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ABSTRACT: Comb-like fluorinated polystyrenes with different side chain interconnecting groups between
backbone and side chain, such as ether (PST-O), thioether (PST-S) and sulfone (PST-SO2), were synthesized
in order to examine the effect of the interconnecting groups on the surface order and properties. Near edge X-ray
absorption fine structure spectroscopy and grazing incidence wide-angle X-ray diffraction showed that PST-SO2

with very polar sulfone groups exhibited a lower tilt angle of the fluorinated helix to the surface normal as well
as higher packing density of fluorinated alkyl side chains than PST-O and PST-S, which have less polar groups.
As a result of the ordered structure at the polymer-air interface, PST-SO2 has a smaller surface energy and
better stability in water than PST-O and PST-S. These results suggest that the introduction of polar groups to
the side chains of comb-like fluorinated polymers can improve the surface properties including the hydrophobicity
and stability of fluorinated surfaces.

Introduction

Comb-like fluorinated polymers are widely used in a variety
of applications, such as coatings, electronics and medical
materials, on account of their low surface energy.1-6 The closely
packed array structure of trifluoromethyl groups in the fluori-
nated side chains of comb-like polymers can lower the surface
energy. In addition, the packing density of fluorinated alkyl side
chains is influenced by the backbone and side chain structure
of the comb-like fluorinated polymer.7-12 For example, a comb-
like fluorinated polymer with a flexible backbone structure has
a lower surface energy than those with a rigid backbone because
a more ordered structure of fluorinated side chains can be more
easily formed through conformational changes of a more flexible
backbone structure.11,13-15 When the backbone structures of
comb-like fluorinated polymers are identical, polymers with
longer fluorinated side chains have lower surface energy because
ordered side chain structures can be achieved more easily from
the longer chains through side chain crystallization.16 For
example, poly(fluoroalkyl acrylate)s containing short fluorinated
side chains (number of fluorocarbon <6) have a poorly ordered
state and poor water repellency, whereas those with long alkyl
side chains (number of fluorocarbon >7) contain hexagonally
packed fluorinated side chains with low surface energy.

It is believed that the interconnecting groups between the
backbone and fluorinated side chains also affect the surface
properties of the polymers. However, there are very few reports
on how the interconnecting groups affect the surface energy.15

In this study, comb-like fluorinated polystyrenes were synthe-
sized with different side chain interconnecting groups, such as
ether, thioether and sulfone groups (Figure 1). The effect of
the side chain interconnecting groups on the surface ordering
behavior, including some bulk properties of these polymers, is
discussed according to results of differential scanning calorim-
etry (DSC), X-ray scattering, near edge X-ray absorption fine

structure (NEXAFS) and grazing incidence wide-angle X-ray
diffraction (GIWAXD).

Experimental Section

Materials. 2,2′-Azobis(isobutyronitrile) (Junsei) was recrystal-
lized from methanol. p-Vinylbenzyl chloride (p-VBC, Aldrich),
tetrabutylammonium hydrogen sulfate (TBAH, Aldrich), 1H,1H,-
2H,2H-perfluorinated decanol (Aldrich), 1H,1H,2H,2H-perfluori-
nated decanethiol (Aldrich), m-chloroperoxybenzoic acid (m-CPBA,
Aldrich), and other solvents were used without further purification.

Synthesis. Poly[p-[[(perfluorooctylethylene)oxy]methyl]styrene]
(PST-O) and poly[p-[[(perfluorooctylethylene)thio]methyl]styrene]
(PST-S) were synthesized by free radical polymerization of
fluorinated monomers in toluene as described in the literature.17

Poly[p-[[(perfluorooctylethylene)sulfonyl]methyl]styrene] (PST-
SO2), was easily obtained by oxidation of PST-S with m-CPBA.

Preparation of p-[[(Perfluorooctylethylene)oxy]methyl]sty-
rene. 1H,1H,2H,2H-Perfluorinated decanol (9.28 g, 20 mmol) and
TBAH (0.7 g, 2 mmol) were mixed with an aqueous solution of
12 N NaOH (7.68 g in 16 mL) at 50 °C for 30 min, after which
p-vinylbenzyl chloride (3.05 g, 20 mmol) was added. After 6 h, 20
mL of methylene chloride was added and the organic layer was
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Figure 1. Chemical structure of the fluorinated polystyrenes.
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washed with 0.5 N HCl and water. The crude product was purified
by recrystallization from methanol, yielding white crystal. Yield:
65%. 1H NMR (CDCl3, δ in ppm): 2.44 (m, 2H), 3.76 (m, 2H),
4.53 (s, 2H), 5.27 (d, 1H), 5.78 (d, 1H), 6.71 (q, 1H), 7.30 (d, 2H),
7.40 (d, 2H).

Preparation of p-[[(Perfluorooctylethylene)thio]methyl]-
styrene. 1H,1H,2H,2H-Perfluorinated decanethiol (9.68 g, 20 mmol)
and TBAH (0.7 g, 2 mmol) were mixed with aqueous solution of
6 N NaOH (3.84 g in 16 mL) at room temperature for 30 min,
after which p-vinylbenzyl chloride (3.05 g, 20 mmol) was added.
After 6 h, 20 mL of methylene chloride was added and the organic
layer was washed with 0.5 N HCl and water. The crude product
was purified by recrystallization from methanol, yielding white
crystal. Yield: 70%. 1H NMR (CDCl3, δ in ppm): 2.27 (m, 2H),
2.63 (m, 2H), 3.74 (s, 2H), 5.26 (d, 1H), 5.77 (d, 1H), 6.65 (q,
1H), 7.27 (d, 2H), 7.37 (d, 2H).

Preparation of Poly[p-[[(perfluorooctylethylene)oxy]methyl]-
styrene] (PST-O). p-[[(Perfluorooctylethylene)oxy]methyl]-
styrene (6.65 g, 12 mmol) was filled into a round-bottomed flask
with AIBN (0.21 g, 1 mmol) and toluene (5.00 g, 54 mmol). After
stirring at 60 °C for 12 h, the reaction mixture was poured into
methanol, and the precipitate was purified by several reprecipitations
from 1,1,2-trichlorotrifluoroethane into methanol. Yield: 75% 1H
NMR (CDCl3/1,1,2-trichlorotrifluoroethane mixture, δ in ppm): 1.38
(2H), 1.71 (1H), 2.43 (2H), 3.73 (2H), 4.41 (2H), 6.50 (2H), 6.99
(2H). Mn ) 15400, Mw ) 26800.

Preparation of Poly[p-[[(perfluorooctylethylene)thio]me-
thyl]styrene] (PST-S). This polymer was prepared from the same
polymerization procedure as PST-O except that p-[[(perfluorooc-
tylethylene)thio]methyl]styrene was used instead of p-[[(perfluo-
rooctylethylene)oxy]methyl]styrene. Yield: 78% 1H NMR (CDCl3/
1,1,2-trichlorotrifluoroethane mixture, δ in ppm): 1.38 (2H), 1.71
(1H), 2.34 (2H), 2.60 (2H), 3.65 (2H), 6.45 (2H), 6.97 (2H). Mn )
20300, Mw ) 25100.

Preparation of Poly[p-[[(perfluorooctylethylene)sulfonyl]-
methyl]styrene] (PST-SO2). m-Chloroperoxybenzoic acid (0.74
g, 3.3 mmol) was added to a stirred solution of PST-S (0.90 g,
1.5 mmol) in chloroform/1,1,2-trichlorotrifluoroethane mixture (20
mL). After stirring at room temperature for 1 h, the reaction mixture
was poured into methanol. After further extraction with methanol
for 72 h using a Soxhlet extractor, the polymer was dried overnight
in a vacuum oven. This product was obtained in 95% yield. 1H
NMR (CDCl3/trifluoroacetic acid-d, δ in ppm): 1.00-1.40 (2H),
1.70-1.80 (1H), 2.69 (2H), 3.37 (2H), 4.40 (2H), 6.46 (2H), 7.00
(2H).

Analysis. The 1H NMR spectra (300 MHz) were measured in
either CDCl3 or a CDCl3/1,1,2-trichlorotrifluoroethane mixture using
a JEOL JNM-LA 300 spectrometer. DSC was carried out on a TA
Instruments 2920 differential scanning calorimeter at a heating rate
of 5 °C /min. The melting transition temperatures were obtained at
the maxima of the endothermic peaks, and the glass transition
temperatures were taken as the point of inflection of the plot of the
change in heat capacity with temperature in the DSC thermograms.

The molecular weights of PST-O and PST-S were determined
by size exclusion chromatography in 1,1,2-trichlorotrifluoroethane
at 30 °C using a Waters apparatus equipped with refractive index
detection. Monodisperse poly(dimethylsiloxane)s were used as
standards. In the case of PST-SO2, the molecular weight could
not be measured by GPC due to its insolubility in 1,1,2-trichlorot-
rifluoroethane. As described above, PST-SO2 was obtained by the
oxidation of PST-S. The molecular weight of PST-SO2 is
expected to be similar to or higher than that of PST-S. This is
because the oxidation of thioether (-S-) to sulfone (-SO2-)
groups in the side chain of the polymers using m-chloroperoxy-
benzoic acid as the oxidation agent at mild condition (room
temperature) does not decrease the molecular weights or cleave
the polymer backbone.18,19 Calculated number average molecular

weight by considering a constant degree of polymerization after
oxidation reaction is 21400 g/mol.

X-ray scattering measurements were carried out in transmission
mode using synchrotron radiation at the 3C2 X-ray beamline at
Pohang Accelerator Laboratory, Korea.

Two-dimensional grazing incidence wide-angle X-ray diffraction
(GIWAXD) images were measured using a high-power X-ray beam
(photon flux = 1011 photons s-1 mrad-1 per 0.1%, beam size e0.5
mm2) from a synchrotron radiation source (4C2 beamline, Pohang
Accelerator Laboratory, Korea) at λ ) 1.3807 Å. The detection
system equipped with a two-dimensional X-ray detector (PI-
SCX4300-165/2, Princeton Instrument). Details of the analytical
methodology has been reported elsewhere.20,21

Near edge X-ray absorption of fine structure (NEXAFS) experi-
ments were carried out on the photoemission spectroscopy 2B1
beamline (beam size ) 1 × 3 mm2) at the Pohang Accelerator
Laboratory, Korea. The C K-edge NEXAFS spectra were recorded
in partial-electron-yield (PEY) mode. The soft X-ray incident angle
was varied from 20 to 90° for polarization dependence. The PEY
signals were normalized by the incident beam intensity obtained
from the photo yield of a clean silicon surface.

The contact angles were determined using a Krüss DSA10
contact angle analyzer interfaced to drop shape analysis software.
Both the advancing and receding angles were measured for drops
of several solvents. The contact angles for each sample were
measured more than four times on films independently prepared,
and the average value was used. The contact angle variability was
<1°.

Thin films of the polymer were prepared by spin-coating a 2
wt% solution of the polymer in 3,5-bis(trifluoromethyl)phenol onto
a silicon wafer using a Laurell model WS-400A-6NPP/LITE spin-
coater at 1000 rpm for 5 min. The films were dried in a vacuum
oven for 72 h at room temperature, and annealed for 2 h at
approximately onset point of the liquid crystalline melting tem-
perature (40, 50, and 150 °C for PST-O, PST-S, and PST-SO2,
respectively). The estimated film thickness ranged from 20 to 40
nm according to atomic force microscopy (AFM, SPA300HV
multifunction unit/SPI3800 probe station, Seiko Instruments Inc.,
Japan). The AFM images were obtained in tapping mode in air
using a 20 µm × 20 µm scanner. The stylus surface roughness, Ra,
of the thin films ranged from 0.7 to 1.9 nm.

Results and Discussion

Bulk Properties of Comb-Like Fluorinated Polysty-
renes. Figure 2 shows the DSC traces of the fluorinated
polystyrenes obtained at a heating rate of 5 °C/min. The
endothermic transitions observed at 72.8, 99.9, and 186.7 °C
for PST-O, PST-S and PST-SO2 were found to be the liquid
crystalline melting temperatures from the X-ray studies at
elevated temperatures. Above the endothermic transition tem-
peratures, the ordered peaks observed by XRD at room

Figure 2. DSC curves of the fluorinated polystyrenes.
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temperature disappeared. The glass transition temperatures (Tg)
can be seen clearly from the DSC curves of PST-O and PST-S
with melting transitions showing smaller values of enthalpy
change (∆H), while PST-SO2 only showed a melting transition
with a larger ∆H value (Table 1). We tried to observe the glass
transition temperature of PST-SO2 by quenching the melted
samples into liquid nitrogen, however Tg was not observed.
Shimizu et al. reported that comb-like fluorinated polyacrylates
with longer fluoroalkyl side groups have highly ordered side
chain structures (larger ∆H values) and show only melting
temperatures (Tm) from DSC.22 On the other hand, comb-like
fluorinated polyacrylates with shorter fluoroalkyl side groups
have poorly ordered side chain structures (smaller ∆H values)
and show both Tg and melting temperature (Tm). PST-SO2,
which showed only the Tm, had a more ordered side chain
structure than PST-O and PST-S, which showed both Tg and
Tm from XRD, GIWAXD, and NEXAFS studies discussed in
the later part of this paper. The Tg of PST-S was larger than
that of PST-O, and the Tm values increase in the order of
PST-O < PST-S < PST-SO2. Therefore, it is expected that
among the three polymers, the molecular interaction in
PST-SO2 is largest, and that in PST-O is smallest. This
concurs with the order of the dipole moments of the oxide,
thioether, and sulfone groups. For example, the dipole moments
of dimethyl oxide, dimethyl thioether, and dimethyl sulfone are
1.30, 1.55, and 4.49 D, respectively.23

Figure 3shows the X-ray scattering curves of powder samples
of fluorinated polystyrenes at 30 °C. A series of ordered
reflections corresponding to the 001, 002, and 003 indices of a
periodic layer suggest that fluorinated polystyrenes have the
ordered structure. The d-spacing of the 001 reflection was
approximately double that of the expected side chain length
assuming that the side chains are fully extended with the trans
conformations. Therefore, the fluorinated polystyrenes es-
sentially have double-layered lamellar structures, while the layer
distance increases in the order of PST-O (34.6 Å), PST-S
(35.3 Å) and PST-SO2 (38.4 Å). Considering the average bond
lengths (C-O ) 1.42 Å, C-S for thioether ) 1.82 Å, and C-S
for sulfone ) 1. 77 Å) and angles (∠ COC ) 112°, ∠ CSC for
thioether ) 99.1°, and ∠ CSC for sulfone ) 121°), the longer

layer distance of PST-S (approximately 0.7 Å) than PST-O
might be an intrinsic property, while the longest layer distance
of PST-SO2 has other causes.23 On the other hand, the
d-spacing of the wide-angle reflection representing the distance
between the fluorinated alkyl side chains of PST-SO2 is 5.0
Å, which is smaller than those of PST-O (5.2 Å) and PST-S
(5.1 Å). The d-spacing of hexagonally packed fluorinated alkyl
side chains is 5.0 Å as has been observed in poly(1H,1H,2H,2H-
perfluordecyl acrylate) and fluoromethacrylate blockcopolymers
with highly ordered fluorinated alkyl side chains.8,11,15,24 To
quantify the packing density of fluorinated alkyl side chains,
correlation length was also determined from fwhm of peak at
wide angle region, and they were found to be 26.9, 29.1, and
30.0 Å for PST-O, PST-S, and PST-SO2, respectively. This
indicates that PST-SO2 with polar interconnecting sulfone
groups has higher packing density of fluorinated alkyl
side chains than PST-O and PST-S. This side chain structure
possibly induces highly ordered lamellar structures with the
largest layer distances, while PST-O and PST-S with less polar
interconnecting ether groups contains more loosely packed
(larger d-spacing) fluorinated alkyl side chains, which decrease
the layer distance of the lamellar structures.12,18,25,26 The slightly
longer layer distance of PST-S than that of PST-O may be
caused by the longer C-S bond length and/or smaller distance
of fluorinated alkyl side chains.

Surface Order of Polymer Thin Films. The effect of the
side chain interconnecting groups on the surface ordering of
thin films of fluorinated polystyrenes was examined by GI-
WAXD and NEXAFS. Figure 4 shows the 2-dimensional
GIWAXD maps of the fluorinated polystyrenes recorded at an
incidence angle of Ri ) 0.17°. All the fluorinated polystyrenes
showed three or four strong signals along the out of plane
corresponding to the 001, 002, and 003 (001, 002, 003, and
004 for PST-SO2) indices of the periodic lamellar layers and
the one in-plane order signal corresponding to the packing
distance of fluorinated alkyl side chains. A clear powder ring
observed in the small angle regime (first order signal) from
PST-SO2 in Figure 4c indicates that the ordering of lamellar
structure in PST-SO2 might not be as good as those in PST-O
and PST-S. Still the perfluorinated alkyl chains of PST-SO2

on the surface have the highest degree of surface ordering and
this gives lowest surface energy to PST-SO2 as explained in
the later part of this manuscript. Table 2 lists the d-spacings
obtained from the 2-dimensional GIWAXD maps. The distances
between the fluorinated alkyl side chains on the surface were
almost identical to those in the bulk states for all fluorinated
polystyrenes. On the other hand, the distances of lamellar layers
on the surface were approximately 4 Å smaller than those in
the bulk states. The lower d-spacing in the thin film indicates
that the fluorinated alkyl side chains were tilted in the thin film
as reported by Gruner et al.20 The tilt in thin film is induced by
the surface-induced tilt in the topmost smectic layer. The
fluorinated tilt at the surface is propagated throughout the thin
film. We also found that the fluorinated alkyl side chains of
fluorinated polystyrenes are tilted from NEXAFS studies shown
in the next part of this paper.

To quantify the in-plane ordering of fluorinated alkyl side
chains, we also examined radial dependence of scattering
intensity for scattering vectors q at an angle of 1° < φd (azimutal
angle) < 5°.20 Correlation lengths (2/∆q) of PST-O, PST-S,
and PST-SO2 determined from fwhm are 7.66, 7.89, and 8.41
Å, respectively. This indicates that PST-SO2 has higher packing
density of fluorinated alkyl side chains at the surface than
PST-O and PST-S.

The alignment of the fluorinated alkyl groups on the polymer
surface was characterized further by NEXAFS analysis. NEX-
AFS is a very useful technique for determining the molecular

Figure 3. Powder X-ray diffraction patterns of the fluorinated poly-
styrenes.

Table 1. Thermal Properties of the Fluorinated Polystyrenes

Tg (°C) Transition, °C (∆H, mJ/mol)

PST-O 44.1 72.8 (6.4)
PST-S 59.0 99.9 (9.6)
PST-SO2 186.7 (37.9)
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orientation near the outermost surface. Details of this technique
are reported elsewhere.27-31 Figure 5 shows the NEXAFS
spectra of the C1s edge of polymer thin films. There are four
dominant peaks showing polarization dependence. The peak at
285 eV was assigned to excitation of the C 1s core electrons to
the π* (1s - π*) of the carbon double bonds in the phenyl
rings of the polymers. A sharp peak at approximately 292 eV
and smaller peaks at 296 eV were assigned to the 1s-σ*
transition for the C-F and C-C bonds, respectively. Small peak
at approximately 288 eV can be assigned to the 1s-σ* transition
for C-H.31 Figure 6 shows the polarization dependence
(intensity recorded at 90° (I90) - intensity recorded at 20° (I20))
of the fluorinated polystyrenes. For all polymers, the peak
intensity of the C-F bonds at 90° (normal incidence) was larger
than that at 20° (grazing incidence). In contrast, the C-C bond
peak had a larger intensity from the grazing incidence than that
from the normal incidence. This suggests that the fluorinated
alkyl side chains of the fluorinated polystyrenes are oriented
near-perpendicular to the film surface. Comparing the linear
dichroism (intensity difference) of C-F bonds, one could notice
that PST-SO2 has the highest degree of ordering of fluorinated
alkyl side chains on the surface. Therefore, the polar sulfone
groups in the side chain can improve the ordering of fluorinated
alkyl chains on the surface. The peak intensity of the CdC bonds

at 90° (normal incidence) was larger than that at 20° (grazing
incidence) indicating that the phenyl ring of the fluorinated
polystyrenes are aligned perpendicularly to the surface normal,
while the intensity differences of the two peaks are almost
identical for all cases. This suggests that the orientation of
phenyl groups is unaffected by the introduction of different side
chain interconnecting groups.

Tilt angles of rigid fluoroalkyl side chains was estimated from
the order parameters (C-F bond) calculated from the peak
intensities of the C-F bonds at a grazing incidence angle and
normal incidence angle (Table 2).32 The order parameter values
of the fluoroalkyl helices increased again in the order of PST-O,
PST-S, and PST-SO2. The tilt angle of the fluoroalkyl helix
of PST-O, PST-S, and PST-SO2 was approximately 45.9,
44.2, and 38.7° with the surface normal, respectively. Therefore,
among the three polymers, the perfluorinated alkyl chains of
PST-SO2 on the surface have the highest degree of surface
ordering.

Surface Energies and Reconstruction of Polymer Thin
Films. Table 3 shows the surface roughness and advancing
contact angles for the various test solvents of the polymer thin
films. The surface roughness, Ra, obtained by AFM ranged of
0.7 to 1.9 nm. Since the Ra values of the polymers are quite

Figure 4. GIWAXD patterns of (a) PST-O, (b) PST-S, and (c) PST-SO2 films.

Table 2. Powder WAXD, GIWAXD, and NEXAFS results of the fluorinated polystyrenes

d-spacing (Å) from powder WAXD d-spacing (Å) from GIWAXD NEXAFS results

Small angle Wide angle Small anglea Wide angleb SC-F
c SF-helix

d τF-helix (deg)e

PST-O 34.6, 17.6, 11.8 5.2 31.0, 16.3,-10.9 5.2 -0.112 0.224 45.9
PST-S 35.3, 17.7, 11.8 5.1 32.3, 17.2,-11.4 5.1 -0.136 0.272 44.2
PST-SO2 38.4, 20.1, 13.5 5.0 33.6, 19.3, 12.8, 9.6 5.0 -0.207 0.414 38.7
a A series of d-spacings corresponding to the 001, 002, and 003 indices of a periodic smectic layer. b d-spacings representing the distance between the

fluorinated alkyl side chains. c Surface orientational parameter of C-F bonds. d Surface orientational parameter of fluoroalkyl helix. e Tilt angle of fluoroalkyl
helix to the surface normal.

Figure 5. NEXAFS spectra of the C K edge of polymer thin films
recorded at 90° (solid line) and 20° (dashed line).

Figure 6. Difference NEXAFS spectra of the normalized C 1S edge
of polymer thin films recorded at 90° and 20° (I90 - I20).
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small, the influence of surface roughness on the contact angle
can be ignored in all contact angle measurements; a smooth
surface (Ra < 100 nm) does not affect the contact angle of
polymer films.33 The advancing contact angles of PST-SO2

were larger than those of PST-O or PST-S for most solvents
used in the contact angle measurement. The contact angles of
PST-O and PST-S films could not be measured using
formamide because they are partially soluble in formamide,
while PST-SO2 film is insoluble with a contact angle of 109°.
The contact angle and film stability are another strong indication
that the CF3 moieties (end group of the fluorinated alkyl side
chain) of PST-SO2 are well exposed on the outmost surface to
prevent interactions between the probing liquids and nonflu-
orinated comparably polar regions of the polymer, such the
styrene backbones and side chain connecting groups. The surface
energy of the fluorinated polystyrenes was obtained by applying
the advancing contact angle results to surface tension component
theory (acid-base (van Oss) approach)). It has been suggested
that the acid-base (van Oss) approach is a generalization
of the Fowkes approach, by considering the perceived acid-base
interactions at the interface.34 The surface tension was divided
into different perceived components, Lifshitz-van der Waals
(γLW), acid (γ+), and base (γ-) components, such that the total
surface tension can be given by the following equation:

γi ) γi
LW + 2(γi

+γi
-)1⁄2 (1)

Here i denotes either the solid or liquid phase. The interfacial
tension was postulated from both solid-liquid or liquid-liquid
systems as follows:

γ12 ) γ1 + γ2 - 2 (γ1
LWγ2

LW)1⁄2 - 2 (γ1
+γ2

-)1⁄2 - 2 (γ1
-γ2

+)1⁄2

(2)

For a solid-liquid system, combining eq 2 with Young’s
equation yields the following:

γl(1+ cos θ)) 2(γl
LWγs

LW)1⁄2 + 2(γl
+γs

-)1⁄2 + 2(γl
-γs

+)1⁄2 (3)

where θ is the advancing contact angle. Since this equation
contains three unknowns (γs

LW, γs
+ and γs

-) of the solids, it has
been recommended for measuring the contact angles using more
than three different liquids. Table 4 shows the total surface
energy and surface energy component of the fluorinated
polystyrenes obtained using this approach. The surface energies
of PST-SO2 were lowest among the three fluorinated polysty-
renes in all case, while it varied from 6.89 to 11.08 mJ/m2

according to different solvent systems used. This can be
explained by environmental-dependent surface reconstruction.

Because of surface reconstruction, the surface composition is
expected to be different for each probe liquid, depending on
polarity of the liquid.35,36 However, the value of γsv is assumed
to be constant regardless of the solvent system since the surface
energy of a solid (γsv) is a thermodynamic property of the solid.
Therefore, inconsistency of the surface energy suggests that the
calculation of the surface energy using this approach is flawed.37

In an effort to estimate intrinsic surface energy of a solid, Kwok
and Neumann derived an expression relating the contact angle
of a solid to γlv and γsv using eq 4. Only one constant surface
energy value can be obtained because this approach is based
on the equation of state relating γlv and γsv and a series of
solvents with different surface tensions.

cos θ) -1+ 2(γsv ⁄ γlv)
1⁄2(1- �1(γlv - γsv)

2) (4)

The surface energy of the fluorinated polystyrenes was
estimated using this equation of state approach from 8 types of
solvents ranging from water with the largest surface tension to
octane with the lowest surface tension. The curves shown in
the Figure 7 are best-fits of eq 4 to the experimental data of γlv

and θ. Table 5 shows the surface tension (γsv) and constant (�1)
of the fluorinated polystyrene thin films determined using a two-
variable (γsv, �1) least-squares fit. Some contact angle data are
not included to derive the curves if they deviate too much.34 In
this case, the ethylene glycol data of PST-O was not included.
Using this approach, PST-SO2 had lowest surface energy, and

Table 3. Surface Roughness and Advancing Contact Angles of the Fluorinated Polystyrene Films

advancing contact angle (deg)

Ra (nm) water FAb DIMc EGd BAe octane decane Dodecane Hexadecane

PST-O 1.9 123.6 a 102.7 105.5 91.7 66.8 71.8 74.9 79.1
PST-S 1.7 122.8 a 101.8 102.6 91.2 67.3 72.2 75.5 79.2
PST-SO2 0.7 126.1 109 105.1 104.3 92.0 67.9 72.7 75.7 79.2
a Polymer films were partially soluble in formamide. b Formamide. c Diiodomethane. d Ethylene glycol. e Benzyl alcohol.

Table 4. Surface Energy (Acid-Base Theory) of the Fluorinated Polystyrene Films

PST-O PST-S PST-SO2

γLW γacid-basea γtotal γLW γacid-base γtotal γLW γacid-base γtotal

water-DIMb-EGc 7.73 0.21 7.94 8.04 0.20 8.24 6.95 -0.06 6.89
water-DIM-BAd 9.16 0.09 9.24 9.43 0.11 9.54 8.57 0.03 8.61
water-DIM-octane 8.51 0.14 8.65 8.71 0.17 8.87 7.86 0.07 7.93
water-BA-octane 11.3 0.01 11.3 11.3 0.02 11.4 11.1 0.01 11.1
water-EG-octane 10.5 -0.02 10.5 10.4 0.05 10.4 10.2 -0.05 10.2
DIM-EG-octane 8.51 0.18 8.70 8.71 0.44 9.14 7.86 0.47 8.33
DIM-EG-BA 9.16 0.09 9.24 9.43 0.26 9.69 8.57 0.28 8.85
a γacid-base ) 2(γacid γbase)1/2. b Diiodomethane. c Ethylene glycol. d Benzyl alcohol.

Figure 7. γlv vs γlv cos θ for the contact angle data on the fluorinated
polystyrenes thin films.
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the surface energy of PST-S was slightly lower than that of
PST-O. This result is consistent with the other results reported
in this paper. Both the bulk and surface properties showed that
PST-SO2 has the highest ordering of lamellar and fluorinated
alkyl side groups, and PST-S and PST-O have similar levels
of ordering, even though PST-S appears to have a slightly
higher ordered structure. From these results, a schematic diagram
was produced to show the surface structures of well ordered
PST-SO2 with strongly polar interconnecting sulfone groups
and less ordered PST-S and PST-O with less polar ether and
thioether groups. (Figure 8)

The contact angle change was measured as a function of the
immersion time of the polymer films in water over a 16 day
period to determine the film stability (Figure 9). The hydro-
phobic surface properties of PST-O and PST-S were lost
within 1 day in the polar environment (water). For example,
receding contact angle of PST-S decreased sharply by 16° after

1 day immersion in water and dynamic contact angle measure-
ment on PST-O and PST-S surface film immersed in water
for more than 2 days was not possible possibly due to the surface
reconstruction as reported from other fluorinated polymers.8 In
contrast, the PST-SO2 film maintained its shape and structure
for more than 16 days even though both the advancing and
receding contact angles of the PST-SO2 film had decreased
over the 16 day period. A decrease in contact angle of 10° over
a 16 day period means that the surface of the PST-SO2 film
reconstructs to some degree in water, while not much. Therefore
the outmost surface of the PST-SO2 film is still dominated by
fluorocarbon parts, even after 16 days in water. Others reported
that the surfaces of side-chain liquid crystalline fluorinated
polymers with nonpolar linkage such as ether or ester coated
the surface treated glass were unaffected even after 2 weeks of
immersion in water or seawater.31,38 We believe that if we had
treated the surfaces of the substrate (silicon wafer) properly using
organic silane compounds and polymer compatibilizers for the
increase of the adhesion property, the surface stability of PST-O
and PST-S films might be improved. In the case of PST-SO2,
the very hydrophobic surface property in water was maintained
even on the untreated surface due to the dipole-dipole
interactions between the sulfone groups which can prevent the
reconstruction of fluorinated alkyl groups at the surface.

Conclusion

Comb-like fluorinated polystyrenes with different side chain
interconnecting groups, such as ether (PST-O), thioether
(PST-S), and sulfone (PST-SO2), were synthesized and
characterized. PST-SO2 with very polar sulfone interconnecting
groups showed much higher degree of order of both the bulk
and surface structures than PST-O and PST-S, which have
less polar thioether and ether groups, respectively. In particular,
the fluorinated alkyl side groups of PST-SO2 on the surfaces
have a densely packed hexagonal structure with a shorter inter
chain distance of approximately 5 Å, while PST-O and PST-S
have more loosely packed (larger d-spacing) fluorinated alkyl
side chains. As a consequence, PST-SO2 has a lower surface
energy and much better stability in water than PST-O and
PST-S. The surface energy of PST-S was slightly lower than
that of PST-O. This is possibly because the thioether groups
is slightly more polar than the ether group, which gives the
fluorinated alkyl side groups containing thioether groups a
slightly better packing structure than those with ether groups.
Therefore, the hydrophobicity and the stability of the fluorinated
surfaces can be improved by introducing polar sulfone groups
to the side chains of comb-like fluorinated polymers.
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