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ABSTRACT: The effects of side chain length on the molecular aggregation states and surface properties
of poly(fluoroalkyl acrylate) [PFA-C,, where y is the fluoromethylene number of the R¢ groups] thin films
were systematically investigated. Spin-coated PFA-C, thin films were characterized by static and dynamic
contact angle measurements, X-ray photoelectron spectroscopy (XPS), differential scanning calorimetry,
and wide-angle X-ray diffraction. The receding contact angles showed small values for PFA-C, with short
side chain (y < 6) and increased for ones with y > 8. It has been revealed that PFA-C, with y > 8 was
crystallized and formed ordered structures. These results suggest that the water-repellent mechanism of
PFA-C, can be attributed to the presence of highly ordered fluoroalkyl chains at the outermost surfaces.
The results of XPS in the dried and hydrated states and the contact angle measurement in water indicate
that the contact angle for water is lowered by exposure of the carbonyl groups to the water interface

through reorientation of short fluoroalkyl chains.

Introduction

It has been well-known that polymers with fluoroalkyl
(Rp) groups have surface characteristics that differ
greatly from those of comparable hydrogenated struc-
tures: for example, excellent chemical and thermal
stability, nonadhesive properties, low friction coef-
ficients, low surface free energies,! and nonfouling
behavior.2 Most of them are poly(fluoroalkyl acrylate)s
with long Rr groups, and these polymers have very low
critical surface tension (y.), ranging from 8 to 11 mN
m~1.375 These values are much lower than the 18 mN
m~! of polytetraflouoroethylene (PTFE), which is a
typical fluoropolymer. The y. of closely packed —CF3
groups (6 mN m™!) is lower than that of the —CFay—
surface (18 mN m™1).8 In poly(fluoroalkyl acrylate)s, the
tighter the packing of the R¢ groups, the greater the
increase in density of the —CF3 terminal groups. They
therefore have a very low y. and have been used as
surface modifiers for textiles and polymeric materials.”

The thermal stability and mechanical characteristics
of poly(fluoroalkyl acrylate)s depend on the properties
of the hydrocarbon of main chain, whereas the surface
properties depend on the chemical structures of the R
groups at the side chain. Surface reorientation of polar
groups in contact with water has been investigated.’—13
For example, it has been reported that poly(fluoroalkyl
acrylate)s with short Ry groups have poor dynamic water
repellency because of the high surface molecular mobil-
ity.1* This phenomenon relates to the crystallinity of the
R¢ groups, and the crystallization of side chains is
important for stable surface properties.! However, a
detailed mechanism for this poor dynamic water repel-
lency has not yet been clarified.

The authors have studied the surface properties and
aggregation structure of side chains of fluoroalkyl
acrylate polymer with the R groups and have attempted
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to establish guidelines for preparation of novel high-
performance Ry polymers. In this paper, the authors
discuss the relationship between surface properties and
the chain length of the Ry groups of poly(fluoroalkyl
acrylate)s [PFA-C,, where y is the fluoromethylene
number of the Ry groups] and clarify the water-repellent
mechanism of PFA-C, thin films.

Experimental Section

1. Materials. Polymerization. The chemical structure of
PFA-C, is shown in Chart 1. Fluoroalkyl acrylate monomers
and 1,1,1,4,4,4-hexafluoro-2,2,3,3-tetrachlorobutane (CFC-316)
were provided by Daikin Industries Co., Ltd. PFA-C, were
prepared by radical polymerization under a nitrogen atmo-
sphere in 3,3-dichloro-1,1,1,2,2-pentafluoropropane (HCFC-
225) at 323 K for 18 h fory =1, 2, 4, 6, and 8 and in CFC-316
at 363 K for 18 h for y = 10, using azobis(isobutyronitrile)
(AIBN) as an initiator.'® The polymers, except for PFA-C;, were
purified by precipitation in methanol. PFA-C; was precipitated
in hexane. PFA-Cy, -Cs, -C4, and -Cs were obtained as rubbery
solids, and PFA-Cs and -C1o were obtained as a white powder.

Preparation of Thin Polymer Films. PFA-C,, except for
PFA-Cyo, was dissolved in HCFC-225 (concentration 1 wt %),
and Si wafer was coated with solution by the spin-coating
method (2000 rpm, 30 s). PFA-C,y was dissolved in CFC-316
(concentration 1 wt %) by heating at 373 K, and the Si wafer
was coated with the solution at 373 K by the same method, as
this polymer could not be dissolved in HCFC-225 and CFC-
316 at room temperature. The film thickness was estimated
as ~100 nm by atomic force microscope measurement (AFM).
The AFM observation was performed with an SPA 4000 (Seiko
Instruments Inc.). AFM images were obtained under constant
force mode in air at 300 K using a 100 yum x 100 ym scanner
and a SisNy tip on a triangle cantilever with a spring constant
of 0.032 N m™1. The films were not annealed, unless it is
mentioned otherwise.

2. Measurements. Wetting properties were evaluated by
static and dynamic contact angle measurements. The crystal-
line states of PFA-C, were determined by wide-angle X-ray
diffraction (WAXD). Thermal analysis was carried out by
differential scanning calorimetry (DSC). Surface reorganiza-
tion of PFA-C, thin film was evaluated by X-ray photoelectron
spectroscopy (XPS) and the contact angle measurement in
water.
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Chart 1. Chemical Structure of Poly(perfluoroalkyl
acrylate)s [PFA-C,, Where y is the Fluoromethylene
Number of the R¢ Groups] (x =1 fory=1and 2,x = 2
for y = 4, 6, 8, and 10)
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Contact Angle Measurement (in Air). The static and
dynamic contact angles were measured on a DSA-10 (Kriiss
Co., Ltd.). The static contact angles of water and methylene
iodide (each droplet volume was 2 uL.) were measured, and
the surface free energy was calculated from the static contact
angles using Owens and Wendt’s equation.’® The dynamic
contact angles were measured using an inclinable plane.!” In
an inclinable plane, a sample on a stage was tilted until a 50
ul. water droplet began to slide down onto the sample.
Subsequently, an advancing contact angle (0,), a receding
contact angle (6,), and a sliding angle (65) were determined.

DSC. The DSC data were obtained from a DSC8230 (Rigaku
Denki Co., Ltd.). The heating rate was 10 K/min for a sample
of 3 mg in an Al pan. Before the DSC measurements, the
samples were preheated to 473 K to eliminate the effects of
thermal history. Subsequently, the samples were cooled to 173
K and then measured from 173 to 473 K.

WAXD. The WAXD measurements were carried out on a
Rigaku RINT 2500V (Rigaku Denki Co., Ltd.) with a Cu Ka
X-ray source (40 kV, 200 mA) for powder and spin-coated thin
films of PFA-C,. The wavelength, 1, of the incident X-ray was
0.1542 nm. The data collection time was 3 s per step at 0.05°
intervals. WAXD measurements were carried out by the
symmetrical reflection geometry. In this method, Bragg dif-
fraction from crystallographic planes parallel to the substrate
is obtained from bulk regions.

XPS. The XPS measurements were carried out on a
PHI5800 (Physical Electronics Co., Ltd.) with an Al Ka X-ray
source. The X-ray gun was operated at 14 kV and 350 mW,
and the analyzer chamber pressure was 107°-1071° Pa.
Takeoff angles were kept constant at 45°. The sample stage
was cooled to ~223 K during the measurement using liquid
nitrogen to prevent the damage of fluorine atoms by X-ray
exposure. The samples were measured in the hydrated state
to characterize the suspected surface chemical composition in
water.511713 In the hydrated state, the samples were hydrated
by immersion in water (7'= 300 K) for 120 min and then dried
under vacuum (60 Pa) for 120 min, after which they were
immediately measured. Using the surface in a dried state as
a reference, we defined reorganization as a change from a
hydrated surface composition to a dried one.

Contact Angle Measurement in Water. The static con-
tact angles of methylene iodide and air bubbles on PFA-C,
films in water were measured by Hamilton’s method!®1° using
DSA10. The sample was immersed in water (7' = 300 K) for
120 min, and the contact angle was measured. The surface
free energy in water was calculated from the static contact
angles using the geometrical mean approach.®

Results and Discussion

Contact Angle Measurements (in Air). Figure 1
shows the dependence of (a) the static contact angle
against water and methylene iodide, (b) the surface free
energy, and (c) the dynamic contact angle against water
on the fluoromethylene number of the R¢ groups. The
static contact angles and advancing contact angles (6,)
were very high (above 100°), independent of the fluo-
romethylene number of the Rf groups. (When the
fluoromethylene number was 1 or 2, the values were
slightly lower.) On the other hand, the receding contact
angle (0;) showed a small value for the PFA-C, with
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Figure 1. Dependence of (a) the static contact angles against
water and methylene iodide (each droplet volume was 2 uL,, T
= 292 K), (b) the surface free energy, and (c) the dynamic
contact angle and sliding angle against water (an inclinable
plane, the droplet volume was 50 ul, T = 292 K) on the
fluoromethylene number of the Rf groups.

y < 6 and increased drastically for y > 8. The contact
angle hysteresis, A0, which is expressed as 6, — 6, with
movement of the liquid front is often a result of surface
roughness, heterogeneity, reorientation, and mobility.520
The AFM observation of the film surface revealed the
roughness is small enough not to give a large influence
on the contact angle hysteresis.2! Hence, in this case,
the contribution of reorientation and mobility of side
chain to A0 is expected. This result therefore suggests
that the surface reorientation occurred by exposure of
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Figure 2. DSC thermograms of PFA-C, (y =1, 2, 4, 6, 8, and
10). The heating rate was 10 K/min.

the PFA-C, (y < 6) surface to water. A similar result
was reported for poly(alkyl methacrylate)s.1° This phe-
nomenon may be explained by an increased mobility of
the R¢ groups with y < 6.

PFA-C, with y < 6 showed a higher sliding angle, 6,
than PFA-C, with y < 6, and 0 decreased drastically
for y = 8 as in 6,. The relationship between the sliding
angle and dynamic contact angle is given by eq 122725

mg(sin 6,)/w = y,(cos 6, — cos 6,) (1)

where m, w, and y; are the mass of liquid droplet, the
width of the droplet (orthogonal to the direction of drop
movement), and the surface tension of liquid, respec-
tively. The equation predicts the minimum angle of tilt
(0s) at which a droplet will move spontaneously. It is
clear from this equation that the hysteresis is an
important factor for the sliding drops. The large contact
angle hysteresis for PFA-C, with y < 6 results in a very
large sliding angles. On the other hand, the small
contact angle hysteresis for PFA-C, with y > 8 results
in a very small sliding angle.

The following investigations were carried out in order
to prove the above assumption.

Thermal Analysis. Figure 2 shows DSC thermo-
grams of PFA-C,. The melting temperature (T},) of the
side chain crystallites were clearly observed at 348 and
403 K for PFA-C, with y = 8 and 10, respectively. In
contrast, the glass transition temperature (T,) were
observed at 271, 259, 249, and 243 K for PFA-C, with y
=1, 2, 4, and 6, respectively. The decrease in Ty with
side chain length suggests that the extra free volume
of the side chain acts as an internal plasticizer.26 This
behavior is similar to that observed for poly(alkyl
methacrylate)s.?” This internal plasticization affects the
increase in the mobility of the R groups with y < 6,
causing the surface reorientation. With an increase in
the R¢ side chain length, the R side chain becomes
crystallizable due to the inter-side-chain interaction of
the fluoroalkyl groups. Because the T', of the Rt side
chains are higher than the room temperature, stable
surface hydrophobicity is expected for PFA-C, with y =
8 and 10.

Molecular Aggregation States. Figure 3 shows
powder WAXD profiles of PFA-C,. PFA-C, with y < 6
had no sharp peak. Diffraction peaks for PFA-C, with
y = 8 at g = 1-9 and 13 nm~! were observed. Peaks at
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Figure 3. Powder WAXD profiles of PFA-C,. The 1 of incident
X-ray was 0.1542 nm. The date collection time was 3 s per
step, and the angular interval between step was 0.05°.
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Figure 4. WAXD (symmetric reflection method) profiles of
spin-coated PFA-C, thin films (*annealed at 333 K for 6 h,
**annealed at 348 K for 6 h). The 1 of incident X-ray was
0.1542 nm. The data collection time was 3 s per step, and the
angular interval between steps was 0.05°.

q = 1-9 nm~! were assignable to the lamellar structure
in which R¢ groups are ordered like multilayer (the
spacing d = 3.4 nm [PFA-Cg] and 3.9 nm [PFA-Cyo], with
these values being in agreement with the length of the
two R¢ groups),28730 and peaks at ¢ = 13 nm~! were
assignable to the packing of Rf groups (d = 0.50 nm,
which is close to the intermolecular distance of the
PTFE crystal [d = 0.49 nm], which has the closest
hexagonal packing of fluoroalkyl chains).?132 Thus, PFA-
C, with y < 6 are in a rubbery state and are expected
to show high surface mobility at room temperature,
while PFA-C, with y > 8 are in the crystalline state and
show low surface mobility.

Figure 4 shows WAXD (symmetric reflection method)
profiles of spin-coated PFA-C, thin films. Diffraction
peaks assignable to the lamellar structure of R groups
were observed in the cases of PFA-C, with y > 8, similar
to those in powder WAXD. However, the peak assign-
able to the hexagonal packing of R groups (g = 13 nm™1)
was not observed. In the symmetrical reflection method,
Bragg diffraction from the crystallographic plane that
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Figure 5. Schematic representation of molecular aggregation structure for the spin-coated PFA-C, with y > 8 thin films.

is parallel to the substrate is obtained from bulk regions,
indicating that the lamellar structure is oriented paral-
lel to the substrate and that R; groups are oriented
almost perpendicular to the substrate, as shown in
Figure 5.

On PFA-Cg, a comparison of the WAXD profiles before
and after annealing [at 333 and 348 K (T',) for 6 h] was
also carried out. After annealing, peaks corresponding
to the lamellar structure were sharpened. From these
profiles, distortion of the crystal lattice was estimated
on the basis of the paracrystalline theory proposed by
Hosemann.?3-% In the paracrystalline lattice model, the
lattice vectors of adjacent unit cells vary in magnitude
and direction due to large displacement of lattice points
from their ideal positions, resulting in a loss of the long-
range crystallographic order. On the assumption that
the coordination statistics distribution function for the
paracrystalline lattice model is in the form of a Gaussian
distribution, the paracrystalline lattice factor Z(s) of the
hth-order reflection is defined as

Z(s) = Z(h) = [1 — exp(—47°g*h)]/
[(1 — exp(—27°g%h%))? + (4 sin® 27h) exp((—27%gh?)]
(2)

where s is the reciprocal lattice vector and g is the
standard deviation of the Gaussian distribution divided
by the average lattice vector @; the g is a parameter to
evaluate the degree of paracrystalline disorder. The
value of g is experimentally given by

(0B = (1/a>)[(UN? + =*g*h*] (3)

Here, 0f is the integral breadth of a reflection, A is the
scattering order, and N is the number of scattering
units. Figure 6a shows a plot of (68)? as a function of A*
for the (001), (002), and (003) reflections of PFA-Cg and
Cio thin films. A linear relation was obtained between
the (6$)2 and h* by the least-squares fitting method. The
g and N were calculated using eq 2. Figure 6b shows
the annealing temperature dependence of g and N for
PFA-Cg and Cyj thin films. The g decreased from 6.1 x
1072 t0 2.6 x 1072, and N increased from ca. 7 to 24 as
increasing annealing temperature. It therefore appears
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Figure 6. (a) Plot of (6$)? as a function of i* for the (001),
(002), and (003) reflections of PFA-Cg and PFA-Cyy thin films
and (b) the annealing temperature dependence of g and N for
PFA-Cs and PFA-Cyg thin films.

that the paracrystalline distortion was decreased and
that both the orientation and the order of the Rf groups
were improved by annealing. PFA-C;y appears to have
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Figure 7. Effect of the annealing temperature on dynamic
contact angle for spin-coated PFA-Cg thin films against water
(an inclinable plane, the droplet volume is 50 4L, T' = 292 K).

a sufficiently high order of Rf groups, even without
annealing.

In addition, the effects of annealing on the dynamic
contact angle for spin-coated PFA-Cg thin films against
water were measured. Figure 7 shows the dynamic
contact angle for spin-coated PFA-Cg thin films against
water (using an inclinable plane, the droplet volume is
50 uL, T = 292 K) after annealing at various temper-
atures. The small difference in the dynamic contact
angle before and after annealing indicates that the
ordering of Ry groups before annealing is sufficiently
high for achieving high water repellency.

Surface Reorganization. On the basis of the above
results, the following water repellent mechanism of
PFA-C, is proposed. In the case of PFA-C, with y = 8,
the mobility of the molecular chains is low because of
the crystallization of R¢ groups; therefore, lowering of
the contact angle against water by reorientation of the
R¢ groups is very difficult. The change in the chemical
composition in the surface area is indicative of the
surface reorganization, owing to the reorientation of the
R¢ chains and exposure of the carbonyl groups in this
case. To evaluate the surface reorganization behavior,
X-ray photoelectron spectroscopic measurements in both
dried and hydrated states as well as water contact angle
measurements in water were carried out.

Figure 8 shows XPS Cy; spectra of (a) PFA-C4 and (b)
Cg thin films in both dried and hydrated states. For the
PFA-Cg thin film, there was only a slight difference
between the spectra. The intensities of CFy and CFj
peaks, however, decreased drastically in the hydrated
state in comparison with the dried state for PFA-C4
films. Moreover, Figure 9 shows the results of F1s/C;
and O;4/Cys values of spin-coated PFA-C, thin films in
the dried and hydrated states, and the models for the
water repellency of PFA-C, thin films on the basis of
the results of this study are presented in Figure 10. F1¢/
Cis and O14/C15 values represent the relative magnitude
of fluorine and oxygen concentrations at the surface. In
the dried state, the F14/C1s and O14/C1s values completely
agreed with the theoretical values, which are calculated
from chemical structure of PFA-C,. In the hydrated
state, the F14/C1s and O14/C1s values did not change for
PFA-C, with y = 8; the F1/Cis value, however, de-
creased, and the O1/Cy, value increased for PFA-C, with
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y < 6. Low values of F14/C1s and high values of O14/C15
for PFA-C, with y < 6 are probably derived from the
reorientation of Ry groups and the exposure of carbonyl
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o

Figure 10. Models for water repellency of (a) PFA-C, thin films withy > 8,(b) 2 <y < 6, and (¢) y < 2.

groups to the water interface (Figure 10b), and the
constant values for PFA-C, with y > 8 are derived from
the inhibition of reorientation due to crystallization of
the Ry groups (Figure 10a). It is likely that this reori-
entation of Rf chains with y < 6 at the surface is the
greatest contributory factor to the observed decreased
in the receding contact angle. In the case of PFA-C; and
Cs, F1/C1s and O14/C1s values hardly changed, indicating
that the molecular reorientation hardly occurred; how-
ever, the receding contact angles were very low. This is
because the carbonyl groups have already been exposed
to the air surface in the dried state, as the R¢ groups
are shorter than the others (Figure 10c). A similar result
with regard to surface reorientation was also obtained
for the contact angle measurement in water.

Figure 11 shows the dependence of the static contact
angle in water on the fluoromethylene number of the
Rrgroups. The contact angle of water was small for PFA-
C, with y < 6 and increased drastically for PFA-C, with
y = 8, whereas the contact angle of methylene iodide
was large for PFA-C, with y < 6 and decreased for PFA-
C, with y = 8. Since it has been known that the contact
angles of oil decreased on the surface with low surface
free energy in water,!8 the obtained result indicates that
a low surface free energy is maintained for PFA-C, with
y = 8. Actually, the surface free energy in water was

calculated, and it showed a large value for PFA-C, with
y < 6 and decreased drastically for PFA-C, with y > 8.
Hence, these results also support the mechanism of a
lowering receding contact angle for water by means of
a reorientation of the R chains.

Conclusion

The relationship between surface properties and the
fluoromethylene chain length of the R¢ groups of PFA-
C, was investigated. PFA-C, with y = 8 showed high
dynamic water repellency. From DSC and WAXD
measurements, it was clarified that PFA-C, with y > 8
was in the crystalline state and formed ordered struc-
tures at the surface as well as in the bulk; the mobility
of the molecular chains was therefore low. These results
suggest that the water repellent mechanism of PFA-C,
could be attributed to the presence of highly ordered R¢
chains with low mobility at the surface. XPS in dried
and hydrated states and contact angle measurements
in water showed that a reduced contact angle was
caused by reorientation of the R¢ chains and exposure
of the carbonyl groups; these findings also supported a
mechanism of lowering the contact angle of water by
means of reorientation of the Ry chains with y < 6.
Control of the mobility of the molecular chain seems to
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be one of the guidelines for the preparation of new R¢
compounds with high water repellency.
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