 40 90 4.4 43 33 7.0 5 139 296 343
SPU-10 10 40 90 44 34 33 14 13 128 292 345
SPU-20 20 40 90 44 14 3.3 28 0.5 105 302 356

2 Swelling of SPU films in water.

b Swelling of SPU films in toulene.

¢ 10% weight loss temperature (°C).
d 50% weight loss temperature (°C).

Further analysis of the FTIR spectra of the SPU could be used
to investigate the absorption peaks of the urethane and urea
groups and provide information on the hydrogen bond forma-
tion. The absorption bands around 3343 cm~! corresponded to
the hydrogen-bonded N—H stretching vibration are pronounced.
The band at 3400-3500cm~! assigned to non-hydrogen-bonded
N—H stretching is not found in the spectra indicating that the
amide groups in the SPU films are all involved in hydrogen bond-
ing. Moreover, the urea (C=0) peak at 1630cm~! in the hard
segment are not observed and the intensity of the urethane
(C=0)1700cm~! decreases with increasing APTES, both of these
two bands are corresponded to the formation of ordered hydro-
gen bonds. In addition, the disordered hydrogen bonded C=0 peak
of urea (1660-1670cm™1) is present in the spectra and its inten-
sity increases with increasing APTES. Thus, it is concluded that the
APTES leads to an increasing urea contents in the resulting materi-
als and stronger phase mixing on the interface between hard and
soft segments and therefore more amorphous hard segment phase.
The spectroscopy findings correlate well with changes in morphol-
ogy and thermal and mechanical properties, as discussed below.

3.2. The effect of APTES content on the SPU dispersions

Usually, PU polymers are not soluble in water. WPU can be
prepared by incorporating hydrophilic groups in the polymer back-
bone or by adding a surfactant. In this work we used DMPA as the
internal emulsifier which reacted with TEA and formed ammonium
carboxylate anions [COO~HN*(CyHs)3] to stabilize the particles.
The average particle size and viscosity are important and affect
the colloidal stability of dispersions. Fig. 2 shows the average par-
ticle size and viscosity as a function of APTES concentration. It is
found that the average particle size and viscosity changed slightly
as APTES content increased from O wt.% to 10 wt.%, however, as it
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Fig. 2. Effect of APTES content on the SPU dispersions.

increased to 20 wt.%, the particle size increased to 110 nm and the
viscosity decreased to 55 mpas. That the larger particle sizes and
lower viscosity are obtained may be due to (1) the crosslinking den-
sity increases as APTES increasing because of the condensation of
alkoxysilane groups taking place in the process of dispersion and
the phase inversion become difficult especially for high APTES con-
tent (2) the urea groups are less hydrophilic than urethane groups
and more urea groups are formed as demonstrated in Section 3.1 (3)
the Si—0—Si unit is hydrophobic [13]. Moreover all the dispersions
are stable than 6 months.

3.3. X-ray diffraction

X-ray diffraction analyses of the SPU with different APTES
contents are shown in Fig. 3. Each SPU exhibits a broad diffraction
halo at 260 =20°, which is the same as that of the pure WPU. These
diffraction halos indicate the formation of the amorphous phase
of SPU and some aggregated hard segment domain resulted from
the phase separation [27]. As the APTES content increases, such a
diffraction peak becomes weaker and broader. Two factors may be
responsible for this observation. First, the strong phase mixing on
the interface between hard and soft segments disturbs the ordered
arrangement of polymer chains. This fact confirms the results of the
FTIR spectra analysis. Second, the average chain length is shorter
as more APTES added, which is not favorable to crystallization.

3.4. Dynamic mechanical behaviors

The tan § curves as a function of temperature for SPU films with
different APTES loadings are shown in Fig. 4. As observed, the max-
imum value of tan §, shifts from 0.19 for low APTES concentrations
(1wt.%) to values of about 0.14 when large APTES (20 wt.%) con-
centration was used, as a consequence of more stiff material. In
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Fig. 3. X-ray diffractograms of SPU.
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Fig. 4. The loss factor as a function of temperature for SPU.
Table 2
Mechanical properties of the SPU films.
SPU-0  SPU-1 SPU-3  SPU-5 SPU-10  SPU-20
E (MPa)? 8.0 42 33.6 54.6 106.8 451
o (MPa) 6.5 10.2 135 12.6 18.5 19
& (%) 430 240 210 180 143 96
Toughness (MPa) 18.6 18.5 19.2 15.8 22.1 17.6
Pencil hardness HB HB 1H 1H 2H 3H

2 Young’s modulus, o =tensile strength; € =elongation at break.

addition, the glass transition temperature (Tg) which is assigned
to the behavior of the soft polycarbonate diol segment, signifi-
cantly raised with an increasement of the APTES content. This can
be explained in that more APTES incorporated into polyurethane
chains retarded the motion of soft segment and induced long relax-
ation times to follow.

3.5. Mechanical properties

Table 2 summarizes the Young’s modulus, tensile strength,
elongation at break, and toughness of the SPU films with differ-
ent content of APTES, and typical tensile stress-strain behaviors
are shown in Fig. 5. The SPU-0O shows a Young's modulus of
8.0 MPa, a tensile strength of 6.5 MPa, and an elongation at break of
430%.When the content of APTES increases, the Young’s modulus
and ultimate tensile strength increase, but its elongation at break
decreases. We note that SPU-0 exhibits a strain recovery of 99%
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Fig. 5. Stress-strain curves for SPU.

(determined as described elsewhere) and this behavior is similar
to the behavior of an elastomeric polymer. However, the films of
SPU-1, SPU-3 and SPU-5 exhibit behavior that are typical of ductile
plastic with a clear yield point and show a modulus and a tensile
strength that are higher than those of SPU-0.The higher content
of APTES results in a relatively hard plastic SPU-10 and SPU-20,
which exhibit yielding behavior, followed by the strain softening
and strain hardening behavior are observed before the specimen
breaks. Besides the tensile strength and the Young’s modulus, the
toughness which indicates the amount of energy per volume that a
material can absorb before rupturing, is also calculated from Fig. 5
by integrating the area under the stress-strain curves [11]. The
toughness of the resulting SPU films is illustrated in Table 2. It
is shown that the adding of APTES does not affect the toughness
significantly. This observation s interesting as it indicates the intro-
duction of APTES does not change the toughness of this polymer
system. The pencil hardness measurements which test the ability
of scratch resistance of a surface posed by pencils of varied hardness
were also determined. The values of pencil hardness are shown in
Table 2.1tis evident that as the content of APTES increased, the abil-
ity of scratch resistance enhanced, especially when the content of
APTES increase to 20%, the 3H pencil could not mar the surface. It is
believed that hardness corresponds to the resistance of a material to
localized plastic deformation which includes the breakage of bonds
with original atom neighbors and reformation of new bonds as large
numbers of atoms or molecules move relative to one another [28].
The incorporation of Si—0—Si chains into the polyurethane back-
bone increasing the cross-linking density and the rigidity of the
films which in turn lead to more resistant of the films to localized
plastic deformation as it becomes more difficult for bonds to break
and reform new bonds.

3.6. SEM analysis of surface morphologies

The surface morphologies were studied by SEM and shown in
Fig. 6. The films SPU-0 and SPU-1 display a rough surface with
some wave-like belts distributing in the whole region homoge-
nously. As the APTES incorporation increasing, the surface of the
films exhibits less rough morphologies, evidenced by the SPU-3
and SPU-5 microphotographs in Fig. 6. For the SPU-10 and SPU-20
films, smooth surface are evident which are significantly different
from the films containing low incorporation of APTES. It is known
that as to segmented PU block copolymers, combination of their
chemical composition, block lengths, and thermodynamic misci-
bility between hard and soft segments plays an important role on
the formation of the phase-separated microstructure. In our case,
the hard segments are composed of urethane and urea groups, and
soft segments are composed of polyester carbonyls and Si—0—Si
chains. Form the obtain results of FTIR and XRD, we found that the
disordered hydrogen bonds increases with increasing APTES give
rise to a higher degree of hard/soft-segment mixing. Herein, we
consider the domains of soft segments and the intermediate phase
as the matrix. The domains of hard segments are more dispersed
and encapsulated in the matrix [29]. The compatibility between
hard and soft segments results in surfaces ranging from strongly
phase separated to nearly homogeneous.

3.7. Swelling of SPU films in water and toluene

Itis well known that water and toluene resistance are important
properties of the water-based polymer systems. Water and toluene
swelling of the SPU films were tested and listed in Table 1. The
modified WPU samples exhibited much lower swelling ratios than
that of pure PU because the siloxane networks hind the solvent
(water or toluene) molecule from getting into the bulk. Moreover,
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Fig. 6. SEM microphotographs of the surface of SPUs films (scale bar=10 pm).

the siloxane group was hydrophobic and hence improved the water
swelling remarkably.

3.8. Thermal properties of SPU films

The TGA curves of the SPU films are shown in Fig. 7 and tem-
peratures at which 10% (T1g) and 50% (Tsg) weight loss occurred
are summarized in Table 1. The onset decomposition temperatures
of the SPU are somewhat different, but this difference is not sig-
nificant. However, the temperatures of T;g and Tsq shift from 290
to 302°C and from 330 to 356°C, when the content of the SPU
increased from 0 wt% to 20 wt%. This can be explained by the sil-
oxane (Si—O—Si) network incorporated in the urethane segment
and restrained the volatilization of the chain. Also, there is an
increase in char formation due to the presence of the silica formed
in the alkoxysilane groups condensation process.
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Fig. 7. TGA of the SPU films.

3.9. The transparency of the coatings

The transmission spectra of SPU coatings in the wavelength
range of visible light (400-780 nm) as a function of APTES content
are given in Fig. 8. Compared with the pure WPU coating, the trans-
mittance of SPU coatings in visible light began to decline slightly as
APS load increasing. In the case of SPU-20 coating, the declination
of transmission was pronounced, however it still presented high
transparence. There are two factors influence the transparence of
the coatings. On the one hand, the incorporation of APTES into the
PU chain favoring the phase mixing would lead to more amorphous
of PU phase and then more transparent of the coatings. On the
other hand, the silica nanopaticles formed due to the alkoxysilane
groups undergo hydrolysis and condensation reactions during the
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Fig. 8. Transmittance spectra in the visible range.
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Fig. 9. TEM photograph of SPU-20 dispersion.

phase inversion process of APTES terminated polyurethane have
negative effect on the transparence [30]. In order confirm the silica
nanopaticles formation, TEM was carried out. Fig. 9 shows image of
SPU-20 dispersion. It can be seen that spherical nano silica present
with dimater larger than 100 nm. The loss of transparency owing
to light scattering can be explained by Eq. (1) below.

I 3Vp x 13 [ np
T‘E‘eXp(_[T(E_l)D W
where T is the transmittance of incident light, I and Iy are the trans-
mitted and incident light intensity, Vj, is the volume fraction of
inorganic particles, r is the radius of spherical particles, y is the
optical path length, A is the wavelength of incident light, and np, and
nm are the refractive index of nanoparticles and matrix [31]. Eq. (1)
shows that the different refractive indexes of the silica nanopati-
cle (n~1.45) and PU polymer matrix (n~ 1.58) as well as relatively
large size of the silica nanopaticles are responsible for reduction
in the transmittance of nanocomposites in the visible range [32].
Thus, it can be inferred that the formation of silica nanopaticles was
the dominating factor influencing the transparency of the coatings,
especially for high APTES was introduced.

4. Conclusions

In this study, waterborne polyurethane dispersions modified
with different concentrations of APTES were successfully obtained
through the acetone process. The incorporation of the alkoxysi-
lane groups into the polyurethane backbone was confirmed by
means of FTIR analysis. Further analysis of the FTIR spectra revealed
that stronger phase mixing on the interface between hard and soft
segments as a result of the increasement of APTES content. The
stronger phase mixing disturbed the ordered arrangement of poly-
mer chains that were demonstrated by X-ray diffraction. The effect

of the APTES concentration on the particle size and morphology
were also investigated and the results showed that the average
particle size and viscosity changed slightly when the loading of
APTES lower than 10%. However, when it increased to 20%, those
changes were pronounced. The mechanical and thermal properties
of alkoxysilane modified WPU were superior to that of pure WPU.
Moreover, the films of SPU showed higher water and toluene resis-
tance and excellent transparence, thus APTES modified WPU can
be used as wood varnish, leather polish, glass coating, decorative
and protective coatings.
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