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Novel UV-curable fluorinated poly(urethane-acrylate) (FPUA) oligomers have been synthe-
sized from 1H,1H,12H,12H-perfluoro-1,12-dodecanediol (PFDDOL), either 1,6-hexamethyl-
ene diisocyanate (HDI) or 4,40-diphenylmethane diisocyanate (MDI), and 2-hydroxyethyl
methacrylate (HEMA) for end-capping with photo-crosslinkable methacrylate groups.
The fluorine content and the nature of the isocyanate were investigated to determine their
effects on the physical properties, surface properties, and blood compatibilities of the poly-
mers. The introduction of hydrophobic fluorocarbon chains led to phase separation and a
low total surface energy, which reduced the adhesion of blood platelets onto the materials.
The HDI-type UV-curable, fluorinated poly(urethane-acrylate) exhibited a low-surface-
energy and superior blood compatibility (as determined from RIPA values).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

An important factor in the development of medical de-
vices is their blood compatibility. Studies aimed at improv-
ing blood compatibility have resulted [1] in several
polymer surfaces exhibiting good blood compatibility,
e.g., surfaces composed of non-ionic hydrophilic polymers
[2–4] and microphase separated domains [5,6].

Segmented polyurethanes are generally constructed
from di- or trifunctional isocyanate groups that react with
polyols under step-growth polymerization conditions with
diols or diamines acting as chain extenders. Using this ap-
proach, the properties of the polyurethanes can be manip-
ulated by varying the nature of the polyols, isocyanates,
and chain extenders. For polyurethanes to be applied
. All rights reserved.
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extensively as biomaterials, they must exhibit good elastic-
ity and high tensile strength, elongation, and blood com-
patibility [7–9]. Polyurethanes are frequently used in
artificial hearts, vascular prostheses, and many types of
catheters in various clinical applications. Hydrophilic/
hydrophobic microdomain structures, such as those of
polyurethane, generally display higher blood compatibility
[10,11]. Grasel and Cooper reported that materials exhibit-
ing a greater amount of phase separation had low platelet
and fibrinogen deposition levels [12]. In addition to the do-
main structure, many other factors – including the surface
chemistry, hydrophilicity, and roughness – influence the
degree of protein adsorption, biocompatibility, cellular
growth, and platelet activation [13–15].

The use of fluorinated monomers and oligomers for
coatings is very attractive because of the peculiar charac-
teristics provided by the presence of fluorine atoms:
hydrophobicity, chemical stability, weathering resistance,
good release properties, low coefficients of friction,
water impermeability, and low refractive indices. Several
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fluorinated monomers are presently used for many coating
applications [16,17]. Fluorodiol-containing polyurethanes
have attracted interest as surface-modifying agents be-
cause of their low surface energies [18,19] and high bio-
compatibilities [20,21]. In particular, fluorocarbon chains
have been incorporated into polyurethanes via fluorine-
containing diisocyanates [22], chain extenders [21,22–
25], and soft segments [20,22,26,27]. For instance, Ratner
et al. [21,23] synthesized a series of fluorine-containing
aromatic polyurethanes from various perfluoro chain
extenders and studied their surface and bulk structures.
Kajiyama et al. [24] introduced a fluorocarbon-containing
diol as a chain extender into a polyurethane and examined
its effect on the resulting surface properties. Santerre et al.
[28] used fluorine-containing polyurethanes, used as sur-
face-modifying macromolecules, to alter the surface chem-
istry of base polyurethanes, thereby changing their
biostability and/or biocompatibility. A number of studies
have found that prostheses treated with fluorodiol-con-
taining film deposits offer dramatic improvements in
terms of resistance to the formation of thrombi and emboli
[20,29]. When fluorine-containing diols are used as chain
extenders in polyurethanes, the greater content of fluorine
atoms present on the surface results in materials that are
more thromboresistant [30,31].

Photopolymerization processes are of great interest in
industrial applications because solvent-free formulations
are often characterized by higher production rates and en-
ergy efficiencies than are thermal systems. The advantages
afforded by photopolymerization processes have led to ra-
pid growth in their use in various fields, including the
preparation of films and coatings on substrates such as pa-
per, metal, plastic, and wood. Acrylate and methacrylate
groups have been used widely for UV photopolymerization
because their high reactivities [32] lead to rapid, near-
complete conversions, i.e. no residual unreacted
monomers, with control of the evolution of the heat of
polymerization. UV-photopolymerized poly(e-caprolac-
tone-co-lactide-co-glycolide) diacrylate also produced a
biodegradable network with potential for scaffolding
applications [33]. Ward et al. [34] employed various poly-
mers in the modified microfabrication-based UV photopo-
lymerization to produce regions exhibiting distinct
physical and chemical properties. Bongiovanni et al. syn-
thesized numerous fluoro additives in UV-curable epoxy
[35,36], vinyl ether [37], and oxetane [38,39] systems to in-
crease the hydrophobicity of film surfaces. We became
interested in employing fluorinated structures in UV-cur-
able poly(urethane-acrylate) systems.

In this paper we report the synthesis and characteriza-
tion of novel UV-curable fluorinated poly(urethane-acry-
late) (FPUA) oligomers prepared from 1H,1H,12H,
12H-perfluoro-1,12-dodecanediol (PFDDOL) and either
1,6-hexamethylene diisocyanate (HDI) or 4,40-diphenylme-
thane diisocyanate (MDI), and end-capped with photo-
crosslinkable methacrylate groups. The hydrophilic (HEMA
and urethane groups)/hydrophobic (PFDDOL) domain-sep-
arated structure affected the surface tension, resulting in
the formation of hydrophilic and hydrophobic domains
within the fluorinated poly(urethane-acrylate)s. The pres-
ence of such domains reduced the adhesion of blood plate-
lets onto these materials. We investigated the effects of the
fluorine content and the nature of the isocyanate on the
physical properties, surface properties, and blood compat-
ibilities of these fluorinated poly(urethane-acrylate)s.
2. Experimental

2.1. Materials

1H,1H,12H,12H-Perfluoro-1,12-dodecanediol (PFDDOL;
MW: 562 g mol�1; SynQuest Labs, USA) was dissolved in
dry N,N-dimethylformamide (DMF, Aldrich). 4,40-Diph-
enylmethane diisocyanate (MDI, TCI), 1,6-hexamethylene
diisocyanate (HDI, Acros), 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU, Acros), 1-hydroxyclyclohexyl acetophenone
(Irgacure 184, Ciba Special Chemicals), and tripropylene
glycol diacrylate (TPGDA, AGI, Taiwan) were use as re-
ceived. 2-Hydroxyethyl methacrylate (HEMA, Acros) and
DMF were distilled under vacuum and dried over 4 Å
molecular sieves prior to use.

2.2. Preparation of UV-curable fluorinated poly(urethane-
acrylate) (FPUA) oligomers

2.2.1. MDI-type oligomer [40]
The MDI-type FPUA oligomer based on PFDDOL, MDI,

and HEMA was synthesized through two-step polymeriza-
tion. In the first step, the prepolymer was synthesized from
PFDDOL (0.01 mol equiv.) and MDI (0.02 mol equiv.) at an
[OH]/[NCO] ratio of 1:2 in a 100-mL, round-bottom, four-
neck reaction flask equipped with a thermometer, a stirrer,
and an inlet and outlet for dry nitrogen. The reaction was
performed at 60 �C under a dry nitrogen atmosphere. No
catalyst was added. The reaction was monitored until the
signal for free NCO groups (at 2270 cm�1) in the IR spec-
trum no longer decreased, a process that took ca. 2 h. The
prepolymer was then mixed with DMF until clarification.
In the second step, HEMA (0.02 mol equiv.) was added to
the mixture of the prepolymer to provide an [OH]/[NCO]
ratio of 1:1. The total solid content was 50 wt%. Completion
of the reaction was confirmed by the absence of a signal for
free NCO groups at 2270 cm�1 in the IR spectrum, a process
that took ca. 1 h.

2.2.2. HDI-type oligomer
The HDI-type FPUA oligomer based on PFDDOL, HDI,

and HEMA was synthesized through two-step polymeriza-
tion. In the first step, the prepolymer was synthesized from
PFDDOL (0.01 mol equiv.) and HDI (0.02 mol equiv.) at an
[OH]/[NCO] ratio of 1:2 in a 100-mL, round-bottom, four-
neck reaction flask equipped with a thermometer, a stirrer,
and an inlet and outlet for dry nitrogen. The reaction,
which was conducted with 0.1 wt% DBU as the catalyst,
was performed at 60 �C under a dry nitrogen atmosphere
and monitored until the signal for free NCO groups (at
2270 cm�1) in the IR spectrum no longer decreased, a pro-
cess that took ca. 3 h. The prepolymer was then mixed with
DMF until clarification. In the second step, HEMA (0.02 mol
equiv.) was added to the mixture of the prepolymer. The
total solid content was 50 wt%. Completion of the reaction



Table 1
Material compositions

Material
designation

Content of FPUA
oligomer (wt%)

Content of
TPGDA (wt%)

Fluorine
wt%

TPGDA 0 100 0
M-25 25 75 17.1
M-50 50 50 23.4
M-75 75 25 26.7
M-100 100 0 28.7
H-25 25 75 18.5
H-50 50 50 26.0
H-75 75 25 30.1
H-100 100 0 32.8

*M-type FPUA oligomer: MDI/PFDDOL/HEMA = 2/1/2.
H-type FPUA oligomer: HDI/PFDDOL/HEMA = 2/1/2.
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was confirmed by the absence of a signal for free NCO
groups at 2270 cm�1 in the IR spectrum, a process that
took ca. 12 h. The reaction scheme for the synthesis of
MDI-type and HDI-type FPUA oligomers are shown in
Scheme 1.

2.2.3. UV-curable FPUA films [33]
The UV-curable FPUA was formulated from 3 wt%

photoinitiator (Irgacure 184), FPUA oligomer, and TPGDA
monomer. The UV resin was sandwiched between two
pieces of glass with a 1-mm-thick spacer and photopoly-
merized for 100 s using a flood UV exposure system
equipped with a 350-W mercury lamp having an intensity
at 365 nm of 330 mJ cm�2. The films were conditioned in a
hood at room temperature for 24 h. Table 1 lists the
nomenclature and chemical composition of each of the
materials prepared in this study. As an example of the
nomenclature used herein, for the sample named M-25,
the letter refers to the diisocyanate type and the number
indicates that the sample comprised 25 wt% FPUA oligo-
mer and 75 wt% TPGDA.

2.2.4. Gel permeation chromatography (GPC)
The GPC experiments were performed by passing a 0.2

wt% tetrahydrofuran (THF, TEDIA) solution of the polymers
through a Waters Associates chromatograph (model 6000A
pump) equipped with three columns – one Polymer Labo-
ratories Mixed-C and two American Polymer Standard 100
columns – attached in series and connected to a Shodex RI-
71 refractive index detector. The average molecular
weights of polymers were determined from a calibration
curve established using polystyrene (PS) standards.

2.3. FTIR spectroscopic analysis

2.3.1. FTIR spectroscopic analysis of polymerization reactions
FTIR spectra of the samples were obtained using a BIO-

RAD FTS-3000 spectrometer. The samples were coated on
Scheme 1. Reaction scheme for the synthesis of
CaF2 and 64 scans were obtained over the range from
4000 to 1000 cm�1 at a resolution of 2 cm�1.

2.3.2. ATR-FTIR spectroscopic analysis of UV-cured films
ATR-FTIR spectra of samples were obtained using a

Perkin-Elmer Spectrum100 FTIR spectrometer. The spectra
were obtained from 16 scans over the range from 4000 to
700 cm�1 at a resolution of 4 cm�1. The urethane carbonyl
stretching region was deconvoluted using the Gaussian
function to obtain the area under each signal for the
various types of carbonyl group.

2.3.3. Electron spectroscopy for chemical analysis (ESCA)
ESCA spectra were obtained using an MT-500 spectrom-

eter (VG MICROTECH, UK) equipped with a Mg Ka source.
High-resolution spectra were obtained at a take-off angle
of 45� for each element. All data analyses were accom-
plished using VGX900x software. Binding energies were
referenced to the CAH level at 285.0 eV.

2.3.4. Thermal properties
Thermal analysis was performed using a TA Instru-

ments DSC 2010 and its built-in software. The samples
MDI-type and HDI-type FPUA oligomers.
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(ca. 10 mg) were scanned from �100 to +200 �C at a heat-
ing rate of 10 �C min�1 under a nitrogen purge. After
reaching 200 �C, the samples were rapidly cooled to
�100 �C and then a second scan to 200 �C was recorded
at a heating rate of 10 �C min�1. The degradation temper-
ature (Td) was determined the temperature at which the
residual weight of the samples became 95% of the original
weight. The samples (ca. 10 mg) were scanned from 100
to 800 �C at a heating rate of 10 �C min�1 under a nitrogen
purge.

2.3.5. Mechanical properties
Films were cut into dumbbell shapes (according to AST-

MD-1457) that were 14-mm long and 5- and 16-mm wide
at the narrow and gripping sections, respectively. The ten-
sile strengths and elongations were determined at an
extension rate of 5 mm min�1 (sample number: n = 5)
using a PT-1066 universal tensile testing instrument (Tien
Shiang, Ltd., Taiwan).

2.4.1. Transmission electron microscopy (TEM) observations
The samples were microtomed to form sections that

were ca. 900 Å thick. The ultrathin cross-sections were
placed on grids with an inert carbon support and then ob-
served using a JEOL JEM-1230 TEM operated at 100 kV.

2.4.2. Contact angle measurements
The contact angles of water and ethylene glycol on the

air-side surface of the prepared films were measured at
room temperature using a contact angle meter (First
10 Å, FTA-125). Initial drops (ca. 5 lL) were deposited
on the film surface employing a tight syringe, which
was positioned 0.5 mm above the film surface. The vol-
ume of the drop was sequentially increased and de-
creased slowly by adding and withdrawing the liquid
using the syringe. Direct measurements of the advancing
contact angle, which reflects the hydrophobic character
of the surface, and the receding contact angle, which is
a measure of the relative hydrophilic character of the sur-
face, were performed on both the left- and right-hand
sides of each drop. To obtain reproducible results, care
was taken to avoid vibration and distortion of the drop
during changes in volume. More than five readings were
obtained for each sample; average values and their stan-
dard deviation were calculated.

2.4.3. Calculation of surface energy from contact angles
Although the surface energy cannot be measured di-

rectly, a number of indirect methods for determining its
value have been proposed in the literature. In this study,
geometric-mean approximations were employed to obtain
the dispersive and non-dispersive contributions to the to-
tal surface energy.

2.4.4. Geometric-mean equation
According to Owens and Wendt, the surface energy of a

given solid can be determined using the following equation
applied to two liquids [41]:

ð1þ cos hÞcl ¼ 2 cd
s c

d
l

� �1=2 þ 2 cnd
s cnd

l

� �1=2 ð1Þ
where cs and cl are the surface free energies of the solid
and pure liquid, respectively. The superscripts ‘‘d” and
‘‘nd” represent the dispersive and non-dispersive contribu-
tions to the total surface energy, respectively. The contact
angle, h, in Eq. (1) was obtained from the following equa-
tion, which was proposed by Pinnau et al. [42]:

h ¼ cos�1 cos ha þ cos hr

2

� �
ð2Þ

where ha and hr are the advancing and receding contact an-
gles, respectively.

By measuring the contact angles of two liquids on a film
surface, two simultaneous equations will be obtained for
Eq. (1); they are readily solved for cs

d and cs
nd. Conse-

quently, by assuming linear additivity of the intermolecu-
lar forces (i.e., the dispersive and non-dispersive forces),
the sum of the two components, cs

d and cs
nd, should pro-

vide an estimated value of the total surface free energy,
cs. Owens and Wendt employed water and methylene io-
dide as their test liquids [41], but other liquid pairs have
been proposed in the literature. In this study, water (cl

= 72.8 mJ m�2; cl
d = 21.8 mJ m�2; cl

nd = 51 mJ m�2) and
ethylene glycol (cl = 48 mJ m�2; cl

d = 29 mJ m�2; cl
nd =

19 mJ m�2) were used.

2.4.5. Relative index of platelet adhesion [43–47]
The blood compatibility was evaluated by measuring

the in vitro platelet adhesion using the following method.
First, the polymer solution was cast onto the interior of a
test tube to uniform thickness using a rotator and photopo-
lymerized for 100 s using a flood UV exposure system
equipped with a 350-W mercury lamp having an intensity
at 365 nm of 330 mJ cm�2. The coated tube and a blank
tube were immersed in 0.9 N NaCl solution overnight. Prior
to testing, water on the surface was removed using a dry
lens cleaning paper. Heparinized whole blood (1.5 cm3)
was added to each tube. The tubes were shaken at
120 rpm in a water bath maintained at 37 �C. After 1 h,
the blood was removed, diluted, and counted using a plate-
let counter. The relative index of platelet adhesion (RIPA) is
defined as the ratio of the number of platelets adhering to
the surface of the test sample to the number of platelets
adhering to the glass:

RIPA ¼ ðNw � NpÞ
ðNw � NgÞ

ð3Þ

where Nw, Np, and Ng are the number of platelets in the
whole blood, the number of platelets in the coated tube,
and the number of platelets in the blank glass tube, respec-
tively. A lower value of the RIPA indicates improved blood
compatibility.
3. Results and discussion

3.1. GPC analysis

The number-average molecular weight of the MDI- and
HDI-type FPUA oligomers were 4.6 � 103 and 3.6 � 103,
respectively; the polydispersities were 1.39 and 1.17,
respectively.



Fig. 1. ATR-FTIR absorption spectra of the FPUAs.
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3.2. FTIR spectroscopic analysis

Fig. 1 displays the FTIR spectra of the FPUAs. The ure-
thane carbonyl and NH stretching vibrations appear in the
ranges 1695–1730 and 3300–3500 cm�1, respectively. The
band at 1180 cm�1 (CF2 stretching) indicates the presence
of fluorocarbon chains in these FPUAs. As expected, the
intensity of the CF2 absorption peak depended on the con-
centration of fluorine atoms. Fig. 2 presents expanded
views of the amide and carbonyl stretching regions of
these FTIR spectra. In the amide region (Fig. 2a), the
hydrogen-bonded NH stretching vibrations appeared at
ca. 3347 cm�1, while the free NH stretching bands ap-
peared weakly at ca. 3450 cm�1; for the H-100 sample,
Fig. 2. Partial ATR-FTIR absorption spectra of the FP
these vibrations occurred at ca. 3303 and ca. 3347 cm�1,
respectively. Pimental and Sederholm [48] suggested that
a linear relationship should exist between the length of
the hydrogen bond (R) and the frequency shift (Dm) of
the hydrogen-bonded NH vibration, as expressed in Eq.
(4):

R ¼ 3:21� Dm=ð0:548� 103Þ ð4Þ

Thus, the hydrogen bonds of the H-100 sample had an
average length of 2.94 Å, while those of the other samples
were 3.02 Å. Note that shorter hydrogen bonds are gener-
ally stronger. In the carbonyl stretching region (Fig. 2b),
the signals of the hydrogen-bonded and free carbonyl
groups appeared at ca. 1703 and ca. 1725 cm�1, respec-
tively [49]. As indicated in Table 2, we deconvoluted the
urethane carbonyl stretching region, using the Gaussian
function, to obtain the area of each type of carbonyl group.
In both series, the fraction of hydrogen-bonded carbonyl
groups increased upon increasing the content of FPUA oli-
gomer. Because the concentration of FPUA oligomers and
the concentration of urethane groups both increased in
the polymers, the extent of hydrogen bonding also in-
creased in the polymer.

3.3. Differential scanning calorimetry

Table 3 summarizes their glass transition temperatures
(Tg). We observed that TPGDA had a lower glass transition
temperature (Tg; 41.1 �C) than both M-100 (71.2 �C) in the
MDI series and H-100 (65.8 �C) in the HDI series. The
values of Tg of both of the FPUAs increased upon increas-
ing the content of FPUA oligomer, presumably because
the high rigidity of the CF2 chain reduced the segment
UAs: (a) NH and (b) C@O stretching regions.



Table 2
Deconvolution of the intensities of urethane carbonyl groups in IR spectra

Material Hydrogen-bonded/free C@O

TPGDA 0.18
M-25 0.32
M-50 0.40
M-75 0.79
M-100 0.90
H-25 0.44
H-50 0.55
H-75 0.87
H-100 0.94

Table 3
Thermal analytical data and mechanical properties

Material Tg

(�C)
Td

(�C)
Tensile strength
(MPa)

Elongation
(%)

TPGDAUV
curing

41.1 316.2 14.7 ± 2.1 5.8 ± 0.2

M-25 47.2 222.6 12.4 ± 1.3 7.1 ± 0.1
M-50 54.8 214.8 11.7 ± 1.5 8.4 ± 0.5
M-75 66.3 205.2 10.6 ± 0.8 9.2 ± 0.3
M-100 71.2 195.1 8.6 ± 1.2 11.1 ± 1.1
H-25 45.4 226.6 13.9 ± 1.2 6.7 ± 1.2
H-50 53.7 213.1 12.8 ± 1.8 8.8 ± 0.7
H-75 58.3 209.4 11.5 ± 1.1 9.3 ± 1.3
H-100 65.8 200.1 9.9 ± 1.4 12.4 ± 1.7
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mobility and increasing hydrogen bonding. We suggest
that the increases in the concentration of FPUA oligomers,
the concentration of urethane groups, and the extent of
hydrogen bonding in the polymer all contributed to the
increase in the value of Tg [50,51]. From a comparison
of the MDI and HDI series, we found that the polymers
in the MDI series had higher values of Tg than those in
the HDI series. We attribute this result to the aromatic
components of MDI reducing the segment mobility.

3.4. Thermogravimetric analysis

Figs. 3 and 4 display thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG) curves
of the FPUAs; Table 3 summarizes their degradation
temperatures. We observed that TPGDA exhibited a
higher degradation temperature than did the other sam-
ples in both series. The TGA curve of the FPUA sample
has two distinct regions of weight loss, implying that
two-stage degradation occurred in this sample. Previous
reports [52–54] of PU degradation suggest that initial
degradation (Stage 1) results from decomposition of
the urethane segments; the procedures occurring during
Stage 2 are somewhat more inconclusive. The values of
Td for both of the FPUAs decreased upon increasing the
content of FPUA oligomer, presumably because the good
phase segregation between the PFDDOL and PUA’s hard
segments resulted in poor thermal stability. In addition,
the char yield of the FPUAs increased upon increasing
the fluorine content. We attribute these findings to the
fluorinated materials undergoing thermal degradation
with the release of HF, which reacts with highly reac-
tive H and HO radicals in the flame, resulting in an
inactive molecule and a F radical. The F radical has a
much lower energy than either the H or HO species;
therefore, it has a much lower potential for propagating
the radical oxidation reaction that characterizes the
burning process. This phenomenon increases the sam-
ple’s degradation temperature and char yield during
Stage 2 [55].

3.5. Mechanical properties

Table 3 displays the mechanical properties of the
FPUAs. An increasing content of TPGDA led to a significant
increase in the tensile strength and to a decrease in the
elongation at break of the FPUA. We attribute this result
to TPGDA having highly crosslinked networks. Comparing
the MDI and HDI series of FPUAs, we find that the samples
in the HDI series had higher tensile strength, presumably
because they underwent stronger hydrogen bonding than
did the samples in the MDI series (as described above).
This hydrogen bonding improved the degree of microphase
separation. Consequently, the tensile strength was en-
hanced [56].

3.6. Transmission electron microscopy observations

This result could be attributed to the bulk morpholo-
gies of the MDI and HDI series of FPUAs, as demonstrated
in Fig. 5. The TEM images reveal dark regions for the hard
phase domain of FPUA and white regions for the TPGDA
phase. We found that the fluorinated poly(urethane-acry-
late) oligomer aggregation in the FPUAs, presumably be-
cause the TPGDA and the fluorinated oligomer were
incompatible, leading to aggregation of the fluorinated
oligomer. Increasing the content of the fluorinated
poly(urethane-acrylate) oligomer resulted in its more
even distribution in the FPUAs; in other words, the phase
separation increased. Comparing the MDI and HDI series,
we observed that the HDI-type oligomer was more highly
compatible with TPGDA than was the MDI-type FPUA oli-
gomer. This result suggested that the greater extent of
hydrogen bonding of the HDI series caused the fluori-
nated oligomer to disperse into the FPUAs to a greater
extent.

3.7. Electron spectroscopy for chemical analysis

Table 4 displays the ESCA results for the surface ele-
ment composition ratios of the FPUAs, in addition to the
bulk atomic ratios calculated from the stoichiometric val-
ues of the reactants. ESCA measurement revealed the
presence of fluorine atoms in the FPUAs, strongly suggest-
ing the presence of fluorine-substituted chains on the film
surface. The contents of nitrogen and fluorine atoms at
surface represent the amounts of the hard block phase
of poly(urethane-acrylate) and the fluorinated chains,
respectively. For the FPUAs, the surface nitrogen-to-car-
bon (N/C) and fluorine-to-carbon (F/C) atomic ratios in-
creased upon increasing the content of fluorinated
poly(urethane-acrylate) oligomers. For the MDI and HDI
series, the surface-to-bulk ratios of the nitrogen and fluo-



Fig. 3. TGA and DTG curves of the MDI-type FPUAs.
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rine atoms decreased upon increasing the content of the
fluorinated poly(urethane-acrylate) oligomers. This result
suggested that the polymer exhibited a degree of higher
phase separation [23]. This observation is consistent with
our TEM data.

3.8. Contact angle studies

The contact angles of water and ethylene glycol were
measured to determine the relative wettabilities of the
film surfaces; Table 5 summarizes the results. Both the
advancing and receding contact angles increased upon
increasing the FPUA oligomer content; i.e., the surfaces
of the FPUAs became more hydrophobic. We attribute
this result to the presence of hydrophobic tail-like fluo-
rine-substituted chains on the surfaces of the FPUAs.
Fig. 6 displays the total surface energies of the FPUAs.
We observe that TPGDA had a higher surface energy
(cs; 38.9 mJ m�2) than did either M-100 (19.1 mJ m�2)
in the MDI series or H-100 (22.7 mJ m�2) in the HDI
series. When comparing the MDI and HDI series, we
find that the samples in the HDI series had low surface
energies because of phase separation. Presumably,
hydrogen bonding led to a higher degree of phase sep-
aration as a result of the formation of non-polar PFD-
DOL domains and polar (HEMA and urethane hard
segment) domains of the FPUA [57]. These results sug-
gest that the low total surface energy is due to the
CF2 groups being presented on the outermost surface
of the film.

3.9. Relative index of platelet adhesion

The RIPA value reflects the number of blood platelets
adhered onto a sample, relative to those on a blank glass
tube, when it comes into contact with blood. Low values



Fig. 4. TGA and DTG curves of the HDI-type FPUAs.
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of the RIPA mean that fewer platelets adhere onto a sam-
ple; i.e., thrombosis is less likely to occur or, in other
words, the material has better blood compatibility. There
are many factors that affect blood adhesion. The micro-
phase separation resulting from the hydrophilic/hydropho-
bic nature of a material’s surface is one factor determining
its blood compatibility, but other basic surface properties –
including the surface roughness, free energy, electric
charge, and polarization distribution – also can exert their
effects [10,11,58].

The RIPA values of the FPUAs are listed in Table 5. The
RIPA value of the HDI-type fluorinated poly(urethane-
acrylate) reached as low as 0.13. The RIPA values of both
FPUAs decreased upon increasing the FPUA oligomer
content. Moreover, the greater the number of fluorine
atoms on the surface, the more thromboresistant the
material, suggesting that a higher fluorocarbon chain
content significantly reduced the degree of platelet
adhesion and platelet activation on the polyurethane
surface [26,32,59]. In addition, the presence of hydrogen
bonding improved the phase separation at a high FPUA
oligomer content in the HDI-type system, resulting in
low surface energies and good blood compatibilities. This
finding suggests that the morphological change caused
by microphase separation led to a decrease in the degree
of platelet adhesion, presumably because the low polar-
ity of the CF2 units in the FPUAs decreased the total sur-
face energy of the resultant polyurethanes [32]. Several
investigators have reported that manipulating the sur-
face energy of a polymeric substrate allows improve-
ments to be made in its biocompatibility and blood
compatibility [19,20]. For instance, Vogler et al. [60]
found that hydrophobic surfaces displayed relatively
lower levels of coagulation activation than did hydro-
philic surfaces. Another study demonstrated that the
presence of fluorocarbon groups in polyurethanes re-
sulted in polymers that were less thrombogenic; it was
suggested that the low surface energies of fluorine atoms



Fig. 5. TEM images of the FPUAs.
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caused them to become concentrated preferentially at
the surface of the polymer, reducing the degrees of pro-
tein adsorption, platelet adhesion, and platelet activation
[59].



Table 4
ESCA analysis

Material N/C O/C F/C

Bulk Surface Surface/bulk Bulk Surface Surface/bulk Bulk Surface Surface/bulk

TPGDA – – – 0.533 0.576 1.08 – – –
M-25 0.047 0.044 0.94 0.404 0.416 1.03 0.32 0.285 0.89
M-50 0.068 0.055 0.81 0.348 0.327 0.94 0.459 0.326 0.71
M-75 0.079 0.061 0.77 0.316 0.303 0.96 0.537 0.338 0.63
M-100 0.086 0.056 0.65 0.296 0.275 0.93 0.586 0.299 0.51
H-25 0.055 0.048 0.87 0.471 0.466 0.99 0.373 0.272 0.73
H-50 0.085 0.065 0.76 0.436 0.445 1.02 0.576 0.409 0.71
H-75 0.104 0.067 0.64 0.415 0.403 0.97 0.704 0.401 0.57
H-100 0.117 0.066 0.56 0.4 0.452 1.13 0.792 0.372 0.47

Table 5
Contact angle, surface tension, and RIPA values of FPUAs

Material Water Ethylene glycol Geometric-mean equation (mJ m�2) RIPA

hr hr hr hr cnd
s cd

s cs

TPGDA 68.7 ± 0.4 58.8 ± 0.6 55.2 ± 2.3 52.2 ± 2.5 6.0 ± 0.3 32.9 ± 1.5 38.9 ± 1.8 0.81 ± 0.14
M-25 77.0 ± 2.2 72.4 ± 1.6 61.3 ± 1.7 55.5 ± 1.2 11.2 ± 0.5 18.1 ± 0.7 29.3 ± 1.2 0.58 ± 0.09
M-50 83.9 ± 3.5 79.3 ± 1.7 58.7 ± 1.6 55.5 ± 1.4 20.9 ± 0.8 8.1 ± 0.2 29.0 ± 1.0 0.41 ± 0.05
M-75 89.9 ± 0.4 87.1 ± 1.3 62.7 ± 2.1 59.2 ± 1.9 25.7 ± 1.2 3.1 ± 0.1 28.8 ± 1.3 0.29 ± 0.06
M-100 92.0 ± 1.2 89.1 ± 1.2 66.0 ± 2.3 61.0 ± 1.5 8.4 ± 0.1 10.7 ± 0.1 19.1 ± 0.2 0.16 ± 0.03
H-25 83.7 ± 1.3 80.2 ± 0.7 59.3 ± 0.4 56.4 ± 2.2 20.4 ± 0.7 8.1 ± 0.3 28.5 ± 1.0 0.50 ± 0.10
H-50 86.8 ± 2.7 85.6 ± 2.2 67.4 ± 2.4 63.1 ± 1.9 16.6 ± 0.2 7.7 ± 0.1 24.3 ± 0.3 0.38 ± 0.09
H-75 85.9 ± 2.3 85.1 ± 1.8 70.8 ± 0.3 67.9 ± 1.2 11.3 ± 0.7 10.8 ± 0.4 22.1 ± 1.1 0.24 ± 0.04
H-100 95.2 ± 2.2 92.5 ± 1.5 74.9 ± 2.2 66.6 ± 2.8 19.3 ± 0.4 3.4 ± 0.1 22.7 ± 0.5 0.13 ± 0.02

Fig. 6. Relationship between the surface energy and the weight percent-
age of FPUA oligomer: (j) MDI and (d) HDI series.

2936 Y.H. Lin et al. / European Polymer Journal 44 (2008) 2927–2937
4. Conclusion

In this study, we synthesized novel UV-curable FPUA
polymers incorporating hydrophobic (PFDDOL) and hydro-
philic (HEMA and urethane groups) domains. The oligo-
mers reacted through photopolymerization to form
highly crosslinked networks within minutes of UV irradia-
tion; this procedure might be useful for coating the sur-
faces of materials (e.g., polyurethane artificial blood
vessels or polyurethane ventricular assist devices) that
come into contact with blood. The hydrophobic/hydro-
philic domain structures exhibited microphase separation,
which induced a low degree of platelet adhesion. In addi-
tion, the presence of hydrogen bonds improved the degree
of phase separation at a high FPUA oligomer content,
resulting in samples exhibiting low surface energies and
good blood compatibilities. The values of the RIPA of the
HDI-type UV-curable fluorinated poly(urethane-acrylate)
reached as low as 0.13.
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