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A series of modified waterborne polyurethanes were synthesized using a self-emulsifying method

DOI: 20.1039/x0xx00000% for high performance waterproof coatings, such as fluoride polyurethane (FPU), siloxane modified

www.rsc.org/ waterborne polyurethane (SPU) and the polyurethane containing fluorine and siloxane (FSPU). The
structures of waterborne polyurethane were designed from scratch, and the contents of fluoride
acrylic monomer (FMA) and siloxane contents (HO-PDMS) segments in FSPU were adjusted for
high performance waterproof. It’s found that the sample has lowest water absorption, higher water
contact angles, and better mechanical/thermal properties, when the FMA content is 20wt% and HO-
PDMS content is 3wt%. The mechanisms of improvement of contact angles were investigated, due
to the vinyl group crosslinking, higher temperature can significantly improve the hydrophobicity of
the films in emulsion polymerization and film forming process. Optimized FSPU has a promising
future as a kind of waterborne waterproof coatings.

1. Introduction was reportedlo, with increasing the content of fluoride acrylate from
0% to 40%, the hydrophobicity and crosslinking degree of
waterborne polyurethane were improved. However, the poor
thermal stability and the high price of fluorinated polyurethane
lead to a limitation of large-scale use. In addition, heavy
fluorinated PU lead to long curing time. As we known, organic
silicon also has low surface energy, which has been widely
used to produce waterproof coatings. Siloxane-modified
polyurethane (SPU) has high thermal resistance properties with
low cost compared to fluorinated polyurethane, while possesses
poor oil resistance and adhesion."'

In this study, we used the siloxane instead of part of fluoride
monomers, which not only can reduce the cost of products, but
also can harmonize the properties of FPU and SPU. As we
known, the siloxane has a better compatibility compared with
fluorinated monomers in polyurethane chains'?, herein, the
improvement of the compatibility and performance is the key
issue in our system. It becomes very critical to design the
modified polyurethane structure and tune the ratio of
fluorinated and siloxane-modified segments to pursue better
water contact angles (hydrophobic and oleophobic properties),
surface energies, mechanical and thermal properties.
Importantly, the mechanism of hydrophobicity enhancement
was investigated based on the processes of polymerization and
film forming. The resulted fluorinated silicone-modified

. . . 1., 9
high resistance (to water, oil) and excellent weather ability’. polyurethane (FSPU) shows a promising application in
Polyurethane with an acrylic polymer containing fluorine component

Polyurethane (PU) is a series of synthetic copolymers that
contain the duplicate carbamate groups in their molecular
chain', which can be applied in plastics, elastomers, coatings?,
adhesives, synthetic leather and fibres etc., due to the excellent

processing performance’

. Polyurethane coating, prepared in
organic solvents, has many outstanding properties*, such as film
forming ability, flexibility, adhesion, abrasion resistance, low
temperature resistance, solvent resistance and biological aging
resistance. However, considering the increasing solvent price,
healthy and environmental problems (e.g., toxicity), organic
solvents should be replaced’. Waterborne polyurethane (WPU)
using water as solvent or dispersant is quite eco-friendly®,
which not only mainly remains original properties, but also
adds the distinctive properties like low viscosity at high
molecular weights, non-toxicity, non-polluting, low cost, good
applicability and safety.

Recently, WPU is reported for waterproof coating’. There are
two elements, which can be introduced into polyurethane for
the improvement of water resistance, one is fluorine, and the
other is siloxane. Owing to the polarity and electronegativity,
fluorine atom modified polymer obtains high waterproof
performance®. Fluorinated polyurethane-acrylate (FPU) has
many practical and desirable features such as good adhesion,

waterproof coating.”> '?

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 1
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2. Experimental Section

2.1 Materials
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Scheme 1 The preparation process of FSPU emulsions

Poly (tetramethylene oxide glycol) (PTMG, number-average
molecular weight = 2000 g/mol, Aladdin Reagents, Shanghai,
China), polydimethylsiloxane (HO-PDMS, 700CS, Rongli
Chemical Co., Ltd. China) were dried at 110°C under vacuum
for 12 hours before use. Dimethylol propionic acid (DMPA,
Aladdin Reagents, Shanghai, China) was dried in a vacuum
oven at 110°C for 5 h. Isophorone diisocyanate (IPDI, Aladdin
Reagents, Shanghai, China), 1,4-butanediol (BDO, Xilong
Chemical Co., Ltd. Zhejiang, China) and triethylamine (TEA,
Xilong Chemical Co., Ltd.) were used after dehydration with
4A molecular sieves for 1 day. Dibutyltin dilaurate (DBTDL,
Aladdin Reagents, Shanghai, China), 2-hydroxyehthyl acrylate
China),
Dodecafluoroheptyl methacrylate (FMA, Silworld Chemical

(HEA, Aladdin Reagents, Shanghai,
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Co., Ltd. Wuhan, China) and ammonium persulfate (APS,
Aladdin Reagents, Shanghai, China) were used as received.

2.2 Synthesis of WPU, FPU, SPU and FSPU

The emulsion of FSPU was prepared according to the procedure
shown in Scheme 1. IPDI, PTMG, HO-PDMS and moderate
DBTDL were first added into a 250 ml four-necked flask with a
reflux condenser, a mechanical stirrer, and an inlet for dry nitrogen.
The prepolymerization of polyurethane was carried out at 80°C
under N, atmosphere for 4 h until the NCO content reached the
theoretical value (NCO-terminated prepolymer). A suitable amount
of acetone to decrease the viscosity of pre-polymer, the self-
emulsifier DMPA was added into the system for 2 h. Then the chain
extenders HEA and BDO were added into the system at 60°C for 4
h. After the emulsion was cooled down to room temperature, the
neutralization agent TEA and FMA (the mass ratio of FMA is 20
wt%) were added into this flask, the TEA reacted with the carboxylic
group in the side chain of vinyl-terminated prepolymer. After 15 min
neutralization, distilled water was added to the flask with vigorous
stirring to obtain a SPU/FMA hybrid emulsion with a solid content
of about 30%. At last, ammonium persulfate (APS, 3wt% of acrylic
monomers) was added to the emulsion, and radical emulsion
polymerization of acrylate groups (vinyl group) was performed by
heating the mixture to 80°C for about 4 h. The emulsion
polymerization mechanism was developed by Smith and Ewart,'
and Harkins'>. Accordingly, in the oil-in-water emulsion, vinyl-
terminated pre-polymer as self-emulsifier has hydrophilic groups
COO" on the chains, FMA is the hydrophobic monomer. At the first
stage, a monomer was dispersed or emulsified in a solution of
surfactant (self-emulsifier) and water forming relatively large
droplets of monomer in water. Vinyl-terminated pre-polymer created
micelles in the water, small amounts of FMA monomer diffused
through the water to the micelle. Water-soluble initiator APS was
introduced into the water phase where it reacted with monomer in
the micelles. At the second stage, the initiator typically reacted in the
micelle and not the monomer droplet, both monomer droplets and
polymer particles were present in the system. At last, the free
monomer droplets disappeared and all remaining monomer was
located in the particles. After removal of acetone from the emulsion
by rotary vacuum evaporation, aqueous dispersions FSPU with
different siloxane content of 3 wt%, 6 wt%, 8 wt% and 10 wt% were
prepared. These samples were named as FSPU3, FSPU6, FSPUS8 and
FSPU10, respectively.

The preparation of WPU, FPU (FPU3, FPU7, FPUI10,
FPU15, FPU20 and FPU30) and SPU (SPU3, SPU6, SPUS,
SPU10) is similar to FSPU (Scheme S1, S2 and S3). The
compositions of WPU, FPU, SPU and FSPU emulsions are
shown in Table 1.

2.3 Preparation of hybrid films

The hybrid films were prepared by pouring a certain amount of the
dispersions onto a Teflon mould or slide glass. The films dried under
ambient conditions for 12 h and then dried in an oven for 24 h.

This journal is © The Royal Society of Chemistry 2015
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Table 1 The compositions of WPU/FPU/ SPU/ FSPU

Composition of PU

Sample

IPDI PTMG HEA DMPA BDO TEA Water PDMS FMA

(molar) (molar) (molar) (molar) (molar) (molar) (g) (Wt%) (Wt%)
WPU 0.015 0.005 0.004 0.0055 0.0025 0.0055 36 0 0
FPU3 0.015 0.005 0.004 0.0055 0.0025 0.0055 37 0 3
FPU7 0.015 0.005 0.004 0.0055 0.0025 0.0055 39 0 7
FPU10 0.015 0.005 0.004 0.0055 0.0025 0.0055 40 0 10
FPU15 0.015 0.005 0.004 0.0055 0.0025 0.0055 43 0 15
FPU20 0.015 0.005 0.004 0.0055 0.0025 0.0055 45 0 20
FPU30 0.015 0.005 0.004 0.0055 0.0025 0.0055 52 0 30
SPU3 0.015 0.005 0.004 0.0057 0.0021 0.0057 37 3 0
SPU6 0.015 0.005 0.004 0.0059 0.0017 0.0059 38 6 0
SPU8 0.015 0.005 0.004 0.006 0.0014 0.006 39 8 0
SPUI10 0.015 0.005 0.004 0.0061 0.0012 0.0061 40 10 0
FSPU3 0.015 0.005 0.004 0.0057 0.0021 0.0057 46 3 20
FSPU6 0.015 0.005 0.004 0.0059 0.0017 0.0059 48 6 20
FSPUS 0.015 0.005 0.004 0.006 0.0014 0.006 49 8 20
FSPU10 0.015 0.005 0.004 0.0061 0.0012 0.0061 50 10 20

2.4 Characterization

Fourier transform infrared (FTIR) of the FPU/SPU/FSPU thin films
were measured using the attenuated total reflectance model (Nicolet
IN10, Thermo Fisher Scientific Co., USA) in the range from 4000 to
400 cm™'. Surface analysis was carried by XPS (PHI Quantum 2000
Scanning ESCA Microprobe, Physical Electronics, USA) using a
monochromatic AlKal,2. X-ray source (15 kV, 35 W) and a spot
size 200 umx200 pum. The samples for XPS were prepared by
casting the polymer onto a clean glass disc. Dynamic light scattering
(DLS) measurements were carried out to determine the diameter of
the particles using a Malvern Mastersizer 2000 (UK). The
morphology of emulsion particles were characterized on a
transmission electron microscope (TEM, JEM-2100, Japan) using 2%
aqueous phosphotungstic acid as a staining agent. The morphology
of the films was observed under a SU70 (Hitachi, Japan) scanning
electron microscopy (SEM).

The film samples for contact angle measurement were
prepared by pouring 120puL aqueous dispersions on a
hydrophilic glass (25mm X38mm) surface and dried under
ambient conditions for 12 h, then dried at 80°C or 110°C for 24

This journal is © The Royal Society of Chemistry 201

h under atmospheric pressure. The contact angles of water and
ethylene glycol droplets on the cured film were measured with
a contact angle goniometer (DSA100, Dataphysics Co.,
Germany) using the sessile-drop method at 25°C and the
reported results are the mean of ten measurements. The contact
angle, which is a measure of the surface wettability, was used
to assess the hydrophobicity and hydrophilicity. The surface
energy of the dried film can be calculated using the following
equation:

vo=vi+yt (1)

7L(1+cos€L)=2(7f7§1)1/2 +2(7f7§)vz @

where ys is the surface energy of solid film, yd is the dispersion
force, and ¥ is the polarity force. The testing liquids used were
water (L1) and ethylene glycol (L2), and their v}, , yﬂl, yF, and
yfz were known values that can be obtained from the relevant
criteria.

The water resistance (WR) and oil resistance (OR)
properties of the solid film were characterized by the solvent
absorptions in water and n-heptane, respectively. The weighed
cured film was dipped in deionized water or n-heptane at room

J. Name., 2015, 00, 1-3 | 3
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temperature for 72 h. The swelling of the films was calculated
by using the following equation:
Swelling (%) =100x (W —W,)/W, 3)

where W, and W represent the film weights before and after
absorbed water/ n-heptane, respectively.

The UV-vis transmittance spectrum was measured using a
Lambda 750 spectrophotometer (PerkinElmer Co., USA) in the
range from 800 to 250 nm. The viscosity of the emulsions was
measured at 25°C using Rheo-Microscope MCR302 (Anton
Paar Co., Austria). The tensile properties were measured at
room temperature using a Universal Testing Machine (UTM,
Shimadzu Co., Japan). A cross-head speed of 500 mm/min with
gauge length of 2 mm was used to determine the ultimate
tensile strength and modulus as well as the elongation at break.
The samples for tensile test were prepared by pouring 2mL
emulsions into a Teflon mould (150mmx10mmx2mm) and
curing at room temperature for 24 h, finally dried at 80°C for
12 h. Thermal gravimetric analysis (TGA) of solid films was
carried out using a STA 449F3 (Netzsch Co., Germany)
thermal gravimetric analyzer in the range from room
temperature to 600°C at a heating rate of 10°C/min under
nitrogen atmosphere.

3. Results and discussion

3.1 Film forming process of FSPU

Functional film

; O

Diffusion
Step 3 1 process

Aqueous dispersion

Evaporation
of water

Step 1

©
Step 2 oa0OSE
i
Deformation of
emulsion particles

Scheme 2 Film forming process of the hybrid film with hydrophobic
surface

The illustration of the forming process of the hybrid films is shown
in Scheme 2. The process can mainly be divided into three stages.
(1) The first stage is the evaporation of water, the emulsion particles
are close to each other to achieve near-packed state with the
evaporation of water in waterborne PU. (2) The second stage is the
deformation of emulsion particles, when the water evaporated a lot,
emulsion particles begin to contact. As the water continue to decline,
the protective layer of aqueous polyurethane emulsion particles is
damaged. The gap between emulsion particles becomes more and
more narrow, the particles tightly pack together until the gap
becomes into a capillary. Capillarity forces emulsion particles begin
to deformation, emulsion particles gradually changed from spherical
to hexahedron until the interface between particles disappeared. (3)
The third stage is the diffusion process: the coil shaped polymers in

4| J. Name., 2015, 00, 1-3
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emulsion particles are close to each other, the chain end mutual
diffusion and chain structure mutual fusion, eventually the
demulsification and phase inversion partially occurs, phase inversion
partially occurs, especially at the interface of the emulsion and air.
Because the solubility of WPU, PDMS and FMA in water is
different, hydrophobic PDMS and FMA will migrate and enrich at
the surface of the film and air with low surface energy, while some
hydrophilic groups like COO- and -NH- will migrate and enrich at
the interface of film and substrate. Thus, a continuous film with
hydrophobicity is formed due to the migration of the atoms with low

energy*” ¥,

3.2 FTIR spectra and surface compositions of the sample films

Figure 1 shows Fourier Transform Infrared Spectroscopy (FTIR
spectra of IPDI, FMA, WPU, FPU30, SPU10 and FSPUS8 films.
From the FTIRs of IPDI and FMA, it can be seen that the
characteristic bands of NCO and C=C at 2270 cm™ and 1713 cm™
respectively, these two peaks disappeared in spectres of WPU,
FPU30, SPUI0 and FSPUS, this result indicated the complete
reaction of raw material. Compared to WPU, the spectra of FPU and
FSPU display the CF, absorption at 1160 cm™', meanwhile, SPU10
show the absorption of CH; connecting Si at 1259 cm™', Si-O at
1026 cm™" and rocking CH; connecting Si at 805 cm™'. In addition, a
distinct peak at 961 cm ' presenting the peak of C—H of CH,CFy; also
appeared in the spectra of FPU and FSPU. This result implied that
silicon and fluorine had been successfully introduced into the
polyurethane chain.’

IPDI

FMA

wpy NH

i
T
!
1
1
1
1
1
1
'
1
1

si-O-si
1000

4000 3500 3000 2500 2000 1500
Wavelength number (cm™)

Figure 1 FTIR spectra of IPDI, FMA, WPU, FPU30, SPU10 and
FSPUS

500

X-ray photoelectric spectroscopy (XPS) is a surface chemical
analysis technique for analysing the surface chemistry of a material.
Figure 2 presents the XPS spectra of WPU, FPU20, SPU10 and
FSPU10. The peaks of Fls and Si2p were not observed in WPU.
While in the spectrum of FSPUG, the peak of Si2p at 100eV and the
peak of Fls at 690 eV were both found. From this result we can
know the siloxane and fluorine were introduced into this system
successfully. The results of XPS were consistent with that of FTIR
result. In addition, the peak intensity of N1s was weak due to the
very small amount of hydrophilic urethane groups in the surface
layer.

It is well known that the low surface energy of the component
provides a thermodynamic driving force for migration to the

This journal is © The Royal Society of Chemistry 2015
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polymer-air interface'®. Table 2 displays the fluorine and silicon
atomic percentage of the WPU hybrids containing FMA or HO-
PDMS. From the Table 2, the fluorine and silicon concentrations of
the polymer-air surfaces for all samples are much higher than
concentrations of polymer-substrate interfaces. In addition, the
oxygen concentrations of surfaces are lower than interfaces, which
imply that the surface is enriched with fluorine and silicon segments.
The fluorine atomic percentages in the surfaces of FPU10 (content of
FMA in polymer: 10 wt %) increase up to about 5.3 %, while in
interfaces is just 0.6. The silicon in the surface and interface of
SPU10 (content of HO-PDMS in polymer: 10 wt %) are 24.1% and
22.6%, respectively. For FSPU10, the surfaces and interfaces of the
silicon percentages are 23.1% and 21.7%, the fluorine percentages
are 2.5 and 0.6 respectively. These results show that the fluorinated
component and siloxane were enrichment on the surfaces of hybrid
films as expected.
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Figure 2 XPS spectra of (a) WPU, (b) FPU20, (c) SPU10 and (d)

FSPU10.
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Figure 3 XPS spectra of (a) surface of FPU10, (b) interface of
FPU10, (c) interface of SPU10 and (d) interface of FSPU10.
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Table 2 Atomic concentration of the surface/interface on hybrid
films

Atomic concentration (%)

Sample  Surface/interface Cls_Ols Nls Fls_Siop
U0 e 629 355 06 06 0
SFUID e 02 268 04 0 226
FSPUIO e 507 266 04 06 217

3.3 The morphology and sizes of emulsion particles

Figure 4 TEM photographs of (a) WPU, (b) FPU10 and (c) FSPU6.
Staining acid: 2% aqueous phosphotungstic acid.

Figure 4 shows the TEM images of WPU, FPU10 and FSPU6. These
three TEM photographs indicated the PU particles were spherical.
The particle sizes of the samples were tested by DLS. From the
Table 3, the average particle size of WPU dispersion was about
73.67 nm, when the content of fluorine increased to 30 wt%, the
particle sizes of FPU30 reached 290.6 nm (Fig. S1). When the
content of siloxane increased to 10 wt%, the particle sizes of SPU10
increased to 145 nm (Fig. S2). FSPU6 shows the similar trend
(Figure 5). With increasing the hydrophobic segments of fluorine
and siloxane, the hydrophilic segments correspondingly decreased.
Based on the emulsion polymerization theory, the diameters of latex
particles trend to raise to keep the emulsion stable'.
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Figure 5 Particle sizes and distributions of (a) FPU20, (b) FSPU3, (¢)
FSPUG6, (d) FSPUS and (e) FSPU10 dispersions.

From the table 3 we can know the obtained emulsions of FSPU
containing 0-8 wt% HO-PDMS content were stable after 3 months,
while the FSPU10 was unstable, suggesting that approximately 10

J. Name., 2015, 00, 1-3 | 5
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wt% of the siloxane monomer was beyond the self-emulsifying
ability of the hybrid emulsion using a fixed content of neutralized
DMPA, as a self-emulsifier.

Table 3 Viscosity, average particle size, contact angle and storage
stability of FSPU hybrid emulsions

Sample Viscosity  Average Contact Film Storage
(Pa's)®  particle size angle® stability stability®
FSPU3 0.31 145 126.44  yellowish  Stable
FSPU6 0.19 168 128.82  colorless Stable
FSPU8 0.11 177 107.63  colorless Stable
FSPU10 0.07 194.8 105.37  colorless  Unstable

a The viscosity of y = 10; ° The film was dried at 110 °C; ¢ The
storage stability after 3 months.

3.4 The viscosity of the hybrid polyurethane emulsions

The viscosity of the FSPU emulsions is evaluated by Rheo-
Microscope measurement. As shown in table 3, the viscosity of the
hybrid emulsion decreased with increasing siloxane monomer
content at the shear rate 10. At that shear rate, the interaction force
among the polymer chains play a critical role on the viscosity'’. The
siloxane segment has a litter polarity and small intermolecular force.
The introduction of siloxane on PU will reduce the interaction force
and hydrogen bonding between different chains and molecules. So
the viscosity decreased with the increase of HO-PDMS.

3.5 Surface morphology of different films

30um

Figure 6 SEM images of different sample films (a) FPU15 (b)
FPU20 (c) SPU6 (d) SPUS (e) FSPUG6 (f) FSPUS.

6 | J. Name., 2015, 00, 1-3

RSC Advances

RSC Advances

As we known, the solubility parameters of silicone and polyurethane
is very different (7.2 and 10.0 respectively), the introduction of
siloxane can generate phase separation. There is no any special
structure on the WPU film surface, the structure is very
homogeneous. Figure 6 shows the surface morphology of different
hybrid films. In the figure 6(a-d), the rough surfaces of FPU and
SPU consisted of sub-micro papillac and micro wrinkles were
formed due to the phase separation. With the increase of fluorine and
siloxane content, the phase separations became serious. In the figure
6¢, when the fluorine content is at 20 wt%, the addition of a little of
siloxane can maintain the compatibility between the fluorine
monomers and PU resin. That hints the siloxane has a better
compatibility compared with fluorinated monomers in
polyurethane chains'?, which improves the compatibility
between hydrophilic and hydrophobic segments. However, when
the content of siloxane was higher than 6 wt%, the phase separation
became so severe that a homogeneous structure was completely
destroyed (c.f. Figure 6f).

3.6 The surface properties of polyurethane films

In this experiment, a series of FSPU film samples with different
film-forming temperatures were prepared. Figure 7(a) and (b) show
the contact angles and surface energies (SE) of film samples dried at
80°C and 110°C, respectively. From this figure we can see the
contact angles of films dried at 110°C is higher than those dried at
80°C. The contact angles increased firstly and then decreased with
increasing siloxane (HO-PDMS) content, while the change of SE is
opposite. In addition, the higher temperature did not make the films
oxidation, due to the introduction of siloxane.
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Figure 7 (a) Water contact angles of FSPU hybrid films (b) Surface
energy of FSPU hybrid films

Figure S3 and S4 show the results of FPU sample films. We can
see the contact angles increased markedly with increasing
fluorinated acrylate content to10 wt%. Further increasing the content
of fluorinated monomers (FMA), the contact angles decreased.
Figure S5 and S6 show the results of SPU samples, when the
siloxane content increased from 0 to 3 wt%, the water and glycol
contact angles of the hybrid film samples increased from 110.45° to
117.5° and from 72° to 110° respectively. At the same time, the
surface energy decreased significantly from 25.09 to 5.31. Compared
figure S4 to S6, when the fluorine content is higher than 15%, the
contact angles decrease, at the same time, when the siloxane content
is higher than 3%, the contact angles also decrease. However, from
the results of FSPU, the addition of 3 wt% siloxane does not make
the angles decrease, which manifests that the siloxane played a
bridging role between fluorine segment and resins. In other words,
the siloxane is a certain extent that reduced the phase separation,
which is consist with the results of SEM.

3.7 The solvent absorptions of polyurethane films

Water and oil resistances of FSPU films were investigated by the
solvent absorptions in water and n-heptane, respectively. From Table
4, FSPU had a low water and oil solvent absorptions due to the
common effect of hydrophobic siloxane chains and amphiphobic
fluorinated chains. Compared to FPU20, the addition of siloxane can
improve the solvent resistance, such as FSPU3 and FSPU6, which
further proves that a small amount of siloxane can improve the
compatibility of organic fluorine and polyurethane. With increasing
the content of HO-PDMS from 3wt% to 10 wt%, the water
absorption increased from 38.9% t0142.5%, and the n-heptane
absorption increased from 13.9 to 123.2%. The degradation of WR
and OR properties is owing to the phase separations. FPUs and SPUs
show the same trend (table S1-2). The low solvent absorptions of
FSPU3 polyurethane films had laid a solid foundation for the post-
processing in waterproof coatings application, such as the addition of
crosslinking agent.

Table 4 UTM results and solvent absorptions of FPU20 and FSPU
hybrid films

. . Solvent
Mechanical properties absorption
Sampl i i -
ple Modulus Tensile  Elongation Water N
(MPa) strength at break (%) heptane
(MPa) (%) (%)
FPU20 0.2 1.12 468.6 439 20.2
FSPU3 0.17 1.03 513.7 389 13.9
FSPU6 0.15 0.93 558.7 43.9 14.1
FSPUS 0.11 0.87 575 50.2 65.5
FSPU10 0.08 0.6 610.8 142.5 123.2

3.8 Optical transmittance and mechanical properties of different
polyurethane films

This journal is © The Royal Society of Chemistry 201

The transmittance of films were investigated by UV-vis
transmittance spectrometer. A gradual decrease in transmittance of
FPU and SPU was observed as the contents of fluorine/siloxane
increase, which indicated that the FMA and PDMS contents had an
obvious effect on the optical transmittance (fig.S7 and S8). Figure 8
(a) is the UV-vis spectrum of FSPUs. With increasing content of
HO-PDMS in FSPUs, a gradual decrease in transmittance was
observed in the range of 300-800 nm. The reason is the light
scattering caused by a phase separation. The transmittance of our
films show better than the one of transparent and hydrophobic
waterborne polyurethane coatings containing polydimethylsiloxane
reported by Wu et al'”.

Figure 8 (b) is the stress-strain curves of FSPU samples, some
specific parameters are in Table 4. The tensile
strength/modulus of the film samples decreased but the elongation at

shown

break increased with increasing siloxane monomer content. The
decrease in tensile strength and modulus should be due to the
increasing content of soft siloxane segments. On one hand,
polyurethane has two phases (soft segment and hard segment). There
is a big difference between the solubility parameters of two phases.
So the siloxane modified polyurethane is a typical thermodynamic
instability system. On the other hand, the steric hindrance of the
fluorine atom and the weak polarity of silicon decrease the
intermolecular force. Thereby, hybrid samples with higher
elongation at break containing higher contents of fluorine monomer
and siloxane. The pristine WPU hybrid materials prepared in this
study had relatively high tensile strength (Table S1). The tensile
strengths of FSPU films decreased greatly from 1.12 MPa to 0.6
MPa, and the modulus dropped from 0.2 to 0.08 MPa and the
elongation at break improved from 468.6% to 610.8%.
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Figure 8 (a) UV-vis results and (b) stress-strain curves of FPU20,
FSPU3, FSPU6, FSPUS and FSPU10

3.9 Thermal stability of polyurethane hybrid films
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Figure 9 TGA curves of FPU20 and FSPUs.

The thermogravimetric (TG) curves of FSPU films are shown in
Figure 9. From this result, all FSPUs have a similar thermal
decomposition process. The thermal decomposition temperature of
polysiloxane is at around 500 °C'¥, and the polyurethane begins to
thermal decompose when the temperature reached 300 °C. The
figure shows the decomposition temperature of samples containing
polysiloxane is higher than the polyurethane FPU20 without
siloxane segment. The maximum decomposition temperatures of
FSPUS8 and FSPUI10 are 389 °C and 414 °C, it is much higher than
FPU20. And the weight loss rate at around 430 °C is consistent with
the resin content in the copolymer. The maximum decomposition
temperatures of FSPU3 and FSPU6 are 351°C and 370°C, it is
obvious lower than that samples containing higher siloxane content.
Thus, the use of organic siloxane to modify polyurethane, can
significantly improve the thermal stability of the resin.

3.10 Mechanism of the improvement of contact angles

(@)

FPU30
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75
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1004
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Figure 10 Average particle sizes of (a) FPU20 and FPU30 hybrid
films at different polymerization temperature; Water contact angles
and polymerization temperature profiles of (b) FPU20 and (c)
FPU30 hybrid films, both films were dried at 80 °C and 110 °C.

The mechanisms of the emulsion polymerization and film forming
were investigated in our system by tuning the key parameter of
temperature. On the step of the polyurethane emulsions, the radical
polymerization temperatures of FPU20 and FPU30 were changed
from 25 °C to 80 °C. From the DLS results (c.f. Figure 10 (a)), the
particle sizes of FPU20 decreased from 155.1 nm to 113 nm, while
the FPU30 decreased from 290.6 nm to 123.1 nm, the particle sizes
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of FPU20 and FPU30 decreased at the same time as radical
temperature rising. Based on the knowledge of emulsion
polymerization, in the initial stage, higher radical polymerization
temperature can accelerate the initiator decomposition rate, and
resulting in the increase of free radicals, the rate of growth rate of
molecular chains in a period is lower than the speed of generating
new molecular, hinting more nucleation centres formed'®. As the
results, the sizes of emulsion particles decreased with rising
polymerization temperature. Figure 10 (b) and (c) show the contact
angles of FPU20 and FPU30 films at different polymerization
temperatures. It can be seen that the hydrophobicity was raised while
the polymerization temperature increased. As the hydrophobicity
was affected dramatically by the degree of crosslinking in polymer™.
It can infer that lower polymerization temperature will generate
more residual vinyl groups in the emulsion, and less degree of
crosslinking in the films.

On the step of the film forming, FPU20 and FPU30 emulsion
polymerized were dried at different temperature. As shown in Figure
10 (b) and (c), the water contact angles of FPU20 and FPU30 films
dried at 80 °C and 110 °C. The contact angles increased with film-
forming temperatures'. Due to the residual vinyl groups, lower film-
forming temperature is not helpful for cross-linking reaction, which
can weaken the hydrophobicity of films. The films of FSPU, FPU
and SPU show similar rule (c.f. Figure S4 and Figure S9).

4. Conclusions

A series of WPU, FPU, SPU, FSPU emulsions were prepared without
an external emulsifier. ATR-FTIR, XPS and DLS showed that the
target products were prepared and the fluorine/siloxane was grafted
to PU chains successfully and the fluorine and silicon on the surfaces
of sample films are enrichment. The emulsion displays spherical
structure and the particle size was in the range from dozens to
several hundred. By measuring solvent absorptions and contact
angles of the cured films, within a certain range, it was found that
the solvent resistances and hydrophobicity of cured films became
better with increasing fluorine and siloxane content compared to the
unmodified polyurethane, out of the range the properties is worse
gradually. The particle size, elongation at break, thermostability and
contact angles of the FSPU samples increased with increasing
siloxane content, on the other hand, the viscosity of emulsion, tensile
strength, modulus and SE were significantly decreased. As the
results, the proper addition of fluorine and siloxane can make the
mechanical, thermodynamic and surface properties of hybrid
materials maintain at a proper level, which could be controlled easily
by adjusting the chemical composition of hybrid materials. In
polymerization and film-forming process, the reaction of vinyl
groups plays a key role, better hydrophobicity of films was formed
under higher temperature. Our study will pave the way to the
application of modified waterborne polyurethanes in many
waterproof fields, such as corrosion protection of metals and wood.
Additionally, the waterborne polyurethane can be functionalized to
pursue long-life/ultra-performance functional materials, such as
pressure-sensitive  polyurethane, fluorescent anti-counterfeiting
material, optoelectronic device material and so on.

This journal is © The Royal Society of Chemistry 2015
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Supporting Information

The synthesis and characterization of FPU and SPU are described in
the supporting information.
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