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Abstract It has been well known that fluorinated polyurethanes exhibit uniquely low surface energy, biocompatibility and
biostability, thermal and oxidative stability and nonsticking behavior. Consequently, these polymers have attracted
considerable interest. However, the mechanical properties of fluorinated polyurethanes usually decline with increasing
fluorine contents. The blending of fluorinated polyurethanes with normal polyurethane was carried out to achieve balanced
mechanical and surface properties. It was found that polyurethane with good mechanical properties and low surface energy
can be obtained by adding a small amount of fluorinated polyurethane. The fluorinated side chains can easily migrate to
uppermost surfaces of the blends untill the fluorine level at the surface becomes almost saturated. It has been shown from
contact angle, XPS and AFM measurements that only as little as 0.34 wt% of fluorine level is enough to produce a surface
saturated with fluorine, and the fluorine level at the uppermost surface is one hundred times higher than that in the blend
bulk. The final outer surface structures of the polyurethane blend were independent of the content of the fluorinated
polyurethane in the blends due to the surfaces saturated by fluorine.
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INTRODUCTION

Polyurethanes (PU) have been widely used for manufacturing medical devices because of their excellent
mechanical properties and moderate biocompatibility!'l, Although polyurethanes used in applications requiring
all of the above properties have been successful for short-term use, the problems of long-term thromboresistance
and biostability in a biological environment still remain unsolved!> . A legitimate approach to improving the
properties of polyurethanes is introduction of fluorine, and great attention has been paid to fluorinated
polyurethanes due to their unique low surface energies'*”), biocompatibility and biostability® "), low water
absorptivity, lubricity, thermal and oxidative stability and nonsticking behavior'?. It has been demonstrated that
this method is efficient for improving blood/material interactions and reducing protein adsorption!”’, In our
previous studies, a series of fluorinated polyurethanes were synthesized with fluorinated side chains attached to
hard segments. The fluorine group was found to easily migrate to the surfaces of fluorinated polyurethanes when
the amount of fluorinated side chains was small, but the mechanical properties of these fluorinated polyurethanes
were obviously decreased. Since most pitting and cracking in relation to biodegradation of polyurethanes occur
near the surface in a thickness of 20 um!'¥, the blending of fluorinated polyurethane with normal polyurethane
seems an ideal method for improving performance in biomedical applications of polyurethanes, and an improved
mechanical property is also expected.

. In this paper, a series of blends of fluorinated polyurethanes with normal polyurethane were prepared via
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solution blending. The bulk properties and the surface structure of the blends were characterized by tensile tests
and DSC, XPS, AFM and contact angle measurements. Our results indicate that a polyurethane blend with good
mechanical properties and low surface energy can be obtained by adding a small amount of fluorinated
polyurethanes

EXPERIMENTAL

Materials

The chain extender 3-(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-octyloxy)-propane-1,2-diol (PFOPDOL) was
prepared from 3-(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-octyloxymethyl)-oxirane (PDFOMO) via dilute
perchloric acid. Fluorinated poly(ether urethane) (FPEU) was synthesized with 0.02 mol methylenebis(phenylene
isocyanate) (MDI), 0.01 mol polytetramethyleneoxide My = 1000 (PTMO), 0.002 mol PFOPDOL, and 0.08 mol
1,4-butanediol (BDO) using two-step bulk polymerization. The structure of FPEU is shown in Fig. 1. Poly(ether
urethane) (PEU) was synthesized with MDI, PTMO and BDO (molar ratio 2:1:1) using the same method as for
FPEU. The number average molecular weights (GPC) of PEU and FPEU are 5.85 x 10* and 4.58 x 10,
respectively.
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Fig. 1 Schematic structure of fluoropoly(ether urethane and
poly(ether urethane)

Fluorine Content Measurement of FPEU Bulk

The polymer sample (20-30 mg) was burnt in an oxygen bomb and the fluorine anion was absorbed by
deionized and distilled water. The fluorine content was determined on a Dionex 4500 IHPIC/HPLC using AS4A-
SC columns. The mobile phase was 15 mmol/L. Na,B,0; aqueous solution, Detector: CDM10MS. The result of
fluorine content determination was 3.42 wt% (2.60 atom%).

Sample Preparation

A series of PEU and FPEU blends (Table 1) were prepared in 10% (W/V) solution in THF. The sample films
were prepared by casting the solutions onto clean glass disks. The disks were put in an oven at 40°C for 4 h, 50
°C for 20 h under vacuum, and the samples were kept at 50°Cor 80°C under vacuum conditions till the water
contact angle became constant. These films were used for the following measurements.
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Table 1. Composition of polyurthanes and fluorinated polyurethane blends

Sample FPEU (wt%) PEU (w1%) F (wi%)
FPEU 10% 10 90 0.342
FPEU 20% 20 80 0.684
FPEU 30% 30 70 1.026
FPEU 50% 50 50 1.71
FPEU 80% 80 20 2.736

FPEU 100 0 3.42

Mechanical Testing

Mechanical testing was carried out at 23°C and relative humidity 50% with an Instron universal testing machine
Model 4302. The crosshead speed was 500 mm/min. The cast films were cut into dumbbells of 5 cm in length
and 1 cm in width; the narrow section was 2 cm x 0.5 cm in area and 0.3 mm in thickness. The results reported
are the mean values of at least five replicates.

DSC Measurements

The polymer samples (17-20 mg) were cut off from the films prepared as described above. The DSC heating
data were collected at 10 K/min from ~100 to 80°C by TA Instruments 2910 thermal analyzer. During the
measurement, dried N, gas was purged at a constant flow rate. The temperature reading and calorific
measurement were calibrated by using standard indium

X-ray Photoelectron Spectroscopy (XPS)

XPS was carried out on an XSAM-800 electron spectrometer. The spectrometer was equipped with a Mg Ka
achromatic X-ray source (20 kV, 10 mA) and two take-off angles of 30° and 90° were used with the X-ray
source.

Atomic Force Microscopy

AFM sample films were prepared as described above. The AFM measurements of the fluorinated polyurethanes
films were performed on an SPA400 apparatus of Seiko Instruments Industry, Co., Ltd. with an SPI3800N
controller at room temperature, using the micro-fabrication cantilevers with force constant of approximately
13 N/m. In tapping mode, the topographic and phase data were recorded simultaneously. For our study, the
amplitude ratio was adjusted to 0.8—-0.9 of the free air amplitude for all the images. Under these light force
tapping conditions, phase data are sensitive to local hydrophilicity differences of the phase about 0—5 nm below
the surface!"*™'",

Contact Angle Measurements

Contact angles were measured with an Eyma contact angle goniometer. The contact angle data of each sample
were obtained at various times of storage. Contact angles were measured on 3 uL of distilled water at 20°C, and
the results reported are the mean values for ten replicates.

RESULTS AND DISCUSSION

Bulk Properties

Polyurethanes containing a repeating urethane linkage and having alternating hard and soft segments, exhibit a
typical two-phase microstructure. With the domains of the hard segments serving as a reinforcing filler as well as
a thermally reversible multifunctional crosslink, dispersed in a soft segment elastomeric matrix, polyurethanes
have good mechanical properties. The changes of mechanical properties of polyurethane by adding fluorinated
poly(ether urethane) are listed in Table 2. The data show that the fluorinated polyurethane has much lower tensile
strength and modulus compared with those of the polyurethane, but they have the same glass transition
temperature. For the blends, there is no remarkable effect of the fluorinated polyurethane on tensile strength and
modulus of the blends at a content level of 10 wt%, but the tensile strength and modulus were obviously
decreased when the content of fluorinated polyurethane is 50 wt%. The change of glass transition temperature
with addition of fluorinated polyurethane may give a hint of the observed change of mechanical properties, as
shown in Fig. 2 and Table 2. PEU and FPEU have the same glass transitions, and incorporation of 10% FPEU
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into PEU (sample FPEU10%) did not affect the glass transition, including the onset temperature and width of the
glass transition. However, FPEU 50% has a wider glass transition region than that of other samples and the T, of
FPEU 50% is the highest among the four samples. An increase in the phase mixing of the blends can be
represented by an increase in the T, of the soft segment!'®], and the T, width has been shown to reflect the phase
heterogeneity!'”). So a phase separated structure between polyurethane and fluorinated polyurethane exists most
likely in sample FPEU 50%, which causes a remarkable deterioration of mechanical properties. On the other
hand, a less phase separated structure is expected for sample FPEU 10%, resulting in mechanical unchanged
properties. In fact, a slight increase of tensile strength and modulus are seen for FPEU 10% compared with PEU.
At the same time, one observes a decrease of glass transition temperature in this case. It appears contradictory.
More work is needed to find out the reason.

Table 2. Mechanical properties and glass transition of the polyurethane blends
Ultimate tensile strength

(MPa) Tensile modulus (MPa) Elongation at break (%) T, (C)
PEU 437 24.0 675.3 ~45.7
FPEU 10% 455 27.5 556.7 -47.3
FPEU 50% 335 10.0 854.7 -40.1
FPEU 24.6 9.0 870.6 -45.3
Surface Dynamics

The water contact angle can be a reflection of the surface hydrophobicity of the polymer blends™, and it
increases with the content of fluorine on the outer surface®'~>*). The long-term behavior of the blends and FPEU
surfaces was assessed by contact angle measurements after various times of storage at S0°C or 80°C under
vacuum conditions, and this is shown Fig. 3. The data are obtained after storage at 50°C under vacuum conditions
within two weeks. The contact angles of these samples increase markedly within the first week, then the contact
angle almost levels off at a constant value (Table 3). The time at which the contact angles achieve stabilized
values decreases with increasing content of fluorinated polyurethanes in the blends (Table 3). The rate of change
of the contact angles depends also very much on the storage temperature. The higher temperature of storage
speeds up the migration of fluorinated side chains, and thus shortens the time for achieving the stabilized value of
the contact angles, but the leveling off contact angle keeps constant (Fig. 4). It should be noted that the final
contact angles measured at 80°C are somewhat lower than that obtained at 50°C for all the blends. This may be
caused by the re-organization (aggregation) of fluorinated side chain on the surface at higher temperature, or due
to the migration of soft segments onto the surface at high temperature®®* »*, It can be safely concluded that the
fluorinated side chains can easily migrate to the top layer of the blends with a constant content value, and the
time of obtaining the surface saturated with fluorine decreases with increasing fluorine content and storage
temperature.
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Fig. 2 DSC curves of PEU, FPEU and
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Fig. 3 Contact angle versus time curves of
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Table 3. Balance water contact angles and time of fluorine migration
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FPEU 10% FPEU20% FPEU30% FPEU 50% FPEU 80% FPEU
Contact angle 109.6° 111.06° 111.9° 112.0° 110.8° 109.3°
Balance time (h) 168.2 167.5 156.9 144.5 144.0 123.4
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Fig. 4 Contact angle versus time curves of FPEU10% (a), FPEU50% (b) and
FPEU (¢) film storage at 50°C and 80°C

Structure of Surface Saturated with Fluorine

XPS analysis

If the surface is really saturated with fluorine, as suggested by water contact angle measurements, the outer
surfaces of the blends should have almost the same distribution of the element. To prove this, an XPS experiment
was carried out. In the XPS measurement, the sample of interest is irradiated with Mg Ka achromatic X-rays as
the kinetic energy of the emitted photoelectron is recorded. The analysis depth d is controlled by the mean free
pathm] of the ejected photoelectron according to the following equation”".

d=32sind

where A is the inelastic mean free path of electron and @ is the take-off angle (between the film surface and the
axis of the analyzer lens). In our experiments, the take-off angle is 30° and 90°, and the detection depth is then
around 5 nm and 10 nm, respectively. The XPS result is listed in Table 4. It can be seen that the surface of PEU
is distinctly changed by incorporation of fluorinated polyurethanes, and the measured surface fluorine content of
the blend films is much larger than the theoretical calculated average value in the bulk. The ratio of surface
fluorine content and the theoretical value (Fyugace/Foux) is about 92—-121 for FPEU 10% and 20-23 for FPEU
50%, and the blend films have much higher Fgygace/Foux compared with FPEU. Indeed, one finds that the blend
films have the same element composition on the uppermost surfaces (around 5 nm), in agreement with the result
of water contact angle. However, a sharper gradient of fluorine distribution into the film is seen for FPEU 10%.
This result indicates a higher mobility of fluorinated side chains for FPEU 10% compared with FPEU 50%. Only
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a fluorine level in bulk as low as 0.34 wt% (FPEU 10%) is enough to produce a surface saturated with fluorine,
and the fluorine level at the uppermost surface is one hundred times higher than that in the blend bulk. The final
outer surface structures of the polyurethane blend were independent of the content of the fluorinated polyurethane
in the blends due to the saturation phenomenon of fluorine in surfaces.

AFM measurement

The AFM technique has been used to study the microdomains of polyurethanes lying underneath the uppermost
surface layer by moderate force tapping!®>°), and the phase imaging at moderate tapping of the ratio of
amplitudes in the range 0.4-0.7 provides information about surface stiffness variation related to changes in
Young’s modulus!'> ?). However, the phase imaging at light force tapping of the ratio of amplitudes in the range
0.8-0.9 derives the chemical resolution from hydrophilicity differences of the phase at the surface!”>™'"\. For some
fluorinated polymer surfaces, the fluorine level at about 5 nm depth is about tens-fold above their stoichiometric
level and the concentration profile of fluorine exhibits a steep gradient normal to the surface!® *!J. In this study, it

has been known from XPS and water contact angle experiments that fluorinated side chains attached to the hard

block can easily migrate to the surfaces of the blends and were mainly enriched about 0—5 nm below the surface.

In order to further understand the distribution of fluorinated side chain attached to a hard segment on the

uppermost surface of the blends, the light tapping mode AFM was used to study the surface of these blends.

Figure S shows the topographic and phase images of PEU, FPEU 10%, FPEU 50% and FPEU samples in a

1000 nm scan region. For these blends, they give apparent topographical data on the surface where the

hydrophobic patches (rich fluorine patches) appear as low spots, and the hydrophilic areas appear as high spots

(Fig. 5b, c). The phase data for the hydrophobic patches are bright and the hydrophilic areas are dark!"® m,

Moreover, these images are coincident with those of FPEU (Fig. 5d). The PEU surface exhibits apparent

hydrophobic areas based on the topography and phase images because there is only the polyether soft segment on

the uppermost surface and it has the high C/O atomic ratio (Table 4, Fig. 5a). However, the blends show

significant roughness and height differences when compared to PEU and FPEU (Fig. 6, Table 5). It was

suggested that the fluorinated polyurethanes migrated to the surfaces and masked the surfaces of the

polyurethanes so as to result in an unequal dispersion of fluorinated polyurethanes in the blends"®?.

Table 4. Atomic percentage of carbon, fluorine, oxygen and nitrogen at the depth of about
5 nm and 10 nm on the blend film surfaces
Sample Take-offangle  F% C% 0% N% _ F(30°90°)  Theoretical F%  Fuysuce/ Fous

30° 0 940 60 00 - 0.0 -

PEU 90° 0 935 S8 07 —
FPEU 30° 364 518 97 22 131 03 121.3
10% 90° 277 578 117 28 923
FPEU 300 346 537 99 18 113 1.5 231
50% 90° 304 554 118 2.5 203
300 403 488 90 19 1.14 26 15.2
FPEU 90° 352 515 107 26 122

" Data from theoretical value

Table 5. Surface roughness of the PEU, FPEU and their blend
films in 2 um x 2 pm size by AMF measurements

Sample PEU FPEU10% FPEU50% FPEU
RMS’ (nm) 5.49 14.91 19.27 4.49
Rz' (nm) 27.00 50.49 81.75 25.22

" Root-mean-square surface roughness.
* Mean height of ten points.
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Fig. 5 Topography and phase images of PEU a), FPEU10% b), FPEU50% c),
and FPEU d) at 1 um scan sizes

900 nm

5()()\3”‘ 0
900 nm
900 nm

Fig. 6 Atomic force microscopy 3D images of PEU a),
FPEU10% b), FPEU50% c) and FPEU d)

CONCLUSION

It has been demonstrated in this paper that surfaces with high fluorine content could be produced by blending a
small amount of fluorinated polyurethane with polyurethane, due to the migration of fluorinated polyurethane on
the surface. It was found that high storage temperature could improve the rate of this migration. It has been
shown from contact angle and XPS measurements that only as low as a 0.34 wt% of fluorine level in blends is
enough to produce a surface saturated with fluorine, and the fluorine level at the uppermost surface is one
hundred times higher than that in the blend bulk. The final outer surface structures of the polyurethane blend
were independent of the content of the fluorinated polyurethane in the blends due to the saturation of fluorine in
the surfaces. Meanwhile the good mechanical properties can be maintained when the content of fluorinated
polyurethane is small (say 10 wt%). Our results indicate that blending in a small amount of fluorinated
polyurethane is a very efficient way to obtain polyurethanes with good mechanical properties and low surface
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energy.

ACKNOWLEDGEMENT We would also like to thank Mr. Tian Yun-fei, Center of Analysis, Sichuan University, for AFM
measurements.

REFERENCES

1 Boretos, J.W. and Pierce, W.S., Science, 1967, 158: 1481
Coleman, D.L., Meuxelaar, H.L.C., Kessler, T.R., Mclennan, W.H., Richards, J.M. and Gregonis, D.E., J. Biomed.
Mater. Res., 1986, 20: 417

3 Stokes, K., Biomater. Appl., 1988, 3: 228

4 Bernett, M.K. and Zisman, W.A,, J. Phys. Chem., 1962, 66: 1207

5 Pittman, A.G., In: “Fluoropolymers”, ed. by Wall, L.A., Willey Interscience, New York, 1971, p.419

6 Chapman, T.M., Benrashid, R., Marra, K.G. and Keener, J.P., Macromolecules, 1995, 28: 331

7 Chapman, T.M. and Marra, K.G., Macromolecules, 1995, 28: 2081

8 Akemi, H., Aoyagi, T., Shinohara, 1., Okano, T., Kataoka, K. and Sakurai, Y., Makromol. Chem., 1986, 187: 1627

9 Kaku, M., Grimminger, L.C., Sogah, D.Y. and Haynie, S.L., J. Polym. Sci. Part A: Polym. Chem. Ed., 1994, 32: 2187

10 Zhemovay, L.N., Galatenko, N.A. and Hkranovskiy, V.A., Kompoz. Polim. Mater., 2000, 22: 26

11 Chen, K.Y. and Kuo, J.F., Macromo!l. Chem. Phys., 2000, 201: 2676

12 Schmidt, D.L., Coburn, C.E., Dekoven, B.M., Potter, G.E., Mayers, G.F. and Fischer, D.A., Nature, 1994, 368: 39

13 Brunstedt, M.R., J. Biomed. Mater. Res., 1993, 27: 367

14 McCarthy, S.J., Meijs, G.F., Mitchell, N, Gunatillake, P.A., Heath, G., Brandwood, A. and Schindhelm, K.,
Biomaterials, 1997, 18: 1387

15 Magonov, S.N,, Elings, V. and Whangbo, M.H., Surf. Sci., 1997, 375: L,385

16 Brandsch, R., Bar, G. and Whangbo, M.H., Langmuir, 1997, 13: 6349

17 Sauer, B.B., Mclean, R.S. and Thomas, R.R., Langmuir, 1998, 14: 3045

18 Takigawa, T., Oodate, M., Urayama, K. and Masuda, T., J. Appl. Polym. Sci., 1996, 59: 1563

19 Turi, E.A., “Thermal characterization of Polymeric Materials”, Academic Press, San Diego, 1981, p.132

20 Johnson, R.E., Dettre, Jr, R.H,, In: “Wettability”, ed. by Berg, J.C., Macrcel Dekker, New York, 1993, p.1

21 Chapman, T.M., J. Polym. Sci. Part A: Polym. Chem., 1989, 27: 1993

22 Chapman, T.M., Benrashid, R., Marra, K.G. and Keener, J.P., Macromolecules, 1995, 28: 331

23 Zhuang, H.Z., Marra, K.G., Ho, T., Chapman, T.M. and Gardella, Jr, J.A., Macromolecules, 1996, 29: 1660

24 Chen, Q., Wang, Y.Sh,, Yu, X.H. and Wu, X.W_, Chinese J. Polym. Sci., 1992, 10(4): 287

25 Yoon, S.C. and Ratner, B.D., Macromolecules, 1988, 21: 2401

26 Briggs, D., “Surface Analysis of Polymers by XPS and Static SIMS”, Cambridge University Press, Cambridge, 1998,
Chapter 2

27 Kissa, E., “Fluorinated Surfactants: Synthesis, Properties, Applications”, Marcel Dekker, New York, 1993, p.386

28 Kim, Y.S,, Lee, J.S., Ji, Q. and McGrath, J.E., Polymer, 2002, 43: 7161

29 Revenko, I, Tang, Y. and Santerre, J.P., Surf. Sci., 2001, 491: 346

30 Mclean, R.S. and Sauer, B.B., Macromolecules, 1997, 30: 8314

31 Ming, W, Laven, J. and Linde, R., Macromolecules, 2000, 33: 6886

32 McCloskey, C.B., Yip, C.M. and Santerre, J.P., Macromolecules, 2002, 35: 924



