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Transparent fluorinate acrylic polyurethane
with hydrophobicity obtained by crosslinking
of hydroxyl-containing fluoroacrylate copolymer
with HDI trimer
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Hydroxyl-containing fluoroacrylate copolymers with different fluorine and hydroxyl concentrations were synthesized via
free-radical solution polymerization. Transparent fluorinated polyurethane (FPU) films were prepared by curing the copolymers
with HDI (hexamethylene diisocyanate) trimer. The Fourier transform infrared spectroscopy (FT-IR) results revealed introduc-
tion of fluorine both into the copolymer and polyurethane. X-ray photoelectron spectroscopy (XPS) analyses indicated that a
gradient concentration of fluorine existed in the depth profile of the fluorinated polyurethane films. The highest contact an-
gle (CA) was obtained for the FPU film with fluoroacrylate monomer concentration of 22 wt.% because of fluorine present
on the film surface. The surface topographies detected by SEM and AFM indicated that surface roughness contributed little
to the film hydrophobicity. By increasing the fluoroacrylate monomer concentration, the decreasing of crosslinking degree of
hard segment resulted in lowering the first degradation temperature, while more C—F groups in soft segment led to higher
second degradation temperature. UV-Vis spectrophotometer measurements indicated that the FPU film with the fluoroacrylate

monomer concentration of 16 wt.% still had a high transmittance of more than 90 % in the whole visible wavelength range.
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1. Introduction

Fluorinated polymers are attractive functional
materials because of their excellent chemical and
thermal stability [1], low surface energy [2], and
low refractive index [3, 4]. Fluorinated acrylic
polymers, especially with fluoroalkyl side chains
are used as components for high performance paint
and varnish in the textile, paper, leather, con-
struction, automotive, aerospace industry, optics,
and microelectronics [5—8]. The pendant —CF3 end
groups on the fluoroalkyl side chains would segre-
gate to the surface of polymer films, which would
offer the polymer low surface free energy and
good water-repellent properties. Moreover, the hy-
drophilic acrylic backbone would ensure the poly-
mers good adhesion to various matrices [9-11].
Consequently, the synthesis of fluorinated acrylic
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polymers, especially the synthesis of those with flu-
oroalkyl side chains, has attracted extensive inter-
est for their unique properties and wide applica-
tions [12-14]. However, hydrophobicity and trans-
parency are competitive properties from the view-
point of surface roughness, which leads to exten-
sive scattering of propagated light [15]. Thus, the
sacrifice of transparency of the films by the in-
troduction of fluorine into the structures restricts
many applications of such hydrophobic materials
for industrial usages, such as anti-wetting, anti-
snow (ice), adherence, anti-rusting, and reduced
friction resistance [16, 17].

Up to now, many synthesis methods and tech-
niques, such as initiated CVD [5], plasma deposi-
tion [18, 19], polymerization in SC CO; [20], have
been developed and used for introducing the pen-
dant —CF; end groups into polymers for a water-
repellent surface. Special reaction conditions, ex-
pensive equipment and poor adhesion to substrates
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limit the application of these techniques in coating
industry. It is important to achieve both the high
hydrophobic and transparent surface by mature and
simple synthesis route and technique.

In this work, a series of fluoroacrylate copoly-
mers with —OH as the functional group react-
ing with -NCO to form fluorinated polyurethane
were synthesized by free-radical solution polymer-
ization. The hydroxyl-containing fluoroacrylate
copolymer and fluorinated acrylic polyurethane
were characterized by Fourier transform infrared
spectra. The surface elements and topography were
characterized using X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Ther-
mogravimetry, contact angle detector and UV-Vis
spectrophotometer were used to investigate the
thermal stability, hydorphobicity and transparency
of the FPU films.

2. Experimental

2.1.

Desmodur® N 3390 BA (HDI trimer) ob-
tained from Bayer Co., Ltd. was used as a
curing agent for the preparation of fluorinated
polyurethane. Methyl methacrylate (MMA, Tian-
jin Bodi Chemical Co., Ltd., CN), butyl acrylate
(BA, Tianjin Chemical Reagent Institute, in analyt-
ical pure, CN), acrylic acid (AA, Tianjin Guangfu
Fine Chemical Research Institute, CN) and
2-hydroxypropyl acrylate (2-HPA, Changzhou
Hickory Chemical Co., Ltd., CN) were the
monomers used for the synthesis of copolymer. Do-
decafluoroheptyl methacrylate (DFMA, M,: 400)
was supplied by Xeogia Fluorine-Silicon Chem-
ical Co. Ltd. (CN) with the following structure:

Materials

CFsy CH,
F3C—CF—CHF—CF—CF5

All the regents were used directly without
further purification. Butyl acetate was used as

a solvent and benzoyl peroxide (BPO) as an ini-
tiator in this work.

2.2. Synthesis of hydroxyl-containing fluo-
roacrylate copolymers

The hydroxyl containing fluoroacrylate copoly-
mer was synthesized by solution polymerization
technique using BPO initiator (1 wt.% based on to-
tal monomer weight) and 50 wt.% solution of the
monomer mixture in butyl acrylate for polymer-
ization. All the polymerization steps were carried
out in a four-neck bottomed flask with a mechan-
ical stirrer, thermometer, reflux condensing tube
and a dropping funnel. 80 wt.% of butyl acrylate
was added to the flask and heated to the reac-
tion temperature (12542 °C). Then, the monomers
and 80 wt.% of initiator mixture was added drop-
wise under stirring within 2 hours and reacted for
another 2 hours under stirring. Half of the rest
20 wt.% of the solvent and initiator mixture was
added to the flask and reacted for 1.5 hours, and
another half of the mixture was added then for an-
other 1.5 hour. Table 1 shows the compositions for
the synthesis of various fluoroacrylate copolymers.

Table 1. Compositions used for the synthesis of various
fluoroacrylate copolymers.

Monomers (based on total monomer weight)

Samples
MMA BA 2-HPA DFMA AA BPO
1 4 34 20 0 1 1
2 42 34 20 2 1 1
3 36 34 20 8 1 1
4 28 34 20 16 1 1
5 22 34 20 22 1 1
6 12 34 20 32 1 1
7 0 34 20 44 1 1

2.3. Preparation of transparent fluori-
nated acrylic polyurethane (FPU) films

Transparent FPU films can be obtained by reac-
tion of HDI trimer with hydroxyl-containing fluo-
roacrylate copolymers. Fig. 1 presents the prepara-
tion procedure of transparent FPU films.
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Fig. 1. The preparation procedure of transparent FPU
films.

The hydroxyl-containing fluoroacrylate copoly-
mer was mixed with Desmodur® N 3390 in the
—NCO:-OH molar ratio of 1:1, and diluted with
BA. After stirring thoroughly, the mixture was cast
onto a glass slide for 30 min at room temperature
and then cured at 80 °C for 4 hours. Series of FPU
films with different fluoroacrylate monomer con-
centrations were prepared in this way.

2.4. Measurements

FT-IR spectra, obtained with an AVATER-360B
FT-IR spectrometer (Nicolet Co., USA) in the
range from 400 cm~! to 4000 cm~!, were used
to verify the existence of fluorine in the copoly-
mers and FPU film. Surface elemental composi-
tions of FPU films were determined by PHI 5700
ESCA systems (Physical Electronics, USA) em-
ploying an AlKa X-ray source (1486.6 eV) and a
concentric hemispherical energy electron analyzer
operating at 12.5 kV and 250 W at the chamber
pressure of ~10~° Torr. The survey spectra were
recorded at the constant pass energy of 187.9 eV,
and the high resolution analyses were conducted at
the constant pass energy of 29.4 eV. The instru-
mental error in terms of the binding energy was
within +0.1 eV. Data were recorded at different
incident angles of 90° and 30° in order to probe
both the surface and bulk features for the samples

neutralized of charges. SEM (FEI, QUANTA200F,
NL) and AFM (NT-MDT, Solver-P47, using a non
contact tapping mode) images were used to study
the morphology of FPU films. TG analyses were
used to measure the thermostability of FPU films
with Pyris 6 (Perkin-Elmer, USA) at a constant
rate of 10 °C-min~! at inert nitrogen atmosphere.
Contact angles were measured by the sessile drop
method at room temperature using a SL-200 con-
tact angle goniometer (Solon (Shanghai) Informa-
tion Technology Co., Ltd., CN). Typically, three
drops of liquid were placed on the film surface and
three readings of contact angles were taken for each
drop. The average of nine readings was used as the
final CA value for each sample. Wetting liquid used
for contact angle measurements was super pure wa-
ter and the injection volume was 2 uL.. A TU-1901
UV-Vis spectrophotometer (Beijing Purkinje Gen-
eral Instrument Co., Ltd., CN) was used to measure
the transmittance spectra of FPU films in the range
of 190 to 900 nm wavelength light.

3. Results and discussions

3.1. Characterization of structures of
hydroxyl-containing fluoroacrylate copoly-
mer and FPU films

Fig. 2 shows the FT-IR spectra of hydroxyl-
containing fluoroacrylate copolymer (a) and FPU
film (b). The typical absorption peak of the fluo-
roacrylate copolymer at 3530 cm™! indicates the
existence of —OH functional group. The charac-
teristic peak at 1734 cm~! could be ascribed to
the stretching vibration of C=0, and the peaks at
1450 and 1380 cm™! are assigned to the distor-
tion vibrations of —CH;. The absorption peaks at
530 to 710 cm~! belong to the deformation vibra-
tions of the —CF3, which indicates that the fluorine
has been introduced into the copolymer. However,
the stretching vibration of C—F cannot be identi-
fied, which could be attributed to the overlap of
peaks with that of C—-O—-C. As shown in Fig. 2b, the
absorption peaks of amide I and amide II at 1690
and 1520 cm™! and the adsorption peak of -NH at
3410 cm~! indicate the complete reaction between
—NCO groups and —OH groups.
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Fig. 2. FT-IR spectra of sample 6 (a) and the corre-
sponding FPU film (b).

3.2. Surface chemical compositions an-
alysis

The XPS measurements were carried out to de-
termine the surface chemical compositions of FPU
films. Fig. 3 shows the XPS survey spectra of FPU
film obtained for sample 6 at 30° and 90° incident
angles. As shown in Fig. 3, characteristic signal of
fluorine at 30° is stronger than that at 90°.

Intensity (a.u.)

1200 1000 800 600 200 0

Binding energy(eV)

400

Fig. 3. XPS survey spectra of FPU films obtained for
sample 6 at different incident angles.

Table 2 lists the atomic concentration per-
centages which were calculated from the curves
in Fig. 3. The Table shows that the fluorine

concentration is 13.2 at.% at the incident angle
of 30°, which is higher than that the content of
5.9 at.% at the incident angle of 90° and average
bulk content of 10.0 at.%. It can be concluded that
the fluorine atoms are preferentially located and en-
riched at the surface of the film, which results in de-
creasing of surface free energy. Moreover, the fluo-
rine atoms could be self-organized in the process
of film forming due to the tendency of fluorine-
containing groups to migrate onto the film-air inter-
face, so the content of the fluorine displays a gra-
dient distribution from the film-air interface to the
film-glass interface [21].

Fig. 4 presents the corresponding high res-
olution XPS spectra of FPU films obtained for
sample 6.

Obviously, the signal intensity of fluorine at
30° is higher than that at 90°; however, there is
no obvious change for other elements at different
incident angles. Single symmetrical peaks of Nls
(a), Ols (b) and F1s (c) have been obtained, while
the spectrum of Cls shows a complex pattern of
peaks extending over a 10 eV range due to chem-
ically different types of carbon. In addition, four
peaks of Cls, have been found by curve-fitting of
Cls at different incident angles which are shown
in Fig. 5 after calibrating by a C—C peak position
(285.0eV) [22].

As shown in Fig. 5, the typical peak of
—CF3 with binding energy of 293.6 eV (C4) con-
firms the successful introduction of DFMA. Fur-
thermore, the peaks with the binding energy of
285.0 eV (Cy), 286.9 eV (Cp) and 288.9 eV
(C3) can be attributed to C-C, COO [24] and
NCOO(C-F) [25, 26], respectively. The percent-
ages of functional groups are listed in Table 3. It is
obvious that the concentration of —CF3 at the film-
air interface is higher than that at the film-glass in-
terface, which decreases the surface free energy.

3.3. Measurements of hydrophobic prop-
erties of FPU films

Fig. 6 shows the water CA values for FPU films
with different fluorocrylate monomer concentra-
tions obtained by measuring water drop deposited
on the film surface for the first time.
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Table 2. Elemental contents of FPU films prepared from sample 6.

Incident angle (°) C (at.%) N (at.%) O (at.%) F (at.%)
30 59.8 1.0 26.0 13.2
90 65.0 1.1 28.0 5.9
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Fig. 4. High resolution XPS spectra of FPU films obtained for sample 6 (N5 (a), Oy (b), Fi5 (c) and Cy (d)).

Obviously, the hydrophobicity of the FPU films
depends on the fluoroacrylate monomer concen-
tration. The CA increases sharply by increasing
the concentration of DFMA from 0 to 16 wt.%.
The maximum CA value of 99° (with the stan-
dard deviation of 5.6 %) has been obtained for
the DFMA concentration of 22 wt.%, which is in
accordance with the theoretical surface energy of
DFMA. However, the CA value stops increasing
and shows a plateau value when the concentra-
tion of DFMA is above 22 wt.%, which is due
to the reduction of conversion and saturation of

fluorinate monomer at the film surface by contin-
ually increasing fluoroacrylate monomer concen-
tration. The water resistance of FPU films was as-
sessed by measuring CA value at different contact
time as shown in Fig. 7.

From Fig. 7, we can see that the CA value
of FPU film decreases with the increasing of
contact time because of the existence of hy-
drophilic groups, such as -COOH and —OH, in the
hydroxyl-containing perfluoroacrylate copolymers.
However, the film with the fluoroacrylate monomer
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Table 3. Surface chemical functionalities and contents of FPU film for sample 6.

Incident angle (°) C—C (at.%) —-COO (at.%) NCOO(C-F) (at.%) —CF; (at.%)
30 58.5 27.7 11.6 2.2
90 62.0 23.3 13.4 1.3
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Fig. 6. CA values of FPU films with different fluo-
(b) roacrylate monomer concentrations.
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Fig. 5. Curve-fitting Cls of FPU film obtained for sam- Time (s)

ple 6 at incident angles of 30° (a) and 90° (b).

concentration of 22 wt.% shows the similar
water resistance as the films with the fluoroacry-
late monomer concentrations of 16 and 32 wt.%.
The introduction of massive —CF3 could decrease
the surface free energy of FPU film. However, the
degree of cross linking of FPU film would decrease
because of the steric hindrance of fluoroacry-
late monomer, which results in the weak water
resistance.

Fig. 7. Time dependence of CA values of FPU films
with different fluoroacrylate monomer concen-
trations.

3.4. Surface topography of FPU films

SEM and AFM images are presented for
the comparison of the surface topographies of
FPU films prepared with different fluoroacrylate
monomer contents (0 wt.% and 22 wt.%), as shown
in Fig. 8.
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Fig. 8. SEM (a, b) and AFM (c, d) images of FPU films with different fluoroacrylate monomer concentrations

(0 wt.% (a, ¢) and 22 wt.% (b, d)).

3.5. Thermal stability of FPU films

The thermal stability of FPU films with dif-
ferent fluoroacrylate monomer concentrations were
evaluated from TGA and DTG data and the corre-
sponding curves are shown in Fig. 9. The thermal
degradation of PU has been studied by many re-
searchers, and the results indicate the existence of
two stages: the first one is caused by the degrada-
tion of hard segments, whereas the degradation of
soft segments is responsible for another stage [27].
From Fig. 8, it can be clearly seen that there are
two different degradation steps involved. At the
first degradation step, the degradation tempera-
ture decreases with the increasing of fluoroacrylate

monomer concentration, which can be attributed to
the decreasing of cross linking degree of hard seg-
ment because of the introduction of fluoroacrylate
monomer. However, the degradation temperature
of FPU film with high fluorine concentration is a
little higher than that with low fluorine concentra-
tion at the second stage, which can be explained
as the existence of more C-F in the soft seg-
ment with increasing of fluoroacrylate monomer
concentration.

3.6. Transparency of FPU films
Fig. 10 shows the optical photographs of FPU

films with different fluoroacrylate monomer con-
centrations.
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Fig. 9. TG and DTG thermograms of the FPU films
with different fluoroacrylate monomer concen-
trations.

Fig. 10. Optical photographs of FPU films with differ-
ent fluoroacrylate monomer concentrations.

As we can see in Fig. 10, the FPU films show
unobvious differences in transparency. In order
to distinguish the difference in transparency, the
UV-Vis spectra of FPU films were recorded and
presented in Fig. 11.

As shown in Fig. 11, the transmittance of the
FPU films is different. The fluorine-free film shows
a good transmittance in the visible wavelength
range (380 to 760 nm) with a value of above 95 %.
The transmittance decreases with increasing of flu-
oroacrylate monomer content in the copolymer.

0 wt%

'l 1
600 700

Wavelength(nm)

'l 1
400 500

Fig. 11. UV-Vis spectra of FPU films with different flu-
oroacrylate monomer concentrations.

Nevertheless, the FPU film with the fluoroacry-
late monomer content of 16 wt.% shows a high
transmittance of more than 90 % in the whole vis-
ible wavelength range. The transmittance of the
FPU film with the fluorinated monomer of 32 wt.%
is only about 55 % at 380 nm, and increases to
85 % approximately at 760 nm. In conclusion,
the transmittance of FPU film decreases with the
increasing of fluoroacrylate monomers concentra-
tion. The micro-phase separation degree of FPU
film increases with the increasing of fluoroacry-
late monomer concentration, which would result in
much higher light scattering and low transmittance
of FPU film.

4. Conclusions

Transparent FPU films with hydrophobic prop-
erties were obtained by crosslinking of HDI trimer
with hydroxyl-containing fluoroacrylate copoly-
mers synthesized by free-radical solution polymer-
ization. The —CF3; and —OH functional groups were
both successfully introduced in the copolymers,
and the copolymer reacted with the HDI trimer
completely. XPS analyses at different incident an-
gles indicated that fluorine element was enriched
on the surface of the sample. The hydrophobic-
ity of the film increased with increasing the con-
centration of fluoroacrylated monomer of DFMA,
and there was a critical concentration value of
22 wt.% with the maximum CA value of about
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99°. In the view of transparency and hydrophobic-
ity, the addition of fluoroacrylate monomer should
not exceed 22 wt.%. The decomposition tempera-
ture of hard segment decreased and that of soft seg-
ment increased with the increasing of fluoroacry-
late monomer concentration.
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