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Room temperature self-curable silanized waterborne polyurethanes (Si-WPU) were synthesized by
means of the acetone process employing covalently linked (3-aminopropyl)triethoxysilane (APTES) as
curing agent. The insertion of this curing agent was confirmed using FTIR spectroscopy, liquid NMR and
elemental analysis. The APTES concentration induced an increase of particle size, this effect being more
pronounced at higher concentrations due to the condensation of the alkoxysilane groups. The conden-
sation of silanol groups was evidenced by means of TEM, FTIR and SEM measurements. The presence of
silanol groups on the particle surface was demonstrated by 2-potential analyses. Finally, the curing
process of the dispersions was followed by means of gel content measurements, solid-state 29Si-NMR
and FTIR studies. All the samples were able to cure at room temperature, and the extent of curing was
dependent on the APTES concentration and curing temperature.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Water-based systems are gradually dominating most of the
coating market as a consequence of their lower toxicity compared
to solvent-based products. In line with this trend, aqueous poly-
urethanes (PU) [1e10] have grown commercially in the last decades
due to environmental concerns. Polyurethane materials demon-
strate a unique combination of performance properties, including
excellent abrasion resistance, flexibility or hardness that make
them suitable for many useful products including coatings, adhe-
sives and sealants [11e14].

Waterborne polyurethanes (WPU) cannot be obtained by
emulsion or suspension polymerization due to the high reactivity of
isocyanate groups towards water [9]. Therefore, several processes
have been developed for the synthesis of polyurethane dispersions
[1e24], one of the most common being the “acetone process”
[3,5,9,13,23] in which polyurethane is synthesized in a low boiling
point solvent (usually acetone). The synthetic procedure is similar
to the one used in the traditional formation of polyurethanes, but
a part of the chain extender is replaced by a functionalized diol that
improves water dispersability. After that, water is added drop-wise
018194; fax: þ34 943015270.
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to the polymeric solution, giving rise to a fine polyurethane
dispersion. Finally, acetone is removed by distillation and the
aqueous polyurethane dispersion is obtained.

Because most commercial aqueous PUs are linear thermoplastic
polymers with polar groups in the main chain, the mechanical
properties and solvent resistance of these systems are lower than
those of crosslinked two-pack solvent-based PUs [11,15,21]. For the
purpose of improving the performance of these waterborne PUs,
several crosslinking studies, devoted to the reaction of PU prepol-
ymer dispersions with alkoxysilane compounds in order to get
moisture curable PUs, have been recently reported in the literature
[20,21,25e27].

Silanized polyurethane dispersions are generally composed of
polyurethane backbones containing condensable terminal groups.
During the water evaporation, these groups can undergo cross-
linking reactions to form a stable siloxane linked network, which
results in the improvement of the properties of the pure poly-
urethane. In addition, the incorporation of small inorganic domains
in the nanoscale range gives rise to a synergetic combination of the
properties of each of the constituents [11,18,20e22,24e32].

In this work, room temperature self-curable hybrid waterborne
polyurethane dispersions were obtained by means of the acetone
process, employing (3-aminopropyl) triethoxysilane (APTES) at
different concentrations. The quantitative incorporation of the
curing agent was demonstrated by different characterization
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Table 1
Amount of reagents employed for the preparation of silanized WPU.

APTES (wt.%) PBAD (g) IPDI (g) DMPA (g) TEA (g) APTES (g) BD (g)

0 45.0 25.0 3.0 3.0 0 4.3
5.0 45.0 25.0 3.0 3.0 4.2 3.9
7.5 45.0 25.0 3.0 3.0 6.1 3.1
9.7 45.0 25.0 3.0 3.0 8.4 2.3
14.0 45.0 25.0 3.0 3.0 13.3 0.9
18.4 45.0 25.0 3.0 3.0 17.2 0
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techniques. Although several authors have studied the insertion of
the curing agent in similar systems [21,24,26,27], our work is the
first one that studies the effect of the curing agent on particle
morphology (TEM) and surface properties (2-potential). In addition,
a new and detailed study about the curing process is depicted (FTIR
and solid 29Si-NMR) and the curing grade is determined by the gel
content measurements.

2. Experimental

2.1. Materials

Isophorone diisocyanate (IPDI), 2-bis(hydroxymethyl) propionic
acid (DMPA), 1,4-butanediol (BD), poly(1,4-butylene adipate) end-
capped diol (PBAD) (Mn ca. 1000 g mol�1), triethylamine (TEA),
dibutyltin diacetate (DBTDA), (3-aminopropyl) triethoxysilane
(APTES), acetone, acetone d-6, potassium bromide (KBr), sodium
chloride (NaCl), tetrahydrofuran (THF), sodium hydroxide (NaOH)
and hydrochloric acid (HCl) were purchased from Aldrich Chemical
Corporation. Commercial colloidal silica (KLEBOSOL 30R50) was
purchased from AZ electronic materials. All materials were used as
received.

3. Preparation of silanized WPU

A series of silanized WPU was synthesized in a 250 mL jacket
glass reactor equipped with a mechanical stirrer (250 rpm),
a nitrogen inlet and a condenser. A water bath was employed for
fixing the reaction temperature.

The preparation of theWPU hybrids was divided into threemain
steps: a) synthesis of the polyurethane prepolymer, b) functional-
ization of the prepolymer and c) emulsification. In the preparation
of the prepolymer, two sub-steps were carried out: in the first one,
the less reactive diols (DMPA þ PBAD) were reacted with the
isocyanate, while in the second sub-step, the majority of the
unreacted isocyanate groups was reacted with the chain extender
(BD), leaving some free isocyanate groups. In the functionalization
step, APTES underwent chemical reaction with the remaining free
isocyanate groups, giving rise to an alkoxysilane capped poly-
urethane. Finally, in the last step, the dispersion process was carried
out achieving the final self-curable water polyurethane dispersion.
The whole polymerization process depicted in Scheme 1 is detailed
in the following sections.

3.1. Synthesis of the polyurethane prepolymer

Polyol (PBAD, 45 g), internal emulsifier (DMPA, 3 g) and TEA
(3 g) (in order to completely neutralize DMPA acidic groups) [9],
Scheme 1. Scheme illustrating the different steps involved in the
were fed into the flask reactor together with DBTDA (70 mg) and
acetone (70 g). When the reaction temperature reached 60 �C, IPDI
(25 g) was added drop-wise at 1mLmin�1. The reactionwas carried
out for 3 h and the isocyanate end-capped polyurethane prepol-
ymer was obtained. Afterwards, the amount of the chain extender
BD required to leave some free isocyanate groups was added. This
second step was carried out for 3 additional hours.

3.1.1. Functionalization of PU with the aminosilane
The reaction temperature was dropped to 25 �C and the desired

amount of APTES, in order to complete the reaction, was intro-
duced. The reaction was carried out for an additional hour, and
periodically monitored by FTIR. The reactionwas stopped when the
infrared absorbance of the NCO groups (around 2260 cm�1) was
negligible. Table 1 shows the amount of reagents used in the
different reactions.

3.1.2. Emulsification process
After PU functionalization, the temperature of the reactor was

maintained at 25 �C and the mechanical stirring was raised to
400 rpm to help the dispersion process. Water (180 g) was added
drop-wise to the reactor at 3 mL min�1. After water addition, the
stirring was kept at the same rate for additional 30 min. Finally,
acetone was removed using distillation equipment. The solid
content of the resulting dispersion was comprised between 30
and 35%.

3.1.3. Instrumentation
Fourier Transform Infrared (FTIR) spectrawere obtained at room

temperature using a Nicolet 6700 spectrometer at a resolution of
2 cm�1, and a total of 64 interferograms were signal averaged. The
spectra were obtained from solution casting onto KBr or KRS-5
windows.

1H and 29Si liquid Nuclear Magnetic Resonance (NMR) was used
to determine the structure of the synthesized polymers and verify
the insertion of APTES. The spectra were obtained in a Fourier
Transform Bruker 300 MHz spectrometer (model Avance 300 DPX).
0.75 mL from the reactor was charged into the NMR tube and
a small amount of deuterated acetone was added. TMS was used as
preparation of waterborne silanized polyurethane dispersion.



Fig. 1. Scale expanded FTIR spectra of different polyurethanes.
Fig. 3. 29Si-NMR spectrum of a polyurethane functionalized with 9.7 wt.% of APTES.
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internal reference. In addition 29Si solid NMR spectra were per-
formed in a Fourier Transform Bruker 300 MHz (model Avance 300
DSX) to study the final structure of the formed films.

Elemental analysis was performed after drying the samples for
at least one weak in order to determine the total amount of silicon
in the system.

Dynamic Light Scattering (DLS) measurements were performed
to determine the diameter of the particles, Dp, using a Malvern
Zetasizer nano series. The samples were diluted with deionized
Fig. 2. 1H-NMR spectra of APTES and PU obtained with different initial APTES
concentrations.
water before performing the measurements to avoid multiple light
scattering. The final value was an average of five measurements.

Zeta potential measurements were performed in order to
determine the nature of the particle surface using a Malvern
Zetasizer nano series. Zeta potential was determined through
evaluation of the electrophoretic mobility measured by laser
Doppler velocimetry. All measurements were recorded at 25 �C.
Dispersions were prepared at 1 g L�1 in deionized water mixed
with a background electrolyte (NaCl 0.01 M) in order to fix the ionic
strength. pH was adjusted using NaOH (0.1 M) or HCl (0.1 M) [33].

Transmission Electron Microscopy (TEM) was performed using
a Philips Tecnai 20 microscope working at accelerating voltage of
200 kV. Diluted samples of the dispersions (0.005e0.01 wt.%) were
prepared. Samples without APTES and with 9.7 wt.% of APTES were
stained with phosphotungstic acid (PTA) in order to enhance the
contrast.

The gel fraction was determined by extraction with THF after
drying the samples for 48 h at room temperature and at 90 �C. The
process consisted in a 24 h continuous extraction with THF under
reflux in a 250 mL round bottom flask [34]. After the extraction, the
samples were dried and the gel content was calculated as the ratio
between the dry polymer remaining after the extraction and the
initial amount of dry polymer.

Silicaweight percentage in the hybridmaterials was determined
by Thermo Gravimetric Analysis (TGA Q500, TA instruments).
Samples were heated under nitrogen atmosphere at a rate of
10 �C min�1 from 50 �C to 600 �C. After cooling to 300 �C, nitrogen
was replaced by air and another temperature scan was carried out
at a rate of 10 �Cmin�1 to 800 �C. The values of the residual weights
were used as the silica content in the hybrid materials.
Table 2
Elemental analysis of four different polyurethanes.

WPU 0% APTES 5% APTES 9.7% APTES 18.4% APTES

Si wt.% (theo.) 0 0.6 1.3 2.4
Si wt.% (exp.) 0 0.6 1.2 2.3
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Fig. 4. Particle size variation of silanized WPU dispersions for different coupling agent
concentrations.
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4. Results and discussion

4.1. Synthesis of hybrid WPU

Different polyurethanes were synthesized using six APTES
concentrations (Table 1). It is well known that under the same
conditions, the reactivity of amine groups towards the isocyanate
is much higher than that of the alcohol groups and therefore, the
reaction between the final isocyanate groups and the amine
groups of APTES is feasible. Nevertheless, different characteriza-
tion techniques were employed in order to evidence APTES
insertion.

Five different polyurethanes were characterized using FTIR
spectroscopy as shown in Fig. 1. The presence of APTES can be
confirmed by the appearance of a new band centred at 1100 cm�1,
attributable to SieOeC stretching vibrations of alkoxy groups, and
its insertion into the polymer chains by the shoulder at 1650 cm�1

and the broadening of the amide II band at 1550 cm�1. These two
new bands, whose intensities increase with APTES concentration,
can be assigned to the carbonyl stretching and NeH bending
vibrations of urea groups, generated as a consequence of the
reaction between isocyanate and APTES amine groups.
Fig. 5. TEM images of diluted samples of pure polyurethane (left) and of 9.7
As demonstrated in Fig. 1, FTIR spectroscopy is a useful tech-
nique in order to obtain qualitative data about the insertion of the
alkoxysilane into the polyurethane chains. However, in order to
obtain quantitative data, elemental analysis and NMR studies were
carried out. As shown in Fig. 2, the relative area of the signals at 0.6,
3.7 and 3.2 ppm (marked with an arrow in the 18.4 wt.% spectrum)
increases with the alkoxysilane concentration. These peaks can be
assigned to the methylene groups linked to the silicon atom (Si-
CH2), to siloxane (Si-O-CH2) and to urea groups (NHCONH-CH2)
respectively. The first two ones confirm the presence of alkoxy-
silane groups. In addition, the signal assigned to the methylene
groups linked to urea groups (whose position shifts from 2.7 ppm
in the pure APTES to 3.2 ppm in the inserted APTES) confirms the
chemical linkage between the polyurethane and the alkoxysilane.

During the polymerization and functionalization processes, the
final alkoxysilane groups can undergo hydrolysis and/or conden-
sation reactions. In order to make sure that this reaction did not
occur before the water addition, 29Si-NMR studies were carried out
to ascertain the exact structure of the silanized PU. In Fig. 3, the 29Si
spectrum of 9.7 wt.% APTES-containing polyurethane is presented
(all the functionalized polyurethanes showed the same signals).
The main peak of the spectrum at �46 ppm is assigned to silicon
atoms linked to three ethoxy groups and therefore having no
siloxane linkage (T0). The low signals observed at �44 ppm and
�53 ppm can be attributed to hydrolyzed (SieOH) and partially
condensed alkoxy groups respectively. The presence of humidity in
the system can be responsible for the formation of these groups. It
is well established that alkoxysilane groups in contact with water
undergo hydrolysis and/or condensation processes. However, the
relative intensity of the T0 signal suggests that the majority of the
ethoxysilane groups are not condensed.

Finally, elemental analysis measurements were carried out in
order to quantify alkoxysilane incorporation in the polymer chains.
These results are summarized in Table 2. The theoretical and
experimental values are equal confirming the quantitative insertion
of the curing agent into the polymer chains.
4.2. Effect of APTES concentration in the emulsification

Six different formulations were employed in order to study the
effect of the curing agent concentration on the characteristics of the
final silanized WPU dispersions. The final particle size after emulsi-
ficationwas determined by DLS as a function of APTES concentration
(Fig. 4). As can be seen, at low APTES contents themean particle size
increases slightly with increasing APTES concentration. However,
wt.% APTES-containing polyurethane (right) particles stained with PTA.



Fig. 6. TEM images of diluted polyurethane samples containing 14 and 18.4 wt.% APTES, (left and right respectively) without PTA.
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this increase is much more pronounced at APTES concentrations
above 9.7 wt.%. On the one hand, aswe introduce the curing agent in
the formulation, the polymer becomes poly(urea-urethane). The
higher the APTES concentration, the higher the number of urea
groups, as previously demonstrated in Section 3.1. Due to the less
hydrophilic character of urea groups compared with urethane
groups, using the same amount of functionalized diol, larger particle
sizes are obtained, as previously reported by Song et al. [20]. On the
other hand, the number of Si(OEt) groups is increased aswe increase
the alkoxysilane concentration. The alkoxy groups in the presence of
water undergo hydrolysis and/or condensation processes, affecting
the particle size and the dispersion stability.

It was stated elsewhere that the particle size of the dispersions
is not affected by silylation [20,21,26,27]. This was attributed to the
small amounts of APTES employed in the prepolymer preparation.
Our results at low APTES concentration follow this tendency and
suggest that the small increase in the particle size is due to the
presence of a higher content of urea groups. Nevertheless, the large
particle size increase observed at high APTES concentrations
suggests that the condensation of alkoxysilane groups takes place
during the phase inversion process, considerably affecting the
particle size. In addition, the reproducibility in the case of high
APTES concentration decreases in relation to those systems con-
taining low APTES concentration.

Moreover, the values of particle size distribution are in the range
of 0.1e0.15 in all cases, indicating a fairly homogenous particle size
distribution.

4.2.1. Morphology of functionalized polyurethane particles
The morphology of the polyurethane dispersions was followed

by TEM. Fig. 5 shows the photographs of the pure polyurethane and
the polyurethane functionalized with 9.7 wt% of APTES. For the
pure polyurethane (left), the particle size distribution is broad.
Although the mean particle size is around 30 nm, larger
Fig. 7. Zeta potential vs pH of colloidal silica and different PU dispersions.
(100e200 nm) and smaller particles (5e10 nm) can be detected.
The sample containing 9.7 wt.% of APTES shows a narrower particle
size distribution, more homogeneous than that of the pure poly-
urethane. The same stands true for the samples obtained with 5
and 7.5 wt.% APTES (photos not shown).

However, the inorganic domains cannot be detected by this
technique, which is probably due to their small size. This fact
confirms, in a certain way, that at low alkoxysilane concentrations
the aggregation of the Si containing groups is negligible. On the
contrary, when higher APTES concentrations (14 and 18.4 wt.%) are
employed, this tendency changes as can be observed in Fig. 6.

The high concentration of alkoxy groups significantly affects the
morphology of the obtained particles. Due to the larger number of
hydrolysable alkoxy groups (which increases as we increase the
APTES concentration), the condensation reaction can take place
during the phase inversionprocess, creating inorganic-rich domains
(Fig. 6). Thus, the system containing 14 wt.% of APTES presents
hybrid morphologies where the inorganic domains can be easily
identified as black zones mainly located at the particle surface or
entrapped within hybrid aggregates. In the case of the systemwith
18.4 wt.% of alkoxysilane, core-shell type structures are obtained
where the inorganic domains are mainly situated inside the PU
particles. In ouropinion, in the last two cases, thehigh concentration
of APTES promotes the phase separation between the organic and
inorganic domains, and therefore APTES concentration not only
affects the particle size but also the particle morphology.
4.3. Particle surface characterization

The variations of the zeta potential as a function of pH for all
the PU aqueous dispersions were determined to characterize the
particle surface composition. As can be observed in Fig. 7, using
Fig. 8. Gel content for different dispersions dried at 2 different temperatures for 48 h.



Fig. 9. Scale expanded FTIR spectra of polyurethane containing 18.4 wt.% of APTES
obtained before and after curing for 48 h at room temperature.
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low APTES concentrations (5e9.7 wt.%) the values of the zeta
potential, in the whole pH range, are very close to those obtained
for colloidal silica. This result suggests that in this range of
concentrations, silanol groups are located on the surface of the
polyurethane particles, which exhibit consequently the same
behaviour as colloidal silica. However, when 18.4 wt.% of APTES is
employed, the zeta potential in the whole pH range is closer to
that of the pure polyurethane dispersion. This result indicates that
at this concentration, the surface of the particles is mainly covered
by carboxylate groups present in the polyurethane chains.
Therefore, at high APTES concentrations, most of the alkoxy
groups condense during the phase inversion process reducing the
expected number of silanol groups distributed on the surface.
Fig. 10. 29Si solid-state NMR spectra of polyurethane functionalized with different
APTES concentrations and cured at room temperature.
Therefore, the silanized PU dispersion has in this case almost the
same IEP as the pure PU. These results support the previously
described TEM observations.
4.4. Cured polyurethane films

Finally, the curing process of these polyurethane dispersions
was analyzed. Five different dispersions were self-cured at two
different temperatures for 48 h and afterwards the gel content was
determined using the methodology described in the experimental
part. The results obtained are shown in Fig. 8. As observed, the gel
content considerably increases with the APTES concentration,
reaching a plateau at concentrations above 14 wt.% of APTES where
the gel content is almost 100%. This result is expectable due to the
higher ability of the system to crosslink as the APTES concentration
is increased. Furthermore, at the same APTES concentration the gel
content does not change with the drying temperature. This result
confirms that the functionalized polyurethanes are self-curable at
room temperature, as has been previously stated for similar
systems [21].

FTIR spectra of the sample containing 18.4 wt.% of APTES before
the emulsification process (uncured system) and after film forma-
tion (cured at room temperature) are shown in Fig. 9.

Absorptions related to the alkoxysilane groups are z1167 cm�1

(SieOeC rocking), z1100 cm�1 (na(CeC þ CeO)), z960 cm�1 (d
(CCH3)) and z790 cm�1 (n(SieO þ CeO)) [35]. These absorptions
can be clearly seen in the spectrum obtained before the emulsifi-
cation process. However, during this process and film formation,
when the curing reaction takes place, the alkoxysilane groups
undergo hydrolysis and condensation reactions, giving rise to
a decrease in the intensity of the bands corresponding to the
alkoxysilane groups and an increase in the intensity of the bands of
silica (z1066 cm�1 na(SieOeSi)).

Moreover, 29Si-NMR studies were carried out to determine the
structure of the alkoxy groups in the final polyurethane films after
drying at room temperature for a minimum of 48 h.

In Fig. 10, the 29Si solid-state NMR spectra of four PU films cured
with different curing agent concentrations (the pure polyurethane
does not display any band) are represented. Two peaks are evident
in the 29Si-NMR spectra at approximately �55 and �66 ppm. They
represent silicon atoms with two (T2) and three (T3) siloxane
linkages, respectively. There is no evidence of any peak associated
to T1 or T0 structures indicating that the condensation reactions
have been almost completed. However, as we increase the APTES
concentration, the contribution of T3 type structures is slightly
higher. This result suggests that the condensation degree is
enhanced at high APTES concentrations.

Finally, in order to determine the SiO2 content in the final films,
dried at room temperature, TGA measurements were carried out
where the residue content was considered as the inorganic
network (Table 3).

As expected, SiO2 content increases as a function of APTES
concentration.
Table 3
TGA results for hybrid films with different APTES content.

WPU (wt.% APTES) wt.% SiO2

0 0.1 � 0.1
5.0 1.7 � 0.2
9.7 2.8 � 0.2
14.0 4.3 � 0.3
18.4 6.0 � 0.4
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5. Conclusions

In this study, polyurethane dispersions containing covalently
bonded alkoxysilane end groups were successfully obtained by
means of the acetone process using different concentrations of
APTES. The quantitative incorporation of the alkoxysilane groups
into the polyurethane chains was confirmed by means of FTIR,
1H-NMR and elemental analyses.

The effect of the curing agent concentration on the particle size
and morphology was also investigated. According to DLS, the final
particle size of the dispersions increased with APTES concentration,
especially for high concentrations. Moreover, at low APTES
concentrations, no silica domains could be detected by TEM.
However, for APTES concentrations higher than 9.7 wt.%, the
polyurethane particles contained inorganic-rich domains, con-
firming the partial condensation of alkoxy groups during the
emulsification process, promoting their aggregation.

The zeta potential measurements demonstrated that the highest
number of silanol groups on the particle surface was obtained
when using 9.7 wt.% of APTES, supporting TEM observations.

These dispersions were able to cure at room temperature
because of the condensation of silanol groups during the drying
process, giving rise to a covalently linked organic/inorganic hybrid
film. 29Si solid-state NMR, FTIR and gel content measurements
obtained after curing the dispersions at room temperature,
confirmed that crosslinking occurred during the drying process,
and not during the polymerization.
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