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ABSTRACT: Cationic polyurethane-fluorinated acrylate
hybrid dispersions (PUFA) were prepared by the copoly-
merization of styrene, butyl acrylate, and 2,2,3,4,4,4-hexaflu-
orobutyl methacrylate in the medium of crosslinked poly-
urethane via phase inversion polymerization. The said poly-
urethane was synthesized in acetone from 2,4-tolyene
diisocyanate, N-methyldiethanolamine, trimethylolpropane,
and soft polyester diol block. The influences of hydrophilic
monomer on the surface properties, immersion behaviors,
particle size and, zeta potential of the dispersions were
investigated. The results show that the addition of hydro-

philic monomer can be advantaged to the stability of dis-
persions and yet will increase the surface free energy by
more than 19.9%. The PUFA coating films cured at ambient
conditions have the lower surface free energy (less than
0.02033 J/m2). At the same time, there is an obvious mobility
of fluorinated groups in fluorinated polymer films. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 99: 2721–2725, 2006
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INTRODUCTION

The aqueous polyurethane has been widely used in
coating because it has advantages in environmental
pollution, fire safety, and soil resistance compared
with solvent-based polyurethane.1–3 As an important
type of the aqueous polyurethane, cationic aqueous
polyurethane has attracted particular attention be-
cause of its cation.4–8 According to the type of hydro-
philic chain-extender, the preparation mechanisms of
cationic aqueous polyurethane is divided into two
types. One is the nucleophilic substitution reaction of
halide with tertiary amine, for example, the reaction of
2,3-dibromobutanedioic acids with triethylamine. The
other is the simple neutralization reaction after the
incorporation of tertiary amine in the polyurethane
backbone chain. The tertiary amines usually include
triethanolamine, N-alkyldiethanolamine, N-tert-bu-
tyldiethanolamine, dimethylethanloamine, etc.

However, during the preparation of polyurethane
dispersions, the introduction of hydrophilic groups in
polymer segments is necessary. The results are that

some properties of the coating films of polyurethane,
such as water resistance and oil resistance, need to be
improved further.

The modification of cationic aqueous polyurethane
is an effective method to improve its properties and
applications. Besides silicones,9 acrylates are impor-
tant compounds to prepare modified polyurethane.
Among the polyurethanes modified by acrylates,
polyurethane-acrylate hybrid dispersions, because of
their excellent properties and environmental advan-
tages, have become one of the major types of materials
used in coating, print, adhesive industries, etc.10–18

For example, Deckera19 studied UV-cured aliphatic
polyurethane-acrylate (PUA) coatings, which were
water-based and exhibited an excellent resistance to
accelerated UV weathering, and reported that the ad-
dition of UV absorbers and radical scavengers in-
creases the light-stability of water-based UV-cured
PUA coatings substantially.

One of the effective approaches to obtain polyure-
thane-acrylate coating films with lower surface free
energies is the incorporation of fluorinated com-
pounds in polyurethane-acrylate. But the studies
about the approach are rarely reported, especially the
incorporation of fluorinated acrylate in polyurethane-
acrylate. In a previous paper, authors20 synthesized a
good hydrophobic polyurethane-acrylate coating film
with polyurethane prepolymer and a fluorinated mac-
romonomer that contains dihydroxyl groups by the
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introduction of 1-thioglycol as a chain-transfer agent
and long-chain perfluoroalkyl moieties, and the sur-
face free energy was about 20.0 dyn/cm. As yet, re-
ports about cationic PUFA prepared by the copoly-
merization of vinyl monomers in crosslinked polyure-
thane were scarcely seen.

In this article, our objective is to study the effects of
hydrophilic monomer on the surface properties, im-
mersion behaviors, particle sizes, and zeta potential of
the cationic PUFA. The preparation procedure, parti-
cle size, and zeta potential of the dispersions and
surface free energies and immersion behaviors of the
films are reported.

EXPERIMENTAL

Materials

The materials used in the preparation of the cationic
PUFA are listed in Table I. All the chemicals were used
without further purification, except Poly(ethylene gly-
col adipate) (PEGA) and N-methyldiethanolamine
(MDEA).

Preparation of polyurethane (PU)

Polyurethane dispersion based on Tolyene diisocya-
nate (TDI), PEGA, MDEA, and TMP was synthesized

using solution polymerization. The feed ratios are
shown in Table II. PEGA, TDI, and Dibutyltin dilau-
rate (DBTDL) (0.02 wt % based on the total reaction
mass) were charged into a dry vessel fitted with a
reflux condenser, a mechanical stirrer, a digital ther-
mometer, and a nitrogen gas inlet. The content was
stirred for 0.5 h at 90°C. Then the content was cooled
to 70°C and the acetone solution of TMP and MDEA
was added slowly to the vessel. The reaction was
continued for about 0.5 h. The polyurethane solution
was used directly for the next procedure.

Preparation of cationic PUFA

A series of cationic PUFA were prepared by the copo-
lymerization of Styrene (St), Butyl acrylate (BA), and
FA in the said polyurethane solution via phase inver-
sion polymerization. The feed ratios are shown in
Table II. The mixture of St, BA, FA, and Benzoyl
peroxide (BPO) (1.0 wt % based on the total vinyl
monomers mass) was added dropwise to the said
polyurethane solution. The reaction was carried out
for about 4.0 h at 80°C. After the neutralization with
proper addition of acetic acid (n (acetic acid):n
(MDEA) � 0.92 : 1.0), the mixture was poured slowly
into a flask containing cool deionized water and
stirred vigorously. Finally, the solvent was evapo-

TABLE I
Characteristic of Materials

Materials Chemical composition Commercial

TDI Tolyene diisocyanate Mitsui Takeda Chemical
PEGAa Poly(ethylene glycol adipate), Mn � 1000 Zhejiang Chongde Chemical Co. Ltd.
TMP Trimethylolpropane BAYER
MDEAa N-methyldiethanolamine Changzhou Taihu Chemical Industry Co. Ltd.
DBTDL Dibutyltin dilaurate Tianjin NO.1 Chemical Reagent Factory

FA
2,2,3,4,4,4-hexafluorobutyl methacrylate

(CH2AC(CH3)COOCH2CF2CHFCF3) Harbin Xeogia Group Co. Ltd.
St Styrene Tianjin Kermel Chemical Reagent Development Center
BA Butyl acrylate Tianjin Chemical Reagent Co. Inc.
BPO Benzoyl peroxide Shanghai Experiment Reagent Co. Ltd.
Acetone Acetone Tianjin NO.6 Chemical Reagent Factory
Acetic acid Acetic acid Jiangsu Changyu Chemical Co. Ltd.

a Dried at 80°C under vacuum for several hours until no bubbling was observed.

TABLE II
Theoretical Composition and Properties of PUFAa

Sample
Molar ratio of

TDI/MDEA/PEGA/TMP
Mass ratio of
St/BA/FAb

w (MDEA)
(wt %)

Particle size
(nm) � (mV)

PUFA-1 0.21/0.10/0.08/0.01 2.0/2.0/16.0 7.34 — —
PUFA-2 0.21/0.11/0.07/0.01 2.0/2.0/16.0 8.66 782 22.4
PUFA-3 0.21/0.12/0.06/0.01 2.0/2.0/16.0 10.19 429 33.9
PUFA-4 0.21/0.14/0.04/0.01 2.0/2.0/16.0 14.10 357 36.3
PUFA-5 0.21/0.16/0.02/0.01 2.0/2.0/16.0 19.80 229 39.8
PUFA-6 0.21/0.17/0.01/0.01 2.0/2.0/16.0 23.76 118 42.1

a The content of BPO was 1.0 wt %based on the total vinyl monomers mass.
b The content of FA was 16.0 wt % in all samples.
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rated. The resulting products were stable dispersions
with a solid content of about 30%.

Particle size and zeta potential (�) of dispersions

Particle size was recorded on a Coulter-Counter
PCS-N5 in which the sample was diluted by water; the
test angle was 90° and run time was 200 s. Zeta po-
tential (�) of dispersions was measured with BDL-B
surface potential particle size analyzer, in which the
mass fraction of the sample was diluted to 0.5%; the
test voltage was 30.4 V and the temperature of the
sample was 18°C.

Contact angle measurements and evaluation of
surface free energies of coating films

Contact angles were measured with a JJC-I contact
angle goniometer. The samples for contact angle mea-
surement were prepared by casting the polymer onto
clean silicon wafers from 10% (w/v) acetone. The
silicon wafers were kept in an oven at 25°C for 24 h
under vacuum. Contact angles were measured at
20°C, and the results reported are the mean values of
5 replicates.

The surface free energies of coating films were cal-
culated by the following equation, which was rear-
ranged from Wu’s equation.16

�1 � cos �liquid��liquid � 4� �liquid
d �d

�liquid
d � �d �

�liquid
p �p

�liquid
p � �p�

in which � � �d � �p, �liquid � �liquid
d � �liquid

p , � is the
surface tension, d is the dispersion component, and p
is the polar component, �liquid is contact angle of the
polymer with water or diiodomethane. The numerical
values used are �H2O

d � 0.0221 J/m2, �CH2O
p � 0.0507

J/m2, �CH2I2
d 0.0441 J/m2, and �CH2I2

p 0.0067 J/m2.

Preparation and immersion behaviors of the PUFA
films

The PUFA films were prepared by casting the polymer
dispersions into clean poly (tetrafluoroethylene)
molds, and the molds were kept in an oven at 25°C for
24 h under vacuum. The thickness of the film was
about 0.3 mm. After being immersed in water for
different time, the film was taken out and sopped up
by filter paper. The contact angle measurements were
carried out immediately.

RESULTS AND DISCUSSION

Particle size and zeta potential (�) of dispersions

Table II shows the mean particle sizes and zeta
potential (�) of PUFA dispersions, according to the

MDEA contents. From Table II, when the MDEA
content is about 7.34 wt %, the polymer cannot be
dispersed in water; when the content of MDEA
increases, the particle sizes decrease sharply, while
the zeta potentials increase quickly. The main rea-
son is that the content ratio of hydrophobic seg-
ments to hydrophilic segments decreases with the
increasing of MDEA content. The amount of hydro-
philic groups introduced in polymer hard segments
increases, and the compatibility between the poly-
mer segments and water is increased too. At the
same time, from the formation mechanism of the
dispersion, we can know that the hydrophilic hard
segments of PUFAs form the shells of particles, and
the hydrophobic segments including the copolymer
of vinyl monomers and the soft segments of PUFAs
are packaged into inside of the particles and form
the cores of particles. Because of the decrease of the
hydrophobic segment contents, the volume of the
cores of particles decreases. As a result, the particle
sizes of the dispersions decrease markedly. For ex-
ample, the particle sizes decrease from 782 to 118
nm as the MDEA contents increases from 8.66 to
23.76 wt %. The decrease of particle sizes is more
than 660 nm. However, the zeta potentials increase
when the particle size decreases. The particle size
decreases and therefore the surface charge density
of the particle increases. For example, the zeta po-
tential increases from 22.4 to 42.1 mV when the
MDEA contents increase from 8.66 to 23.76 wt %.
The change in the zeta potential is about 19.7 mV.
The results indicate that the MDEA content has
obvious effects on the particle size and the particle
surface charge. This is advantaged to the stability of
dispersions.

Surface free energies of the PUFA coating films

The surface free energies of polymers reflect the sur-
face properties directly. The higher the surface free
energy is, the better the surface properties are. Table
III shows the surface free energies calculated from
contact angles of the coating films with water and
diiodomethane.

In Table III, though the surface free energy of
PUFA-1 is very low (just only 0.01934 J/m2), it is not
dispersion but gel in water. So we omitted it for fur-
ther study. As MDEA content increased from 8.66 to
23.76 wt %, the surface free energies increased from
0.02033 to 0.02439 J/m2. The surface free energies of
the coating films were increased by more than 19.9%.
At the same time, we also know that with the change
of MDEA content, the dispersion component of sur-
face free energy is decreased, with the minimum value
of about 0.01445 J/m2, and then increases while polar
component of surface free energy is increased
straightly.
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The results demonstrate that there will appear more
hydrophilic groups on the film surface with the
MDEA content increasing. Although the addition of
MDEA is adverse to improve the surface properties,
the data in Table III show that the coating films have
still favorable water and oil repellency. It is clear that
the low surface energies of PUFA coating films with
FA content about 16.0 wt % come mainly from the
chemical structure of FA, which has strong hydropho-
bic fluorinated groups. According to prior literature,21

poly(tetrafluoroethylene) has a critical surface free en-
ergy of 0.0185 J/m2. The PUFA coating films in our
article have also shown relatively low surface free
energies. For the PUFA-2 coating film, in which the
content of FA is 16.0 wt %, the surface energy of
0.02033 J/m2 is obtained. To a great extent, the low
surface free energy is due to the CF3 groups on the
outermost coating film surface.22 The results demon-
strate that the addition of MDEA has adverse effect on
the surface properties of the coating films.

Immersion behaviors of the films in water

The immersion behaviors in liquid can reflect the
changes of surface microstructure and macro-proper-
ties of polymer films. Table IV shows the relationship
between contact angles of the films and immersion
time in water at about 25°C. At the same time, we use
the attenuation rate of contact angle (Ra�(°/min)) to
describe the immersion behaviors in water. The atten-

uation rate of contact angle is obtained from linear
regression analysis of � (t) vs. t curve. In other words,
the slope of the line is the value of attenuation rate of
contact angle. The result was shown in Table IV.

The result shows that the contact angles fall gently
according to the immersion time. But the contact an-
gles of the films, which were dried at 100°C for about
4.0 h after being immersed in water at about 25°C for
20 min increase. The changes of contact angles indicate
that the fluorinated groups don’t escape from films to
the water but transfer from the outermost film surface
to the bulk.

The results of Ra show that the Ra of the films with
high contents of hydrophilic monomer becomes
higher. It is clear that the higher the content of hydro-
philic groups in fluorinated polymer films, the more
obvious is the mobility of fluorinated groups. The
phenomenon is related with interface balance. The
said films have lower surface free energies. When the
films contact water, which is highly polar, strong force
produced from the water makes fluorinated groups
transfer or flip-flop from the outermost film surface to
bulk phase. At the same time, the higher is the content
of hydrophilic groups in the film surface, the stronger
is the force of the water, the more obvious mobility of
fluorinated groups, and the bigger is the value of
attenuation rate of contact angle. As a result, the sur-
face free energy increases and then the interface bal-
ance is realized.

TABLE III
Contact Angles and Surface Free Energies of the Coating Films

Sample

Contact angles (degree) Surface free energy (J/m2)

Water Diiodomethane �d �p �

PUFA-1 107.5 84.6 0.01541 0.00393 0.01934
PUFA-2 103.6 83.8 0.01465 0.00568 0.02033
PUFA-3 102.8 83.6 0.01455 0.00604 0.02059
PUFA-4 99.7 82.4 0.01445 0.00732 0.02177
PUFA-5 96.2 80.1 0.01487 0.00859 0.02346
PUFA-6 94.4 78.8 0.01516 0.00923 0.02439

TABLE IV
Immersion Behaviors of the Films in Water

Sample

Immersion time (min) Linear regression

0 1.0 5.0 20.0 ta
Correlation
coefficient Ra (°/min)

PUFA-2 103.6 101.8 100.5 97.4 100.2 0.9530 0.2691
PUFA-3 102.8 100.6 99.4 96.3 99.8 0.9372 0.2745
PUFA-4 99.7 99.0 96.4 93.7 97.0 0.9520 0.2809
PUFA-5 96.2 95.3 94.2 89.6 93.6 0.9964 0.3158
PUFA-6 94.4 92.8 91.4 87.3 91.7 0.9776 0.3212

a The contact angles of the films that were dried at 100°C for about 4.0 h after being immersed in water at about 25°C for
20 min.
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CONCLUSIONS

PUFA with good hydrophobic surface properties can
be prepared by the copolymerization of styrene, butyl
acrylate, and 2,2,3,4,4,4-hexafluorobutyl methacrylate
(FA) in the crosslinked polyurethane via phase inver-
sion polymerization. The said polyurethane was syn-
thesized in acetone from TDI, MDEA, TMP, and
PEGA. The dispersions with proper hydrophilic
monomer content have core-shell structure, small par-
ticle size, and high zeta potential. The addition of
hydrophilic monomer was very advantageous to the
stability of dispersions and adverse to the surface
properties. The surface free energy was increase by
more than 19.9% with the addition of hydrophilic
monomer. There is obvious mobility of fluorinated
groups in fluorinated polymer films.
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