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ABSTRACT: A series of comb-like fluorinated poly(oxyethylene)s having different content of fluoroalkyl
side group were prepared to examine the effect of the surface structure variation on the surface properties.
When the thin films of the polymers having g58 mol % of fluoroalkyl side groups were annealed, surface
energy decreased and surface stability against polar liquids improved. This surface property behavior was
found to be very well correlated with changes of the paracrystalline structure orientation and scattering unit
numbers after the annealing process. However the average tilt angle and d spacing of the fluoroalkyl side
group and the paracrystalline ordering of the thin films did not change, if any, after the annealing process.
Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and grazing incidence X-ray diffraction
(GIXD) were used to determine the surface structure, and contact angle measurements were conducted to
measure the surface properties.

1. Introduction

Fluorinated polymers have been studied intensively because
of their excellent properties, such as low surface energy, good
chemical and thermal stability, antiadhesive ability, low friction
coefficient, biocompatibility, and nonstick behavior.1-3 Researchers
have particularly focused on comb-like fluorinated polymers for
their excellent surface properties arising from the well-ordered
surfacemolecular structure for use aswater/oil repellent and anti-
fouling coating materials.4-6 In general, the molecular structure
of comb-like fluorinated polymer has a key influence on the surface
properties, such as the surface energy, stability, adhesion force,
repellency, and wetting behavior.7-12 Takahara et al. reported
the molecular aggregation structure and surface properties of the
poly(fluoroalkyl acrylate)s and poly(fluoroalkyl methacrylate)s
having fluoroalkyl side groups with different fluorocarbon
lengths, and the fluorinated polyacrylates having long fluoroalkyl
side groups (number of fluorocarbong8) were found to have an
ordered structure with highwater repellency.13-15Ober et al. syn-
thesized various fluorinated block copolymers having low surface
energy16 and examined their molecular structure using near-edge
X-ray absorption fine structure (NEXAFS)17-20 and grazing
incidence X-ray diffraction (GIXD) measurements.21 A previous
study examined the effects of side chain interconnecting groups of
comb-like fluorinated polystyrenes on the bulk and surface proper-
ties.22 Various reports have been published on the comb-like fluori-
nated polymers, whereas only a few studies have investigated the
influence of the content of fluoroalkyl side group on the surface
properties of comb-like fluorinated polymers.23-25

A paracrystal, which is an intermediate stage between a “perfect
crystal” and “amorphous structure”, as a “building block”, has
become accepted as a basic physical concept for defining certain
ordered structures. Inmolecular structure studies of semicrystalline
polymers, several models, including the Hosemann paracrystal
model, Cialle model, and modified Cialle model have been used

to describe ordered polymer structures.26-28 Recently, the para-
crystalline theory proposed by Hosemann29,30 was considered to
be the most suitable model for examining polymer structures
having lamellar structures.13,14,31,32 Indeed, lamellar structures
are one of the most common morphological structures observed in
polymers, including those in comb-like fluorinatedpolymers.13,16,22,31

Previously, it was reported that comb-like poly(oxyethylene)s
containing hydrocarbon alkyl or fluoroalkyl side groups show
well-ordered structures due to phase separation between the
flexible hydrophilic oxyethylene backbone part and hydrophobic
side group part.24,33-40 Furthermore, comb-like poly(oxyethylene)s
containing fluoroalkyl side group have very low surface energies
owing to the well-ordered structures near the outmost surface.24

This study examined the correlation between the surface proper-
ties and molecular structures of comb-like fluorinated poly-
(oxyethylene)s possessing different contents of fluoroalkyl side
group. The Hosemann paracrystal model was used to evaluate
the paracrystalline structure ordering and orientation in the
polymer thin films. The effect of the paracrystalline structure
ordering and orientation to the surface properties of comb-like
fluorinated polymers having different content of fluoroalkyl side
group were systematically studied. NEXAFS and GIXD techni-
ques were used to characterize the molecular structures on the
surface, and contact angle measurements were performed to
analyze the surface properties, such as surface energy and stability.

2. Experimental Section

2.1. Materials. Epichlorohydrin (Aldrich) was dried over
calcium chloride and distilled fractionally from calcium oxide.
Methylene chloride and methanol were refluxed over calcium
hydride, and 1,1,2-trichlorotrifluoroethane (F113) was refluxed
over calcium chloride and freshly distilled under a nitrogen
atmosphere prior to use. 1H,1H,2H,2H-Perfluorodecanethiol
(Aldrich), triphenylcarbenium hexafluorophosphate (Aldrich),
sodium (Aldrich), d-chloroform (ACROS), and an ionic liquid,
1-butyl-3-methyl-imidazolium chloride ([bmim][Cl]) (C-TRI)
were used without further purification.
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2.2. Synthesis. Preparation of Poly[oxy(chloromethyl)ethylene].
Triphenylcarbenium hexafluorophosphate (0.05 g, 0.13 mmol)
was added to a stirred solution of epichlorohydrin (5.0 g, 54.04
mmol) in 3.78 mL of methylene chloride under a nitrogen
atmosphere. This reaction mixture was stirred at 0 �C for 72 h.
The product was purified by precipitating from a tetrahydro-
furan (THF) solution in methanol twice and then dried under
vacuum at room temperature for 72 h. This product was
obtained in 33% yield after the purification steps (fractional
precipitation). The weight-average molecular weight (Mw) and
polydispersity index of the polymer measured using gel permeation
chromatography (GPC) were 5000 and 1.3, respectively. 1H NMR
of poly[oxy(chloromethyl)ethylene] (CDCl3, δ): 3.71 (m, 5H).

Preparation of Poly[oxy[[2-(perfluorooctyl)ethyl]thiomethyl]-
ethylene]s (TP-Xs, Where X is the mol % of Monomeric Units
Containing Fluoroalkyl Side Group). Comb-like fluorinated
poly(oxyethylene)s were prepared by a polymer analogous re-
action of poly[oxy(chloromethyl)ethylene] with sodium 1H,1H,
2H,2H-perfluorodecane-1-thiolate, as previously reported.40 Poly-
[oxy(chloromethyl)ethylene] (0.076 g, 0.82 mmol) was dissolved
in an ionic liquid, 1-butyl-3-methyl-imidazolium chloride ([bmim]-
[Cl]) (10 g), at 70 �C. This was followed by the addition of sodium
1H,1H,2H,2H-perfluorodecane-1-thiolate,whichhadbeenprepared
by a reaction of sodium with 1H,1H,2H,2H-perfluorodecanethiol.
Table 1 lists the mole percentage of sodium 1H,1H,2H,2H-
perfluorodecane-1-thiolate used and the degree of substitution.
The reaction mixture was stirred at 70 �C for 15 min and then
poured in a water/methanol mixture. The precipitate was further
purified by several precipitations from F113 into methanol.
After further extraction with methanol for 12 h using a Soxhlet
extractor, the polymer was dried overnight under a higher
vacuum. The product was obtained in >80% yield. We calcu-
lated the degree of substitution using the 1H NMR results by
comparing the multiplet at 2.39 ppm (2H) from the fluorinated
alkyl side group and the multiplet at 3.64 (3H) from the back-
bone, which included the contribution of residual poly[oxy-
(chloromethyl)ethylene]. The Mw and polydispersity index of
TP-100 were 17 600 and 1.3, respectively. 1H NMR of TP-100
(CDCl3/F113, δ): 2.39 (m, 2H), 2.73 (m, 2H), 2.81 (m, 2H), 3.64
(m, 3H).

2.3. Preparation of Polymer Thin Films.Weprepared polymer
thin films (e100 nm thick) by spin-coating a 1 wt % solution of
the TP-Xs in F113 onto a siliconwafer at 3000 rpm for 30 s using
a spin-coater (Laurell model WS-400A-6NPP/LITE). The films
were then dried in a vacuum oven for 24 h at room temperature.
The annealing treatment was conducted through heating the
polymer films at 60 �C for 2 h to compare the as-prepared and
annealed films.

2.4. Analysis.The 1HNMRspectra (500MHz)weremeasured
in either CDCl3 or a CDCl3/F113 mixture using a Bruker
Avance 500 apparatus. The Mw and polydispersity index were
obtained on a ViscotekGPC using a diffractometer as the detector.
THF and F113 were used as a solvent, and monodisperse poly-
styrenes were used as the standards.

Differential scanning calorimetry (DSC, TA Instruments
2920 differential scanning calorimeter) was carried out at heat-
ing and cooling rates of 5 �Cmin-1. To eliminate the effect of the

thermal history on the sample transitions, all samples were
heated to 200 �C and held at that temperature for 5 min before
cooling. The transition temperatures and enthalpy changes were
obtained from the second heating scan.

The stylus surface roughness, Ra, was obtained by atomic
force microscopy (AFM). The AFM observations were per-
formed using an SPA300HV multifunction unit/SPI3800 probe
station, Seiko Instruments, Japan. The AFM images were
obtained in tapping mode in air using a 20 μm� 20 μm scanner.

The molecular structure of polymer thin films could be
characterized by combining the analysis of the NEXAFS and
GIXD. The NEXAFS experiments were conducted at the photo-
emission spectroscopy 2B1 beamline (beam size=1� 3mm2) at
the Pohang Accelerator Laboratory, Korea. The C K-edge
NEXAFS spectra were recorded in partial electron yield (PEY)
mode. The degree of polarization of the X-ray was 0.85, and the
entrance grid bias of -210 V was used. The soft X-ray incident
angles were 20 and 90� for polarization dependence. The PEY
signals were normalized by the incident beam intensity obtained
from the photo yield of a clean silicon surface. Details of this
technique are reported elsewhere.41-44

GIXD patterns were obtained 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 a wave-
length λ=1.3807 Å. The detection system was equipped with a
2-D X-ray detector (PI-SCX4300-165/2, Princeton Instrument).
Details of the analytical methodology are reported elsewhere.45,46

The contact angles of the polymer thin film were determined
using a Kr€uss DSA10 contact angle analyzer interfaced to a
computer running drop shape analysis software. The advancing
and receding contact angles were measured using drops of
several liquids. The contacting liquids (water, diiodomethane
(DIM), ethylene glycol (EG), benzyl alcohol (BA), octane,
decane, dodecane, and hexadecane) were of the highest purity
available and used as received. The contact angles for each
sample were measured a minimum of five times on independently
prepared films, and the average was used. The contact angle
variability was within 1� for all test liquids.

3. Results and Discussion

Figure 1 shows the synthetic route of the comb-like fluorinated
poly(oxyethylene)s (TP-Xs, where X is the mol % of monomeric
units containing fluoroalkyl side group) prepared by a polymer
analogous reactionof poly[oxy(chloromethyl)ethylene] and sodium
1H,1H,2H,2H-perfluorodecane-1-thiolate in an ionic liquid,
1-butyl-3-methyl-imidazolium chloride ([bmim][Cl]), as the reac-
tionmedium.40 Table 1 lists the reaction conditions and degree of
substitution. TP-Xs having high contents of fluoroalkyl side
group could not be prepared using common organic solvents
because the several highly fluorinated polymers including TP-Xs
have very poor solubility in common organic solvents.20,21,24,25,47

However, TP-Xs having high contents of fluoroalkyl side group
could be prepared successfully when the ionic liquid, [bmim][Cl],
was used as a reaction medium because of the ability of an ionic
liquid to act as a reaction medium and catalyst, which can
increase the degree of substitution in nucleophilic substitution
reactions.40,48-51 The content of fluoroalkyl side groups inTP-Xs
could be controlled from 48 to 100 mol % by changing the
poly[oxy(chloromethyl)ethylene] to sodium 1H,1H,2H,2H-per-
fluorodecane-1-thiolatemole ratios from 0.55 to 1.20. The TP-Xs
having lower content of fluoroalkyl side group such as 10 and 30
mol%were also synthesized with the same procedures; however,
these polymers were not soluble in F113, and we could not obtain
the films for the surface analysis. The casting solvent has been
known to have negligible effect on the tilt angles of fluoroalkyl
groups,18 whereas surface morphology and contact angle values
have been found to be affected by casting solvent.9,18 Therefore

Table 1. Reaction Conditions, Degree of Substitution, and Thermal
Properties of TP-Xsa

sodium
perfluorodecane
thiolate (mol %)

degree of
substitution
(mol %)

Tg

(�C)
transition, �C
(ΔH, mJ/mol)

TP-48 55 48 41.3 90.4 (4.1)
TP-58 65 58 41.8 90.3 (4.2)
TP-72 75 72 46.4 87.8 (14.1)
TP-83 85 83 54.3 86.9 (19.2)
TP-90 100 90 90.2 (26.6)
TP-100 120 100 91.8 (50.1)

aReaction temperature and time were 70 �C and 15min, respectively.



Article Macromolecules, Vol. 43, No. 24, 2010 10483

we decided to use only one solvent (namely, F113) to prepare the
films, and thus the results from TP-Xs having fluoroalkyl side
group <48 mol % were not included.

Figure 2 shows theDSC traces of the TP-Xs obtained from the
second heating scan at a heating rate of 5 �C min-1. Table 1 lists
the transition temperatures and enthalpy changes. The glass-
transition temperature (Tg) increased with increasing content of
the fluoroalkyl side groups, whereas no glass transition was
observed for the polymers havingg90 mol % of fluoroalkyl side
group. A long and rigid fluoroalkyl side group might reduce the
mobility of the polymer backbone, thereby increasing the Tg. An
attempt was made to observe the Tg of TP-90 and TP-100 by
quenching themelted samples in liquid nitrogen.However, theTg

was not observed. There are some reports that the glass transition
of polymers having high content of fluoroalkyl side group is not
easily detected from the DSC curves.22,25,52 For all measured
polymers, endothermic peaks were observed at∼90 �C, indicating
the melting transition of the fluoroalkyl side group crystallites.
The transition enthalpy change values increased with increasing
content of fluoroalkyl side group, possibly because of the increased
inter-side-chain interactions.13,22

“Annealed” films were prepared from “as-prepared” films by
heating to 60 �C for 2 h to observe the effect of annealing
treatment on the comb-like fluorinated poly(oxyethylene) thin
films having different content of fluoroalkyl side group. The
annealing timewas long enough to ensure thermodynamic equili-
brium in the polymer thin films from a water contact angle ex-
periment. Figure 3 shows the water advancing contact angle of the
TP-Xs (48, 83, 100 mol %) according to the annealing treatment
time. After a 1 h annealing treatment, all of the measured films
showed constant values. The stylus surface roughness, Ra, of the
thin filmsobtainedusingAFMranged from1.1 to 5.7nm(Table 2).
These smallRa values indicate that the surface roughness has little
effect on the contact angles and can be ignored in the contact
angle measurements; that is, a smooth surface (Ra < 100 nm)
does not affect the contact angle of the polymer films.53

NEXAFS and GIXD were used to examine further the effects
of the content of the fluoroalkyl side group and the annealing
treatment on the TP-Xs thin films. NEXAFS is a very useful
technique for determining the molecular structural ordering near
the outmost surface.Moreover, the average tilt angle of side group
in the comb-like polymer thin films can be estimated.17,18,22,43,44

Figure 4 shows the NEXAFS spectra of the C 1s edge of the
annealed TP-100 thin film recorded at two incidence angles using
PEY mode, such as 90 (normal incidence) and 20� (grazing
incidence), respectively. Peaks corresponding to the 1s-σ* transi-
tions for the C-H, C-F, and C-C bonds appeared at 288, 292,
and 295 eV, respectively. Only the spectrum of the annealed TP-
100 film is provided here as an example because all films showed
similar results. The C-F bond intensity was larger at 90 than at
20�, whereas the C-C bond intensity showed an opposite behav-
ior. This trend suggests that the fluoroalkyl side groups are
oriented almost perpendicular to the film surface. The average
tilt angles of the fluoroalkyl side group with the surface normal
were estimated from the calculation using the peak intensities of
the C-F bonds at the grazing and normal incidence angles
according to the procedure used by Ober et al.17-19,22 As shown
in Table 2 and Figure 5, the average tilt angles of all TP-Xs films
lay in the range from 26 to 33�, which are larger than those of the
semifluorinated self-assembledmonolayer but smaller than those
of the comb-like fluorinated polymers reported by Ober et al.17

and the fluorinated polystyrenes reported in our previous report.22

This suggests that the fluoroalkyl side groups in the TP-Xs thin
films have a more perpendicularly ordered structure to the film
surface than the other fluorinated polymers, even though they are
more tilted than the self-assembled monolayer.17,22 The flexible
oxyethylene backbone of TP-Xs could provide high mobility of
fluoroalkyl side group to form well-ordered structures almost
perpendicular to the film surface. The content of fluoroalkyl side
group had little effect on the average tilt angles, even though the
average tilt angles appeared to increase with increasing content of
fluoroalkyl side group from 58 to 100mol%, whereas the changes

Figure 1. Synthetic Route for TP-Xs.

Figure 2. DSC curves of TP-Xs. (The black arrows indicate the glass-
transition temperature.) Figure 3. Water contact angles of TP-48, TP-83, and TP-100 according

to annealing time. The solid lines are guides to the eye.
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are not much, if any. Furthermore, annealing treatment did not
alter the average tilt angles significantly. Because the order param-
eter and tilt angle of the fluoroalkyl side group determined from
NEXAFS represent an “average” value, it was not possible to
distinguish between the case of all fluorinated groups being tilted
homogeneously by the same angle and the case of disordered
fluorinated groups with a wide distribution of tilt angles.18,19,54

Moreover, the reported tilt angles, which were calculated using
only two X-ray incident angles, do not take into account the
effects of inelastic collisions of Auger electrons on the electron
yield and compositional depth profiles41,42 and are, therefore,
only approximate values. Therefore, GIXD was carried out to
distinguish and quantify the difference in molecular structural
ordering and orientation of the TP-Xs thin films.

The 2-D GIXD patterns of the TP-Xs were recorded using a
synchrotron X-ray beam at an incident angle of 0.17� (Figure 6).
Table 2 lists the out-of-plane (small-angle) and in-plane (wide-
angle) d spacings obtained from the 2-DGIXDpatterns. The out-
of-plane diffraction patterns in the small-angle region showed a
series of peaks corresponding to the (00h) indices, indicating that
all thin films have lamellar structures oriented parallel to the film
surface. The d spacing of the (00h) reflection were similar to those
of all films with lamellar thickness of 32-34 Å and was approxi-
mately double that of the expected fluoroalkyl side group length,
assuming that the side groups are fully extended in the trans
conformation.13,22 The number of peaks from the out-of-plane
scattering increased with increasing content of fluoroalkyl side
group. For example, peaks for the (005) and (006) planes were

observed from the as-prepared films containing >72 mol % of
fluoroalkyl side group and annealed films containing>58mol%
of fluoroalkyl side group. Therefore, we obtained polymer films
havingmoreordered lamellar structures by increasing the content
of the fluoroalkyl side group and by annealing treatment, even
though these thin films have similar d spacings. In the case of
TP-Xs having e72 mol % of fluoroalkyl side group, an addi-
tional lamellar structure with a slightly larger d spacing than that
of the original lamellar structurewas observed after the annealing
treatment. This additional lamellar structure appears to be gener-
ated by phase separation between the hydrocarbon-rich and
fluorocarbon-rich domains. Similar additional large lamellar
structures were previously observed in comb-like polyacrylates
having small contents of fluoroalkyl side group.23

The in-plane diffraction patterns shown in the wide-angle
regions originated from the ordering of fluoroalkyl side group
also showed a similar tendency. The intermolecular distances of
the fluoroalkyl side group were similar (4.9 Å), which is the same
as the intermolecular distance of the polytetrafluoroethylene crys-
tals with the closest hexagonal packing of fluoroalkyl group.55,56

This suggests that fluoroalkyl side groups on the polymer surface
of both the as-prepared and annealed films have the closest hexag-
onal packing structures, regardless of the content of fluoroalkyl
side group and annealing treatment. The flexible oxyethylene
backbone in TP-Xsmay provide highmobility of fluoroalkyl side
group to form ordered packing structures, which in turn show
hexagonally ordered fluoroalkyl side group structures despite
their differences in the content of fluoroalkyl side group. The

Table 2. AFM, GIXD, and NEXAFS Results of TP-Xs

AFM result NEXAFS results GIXD results

Ra (nm) SC-F
a SF-helix

b tilt angle (o)c small-angle d spacing (Å)d wide-angle d spacing (Å)e

as-prepared films TP-48 1.2 -0.2869 0.5738 32.21 33.6, 17.6, 11.6 4.94
TP-58 1.3 -0.3572 0.7144 25.86 34.3, 17.8, 11.8 4.85
TP-72 1.5 -0.3472 0.6944 26.82 34.4, 17.6, 11.8, 5.7 4.92
TP-83 1.1 -0.3192 0.6384 29.40 32.6, 16.3, 11.0, 6.6, 5.7 4.90
TP-90 1.6 -0.3297 0.6594 28.46 32.9, 16.9, 11.3, 6.8, 5.7 4.93
TP-100 1.2 -0.3145 0.6290 29.82 32.1, 16.5, 11.0, 6.6, 5.5 4.90

annealed films TP-48 3.5 -0.2835 0.5670 32.50 32.9, 16.9, 11.3 (38.4, 19.5, 13.2) f 4.92
TP-58 5.7 -0.3499 0.6998 26.57 32.3, 16.7, 11.3, 5.8 (38.6, 19.5, 13.2) f 4.96
TP-72 3.4 -0.3347 0.6694 28.00 34.4, 17.2, 11.5, 6.8, 5.7 (38.2, 19.3, 12.9) f 4.93
TP-83 2.1 -0.3231 0.6462 29.05 32.3, 16.5, 11.2, 6.8, 5.8 4.98
TP-90 1.6 -0.2814 0.5628 32.67 32.3, 16.5, 11.2, 6.7, 5.6 4.96
TP-100 1.5 -0.3079 0.6158 30.41 32.1, 16.3, 11.0, 6.6, 5.6 4.96

a Surface orientational parameter of C-F bonds. b Surface orientational parameter of fluoroalkyl helix. cTilt angle of fluoroalkyl helix to the surface
normal. d Series of d spacings corresponding to the 001, 002, 003, 005, and 006 indices of lamellar thickness. e d Spacings representing the distance
between the fluorinated alkyl side chains. fAdditional lamellar structure.

Figure 4. PEYNEXAFS spectra from the annealedTP-100 thin film at
two different incidence angles.

Figure 5. Average tilt angles of fluoroalkyl side group with the surface
normal. Semifluorinated self-assemblymonolayer and comb-like fluori-
nated polymer valueswere described in refs 17 and 22. The solid lines are
guides to the eye.
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peaks from the out-of plane and in-plane scattering became
sharper, and their intensities increased, with increasing content
of fluoroalkyl side group. These GIXD patterns reveal that the
fluoroalkyl side groups and lamellar structures were oriented
perpendicular and parallel to the film surface, respectively, and
more ordered molecular structures were obtained with increasing
the content of fluoroalkyl side group, even though the out-
of-plane and in-plane d spacings were identical.

Paracrystalline structure analysis was carried out using the
Hosemann paracrystal model29,30 to quantify further the differ-
ence in molecular structure of the TP-Xs. The Hosemann para-
crystal model is considered to be the most suitable model to
determine the polymer structures having lamellar structures.13,14,31,32

The paracrystalline structure ordering, scattering unit number,
and orientation could be derived from the 2-D GIXD patterns.
Figure 7 shows a schematic diagram of the changes in the
paracrystalline structure on the TP-Xs thin films. Paracrystalline
structure ordering and scattering unit number were calculated
using the reflection peaks in the small-angle region, and a

paracrystalline structure orientation was observed on the 2-D
GIXD patterns.

For a paracrystalline system, the paracrystalline lattice factor
Z(s) of the hth-order reflection can be determined by the following

ZðsÞ ¼ ZðhÞ ¼ ½1- expð- 4π2g2h2Þ�=
½ð1- expð- 2π2g2h2ÞÞ2 þð4 sin2 2πhÞ expð- 2π2g2h2Þ� ð1Þ

where s is the reciprocal lattice vector and g is the standard
deviation of the Gaussian distribution divided by the average
lattice vector ~a. g is a parameter used to evaluate the degree of
paracrystalline structure disorder. The value of g is given experi-
mentally by the following

ðδβÞ2 ¼ ð1=~a2Þ½ð1=N2Þþπ4g4h4� ð2Þ
where δβ is the integral breadth of a reflection, h is the scattering
order, and N is the number of scattering units.13,14 A linear
relationship between (δβ)2 and h4 could be obtained from the

Figure 6. Two-dimensional GIXD patterns of the (a) as-prepared films and (b) annealed films.

Figure 7. Schematic diagram for the changes of paracrystalline structure (a) ordering, (b) scattering unit number, and (c) orientation.
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out-of-plane (001), (002), and (003) reflections of TP-Xs, and the
g and N values were calculated using eq 2.

As shown in Figure 8, the paracrystalline structure disorder
parameter g decreased with increasing content of fluoroalkyl side
group, indicating that the level of paracrystalline structure
ordering increases with increasing content of fluoroalkyl side
group. In addition, the as-prepared films containing>72 mol%
of fluoroalkyl side group and annealed films containing>58mol
%of fluoroalkyl side group have very low g values. However, the
g values of the as-prepared films and annealed films with a same
content of fluoroalkyl side groups were similar except for TP-48.
The higher g value in TP-48 after annealing treatment might be
caused by the additional lamellar structure produced after
annealing treatment, as described above. Previously, the g values
of poly(fluoroalkyl acrylate)13 and poly(fluoroalkyl methacry-
late)14 films were found to decrease after annealing treatment,
which is different from the TP-Xs in this study. Because the TP-
Xs have a flexible oxyethylene backbone, highly ordered para-
crystalline structures (smaller g values) could be easily prepared
from the spin coating process. Therefore, the annealing treatment
does not change the g values considerably. Such highly ordered
paracrystalline structures on the surface could not be obtained
for the poly(fluoroalkyl acrylate)s and poly(fluoroalkyl
methacrylate)s from the spin coating process because the back-
bone is not flexible enough, whereas the highly ordered surface
structures were obtained after annealing treatment. Therefore,
the g values of both the as-prepared and the annealed TP-100 are
similar to those of annealed poly(fluoroalkyl acrylate) and poly-
(fluoroalkyl methacrylate).13,14 The g values of the TP-Xs indi-
cate that the paracrystalline structure ordering of the as-prepared
films containing >72 mol % of fluoroalkyl side group and
annealed films containing >58 mol % of fluoroalkyl side group
are sufficiently high.

In the case of the N values, meaning the number of scattering
unit, the as-prepared films containing>72 mol% of fluoroalkyl
side group and the annealed films containing >58 mol % of
fluoroalkyl side group have larger scattering unit numbers than
the other TP-Xs having lower content of fluoroalkyl side group.
Therefore, the ordering and scattering unit number of the para-
crystalline structure increase with increasing contents of fluoro-
alkyl side group. The scattering unit numbers show plateau values
when the contents of side group are >72 mol % in as-prepared
films, and annealed films having >58 mol % content of fluoro-
alkyl side group show higher N values compared with the other
films. After annealing treatment, paracrystalline structure order-
ing represented by the g value does not change significantly,
whereas the scattering unit number increases, indicating that

highly ordered paracrystalline structures have large “building
blocks”.

The 2-D GIXD patterns can provide information on the
orientation of paracrystalline structure. If the paracrystalline
structures are randomly oriented within the film, the 2-D GIXD
pattern consists of isotropic Debye-Scherrer diffraction rings
rather than diffraction spots because of linkages of the diffraction
spots from the same family of lattice planes.31,32,44 Because the
paracrystalline structures are uniaxially oriented in a certain
direction, the scattering ring patterns become weaker and form
spots with a single orientation.As shown inFigure 6, all of the as-
prepared and annealed TP-48 films showed clear ring patterns
in both the small- and wide-angle regions, indicating that the
orientation of the paracrystalline structure is poor.As the content
of fluoroalkyl side group was increased, their ring patterns
became weaker and uniaxially oriented, but the ring patterns
still remained, even for as-prepared TP-100. However, after the
annealing treatment, polymer thin films having g58 mol % of
fluoroalkyl side group showed sharp and condensed peak pat-
terns, indicating that the paracrystalline structures in the films are
uniaxially oriented. Therefore, the annealed TP-Xs thin films
containing g58 mol % of fluoroalkyl side group have highly
ordered and uniaxially oriented paracrystalline structures with
high scattering unit number.

The polymer surface properties, such as the surface energy and
surface stability, have been known to be related to the surface
molecular structures.7-16,22,24,38 In particular, highly ordered and
uniaxially oriented paracrystalline structures with high scattering
unit number (annealed TP-Xs containing g58 mol % of fluor-
oalkyl side group) were expected to show low surface energy and
good surface stability. Taking the molecular structural analysis
results into account, the surface energy and stability were further
characterized in detail by the contact anglemeasurement. Table 3
shows the advancing contact angles and hysteresis of the TP-Xs
thin films using various test liquids. The advancing and receding
contact angles were measured using eight kinds of liquid from
water, with the highest surface tension, to octane, with the lowest
surface tension. The contact angle hysteresis (H) is the difference
between the advancing and receding contact angle values. The
correlation between the contact angle and surface energy is still
controversial, and none of the methods proposed are generally
accepted.57,58 Normally, two or three test liquids are used for the
contact angle measurements, which are then used to obtain the
surface energy. In these cases, the surface energies vary according
to the types of liquid used for the measurements.22,58 Table S1 in
Supporting Information lists the surface energies of the TP-Xs
obtained by applying the advancing contact angle results to

Figure 8. Paracrystalline structure disorder parameter (g) andnumberof scatteringunit (N) values for (a) as-prepared films and (b) annealed films.The
solid lines are guides to the eye.
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surface tension component theory (acid-base (vanOss) approach
and equation of state approach) using various test liquid systems.
The acid-base approach involves three different surface tension
components, that is, the Lifshitz-van der Waals dispersive
component, γLW, polar Lewis acid component, γþ, and polar
Lewis base component, γ-, such that the total surface energy,
γtotal, can be given by the following equation

γi
total ¼ γi

LW þ 2ðγiþγi - Þ1=2 ð3Þ
which leads to a Young’s equation of the following form

γlð1þ cos θÞ ¼ 2ðγlLWγs
LWÞ1=2 þ 2ðγlþγs - Þ1=2 þ 2ðγl - γs

þÞ1=2
ð4Þ

This approach requires contact angle values from at least three
test liquids. The trend of surface energies shows that annealed
TP-Xs films containing g58 mol % of fluoroalkyl side group
have lower surface energies than the other films, even though
these values varied from 8.54 to 10.97 mJ/m2 when different
liquid systems were used (Table S1, Supporting Information).
These different values were generated by a liquid-surface inter-
action, surface reconstruction, or both depending on the polarity
of the test liquid.22,57-59 To estimate the intrinsic surface energy
of a solid, we adopted an equation of state approach that Kwok
and Neumann derived an expression using eq 5. With the other
commonly usedmethods, only one intrinsic surface energy can be
obtained by the equationof state approach using eq5 because this
approach is based on the equation of state relating the surface
energy of a liquid (γlv) and solid (γsv).

58,59

cos θ ¼ - 1þ 2ðγsv=γlvÞ1=2ð1- β1ðγlv- γsvÞ2Þ ð5Þ

We evaluated the intrinsic surface energy of solid by curve fitting
method using the eight kinds of test liquids. Figure S1 in
Supporting Information shows the best fit in eq 5 for as-prepared
andannealedTP-Xs films.The correlationbetween surface tension
of test liquids and contact angles on each surface determined the
intrinsic surface energy of polymer films. The γsv value of the
polymer film was determined using γlv, and the contact angle (θ)
was determined from the line of best fit in eq 5. β1 is a constant
value, 0.0001057.58 Figure 9 shows the calculated surface en-
ergies. The surface energies of the annealed films are smaller than
those of the as-prepared films when they have the same fluor-
oalkyl side group content. In addition, the surface energy gen-
erally decreases with increasing content of fluoroalkyl side group.
In particular, the annealed TP-Xs containing g58 mol % of
fluoroalkyl side groups have lower surface energies than the other
TP-Xs in the range of 9.9 to 10.2mJm-2. This behavior follows to
some degree the changes in the number of scattering units, N
value, and paracrystalline structure orientationmeasured from the

2-D GIXD patterns. After annealing treatment, the N values of
the TP-Xs containing g58 mol % of fluoroalkyl side group
increased, and the GIXD patterns became sharper without ring
patterns. The as-prepared films containingg72 mol% of fluoro-
alkyl side group having less sharper GIXD patterns with some
ring patterns have larger surface energies than the annealed films
containingg58 mol% of fluoroalkyl side group (Figure 6), even
though they have similar paracrystalline structure ordering, as
represented by the g values. The surface energy behavior does not
follow the changes in the average tilt angle, lamellar thickness,
and the interchain distance of fluoroalkyl side group. These values
did not change significantly after annealing treatment and are less
affected by the content of fluoroalkyl side group. As previously
mentioned, the g values of all TP-Xs containing g58 mol % of
fluoroalkyl side groups are close to those of other annealed comb-
like fluorinated polymers with highly ordered structures. The
interchain distance of the fluoroalkyl side group of TP-Xs is the
same as the intermolecular distance of the polytetrafluoroethy-
lene crystals with the closest hexagonal packing of fluoroalkyl
group, and the tilt angles of the TP-Xs are even smaller than those
of the other comb-like fluorinated polymers.13,14,17,55,56 There-
fore, these TP-Xs values are already the minimum values for
fluorinated polymers. Therefore, further annealing treatment can-
not lower them further. However, the N values and paracrystal-
line structure orientation measured from 2-D GIXD patterns
change after annealing treatment. Therefore, a further decrease in
surface energy with increasing content of fluoroalkyl side group
of the TP-Xs and after annealing treatment could be correlated
with the N values and paracrystalline structure orientation
measured from the 2-D GIXD patterns. The surface energies of
TP-Xs are affected by paracrystalline structure ordering, orienta-
tion, and scattering unit number. In the case of annealed TP-48

Table 3. Advancing Contact Angles and Hysteresis of TP-Xs Using Various Test Liquids

contact angle, θ, (hysteresis) [deg]

water DIMa EGb BAc octane decane dodecane hexadecane

as-prepared films TP-48 120.1(20.7) 96.7(26.5) d d 70.9(13.5) 75.4(10.7) 78.1(11.5) 81.0(9.8)
TP-58 123.1(24) 96.9(27.2) d d 71.0(18.6) 75.4(11.6) 78.2(15.4) 81.7(13)
TP-72 124.3(24.2) 96.9(25.6) d 91.7(22.2) 71.7(14.5) 75.9(12.6) 78.9(16.5) 81.8(14.1)
TP-83 124.7(25.3) 96.7(26.4) d 93.4(30.6) 71.7(16.6) 76.5(14.1) 78.8(17.1) 83.0(16.8)
TP-90 125.3(24.5) 97.9(28.3) d 92.8(26.2) 71.8(12.7) 76.3(14.2) 78.8(17.8) 82.1(14.9)
TP-100 125.9(26.3) 97.3(27.1) d 91.5(22.3) 71.3(11) 75.2(14.1) 78.3(17.5) 81.9(16.5)

annealed films TP-48 122.3(21.6) 97.9(23) d d 71.1(10.5) 75.4(8) 78.8(10.6) 81.3(13.2)
TP-58 122.0(26) 100.6(33.1) 105.4(27.4) 94.6(42.3) 72.7(12.4) 77.3(10.2) 81.6(11.8) 85.6(10.1)
TP-72 123.4(22) 100.4(14.5) 105.2(27) 95.5(33.9) 73.2(12) 77.4(7.5) 81.2(8.7) 85.2(8.8)
TP-83 123.5(23.1) 100.4(27.2) 105.1(32) 93.3(31) 72.4(11.2) 76.9(11.3) 80.0(13.4) 83.8(16.2)
TP-90 123.0(24.6) 100.4(16.1) 104.4(26.4) 93.9(30.4) 72.4(9.4) 77.0(7) 80.4(7.8) 85.1(10.8)
TP-100 123.7(24.1) 100.2(15.4) 104.6(27.2) 94.0(26.5) 72.9(9.5) 77.1(6.6) 80.9(7.7) 84.9(9.6)

aDiiodomethane. bEthylene glycol. cBenzyl alcohol. dMeasurement was not possible because polymer film is partially soluble in EG and BA.

Figure 9. Surface energy obtained from equation of state approach of
the TP-Xs. The solid lines are guides to the eye.
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and as-preparedTP-100 films, the as-preparedTP-100 film shows
smaller surface energy value than the annealed TP-48 film despite
of its lower scattering unit number. This phenomenon could be
explained by the g value (paracrystalline ordering) trend. The g
value of the annealed TP-48 is larger than that of the as-prepared
TP-100. Large g value means a poor paracrystalline structure
ordering. TP-Xs having >58 mol % of fluoroalkyl side groups
show very small g values. However, TP-48 shows a larger g value
than otherTP-Xs, so it has larger surface energy value. This result
indicates that both small g and largeN values are required for the
surfaces to have the small surface energy. If the g values are
sufficiently small, then the N value and paracrystalline orienta-
tion become important parts to determine the surface energy as
the annealed TP-Xs films having g58 mol % of fluoroalkyl side
group.

The annealed TP-Xs films having g58 mol % of fluoroalkyl
side group also showed high surface stability against the polar test
liquids during the contact angle experiment. As shown inTable 3,
some of the contact angles are not available fromEG or BA. The
contact angles of EG could not be obtained on all of the as-
prepared films and annealed TP-48 because these liquids smeared
into these polymer films, possibly because of the partial misci-
bility of EG with these polymers films. However, the contact
angles ofEGon the annealedTP-Xs thin films,which have highly
ordered and uniaxially oriented paracrystalline structures with
high scattering unit number, could be measured because of the
improved surface structural stability. In the case of BA, although
the stability difference is not as significant as that in the case of
EG, BA was found to smear in polymer films containing lower
contents of fluoroalkyl side groups, such as as-prepared TP-48
and TP-58 and annealed TP-48. This stability also follows the
changes in surface energy,N values, and paracrystalline structure
orientation measured from the 2-D GIXD patterns.

4. Conclusions

Comb-like fluorinated poly(oxyethylene)s having different
content of fluoroalkyl side groupwere characterized byNEXAFS,
GIXD, and contact angle measurements to correlate the surface
properties with their molecular structures. There was no strong
correlation between the contents of fluoroalkyl side groups and
the tilt angle of the side chains. The d spacing of all comb-like
fluorinated poly(oxyethylene)s was very similar, even though the
polymers have different contents of fluoroalkyl side groups.
Furthermore, these values did not change after annealing treat-
ment. The paracrystalline structure ordering represented by the g
value also did not change after annealing treatment,whereas the g
values of the as-prepared films havingg72 mol% of fluoroalkyl
side group and the annealed films having g58 mol % of fluoro-
alkyl side group were smaller (better paracrystalline structure
ordering) than those with a smaller amount of fluoroalkyl side
groups. The d-spacing values, g values, and tilt angles of the comb-
like fluorinated poly(oxyethylene)s were close to or even lower
than the other fluorinated polymers. Therefore, further changes
in the tilt angles, d-spacing values, and g values were not possible,
so they do not represent the changes in the surface energy of the
comb-like fluorinated poly(oxyethylene)s according the content
of the fluoroalkyl side group and after annealing treatment.
However, the surface properties follow the changes in the number
of scattering units, which are represented by theN value and para-
crystalline structure orientation measured from the 2-D GIXD
patterns. For example, annealed polymer thin films having g58
mol % of fluoroalkyl side group showed uniaxially oriented
paracrystalline structures with a largeN value. In addition, these
films showed high surface stability with a very low surface energy
in the range of 9.9 to 10.2 mJ/m2 calculated using the equation of
state approach. The surface energy of the annealed polymer film

having <58 mol% of fluoroalkyl side group and those of all as-
prepared films having less oriented paracrystalline structures and
smaller N value are >10.5 mJ/m2. Therefore, the orientation of
the paracrystalline structure and N value are important para-
meters to have a strong correlation with the surface energy of
comb-like fluorinated poly(oxyethylene)s. This is believed to be
the first report to show a clear relationship between the surface
properties and the orientationof the paracrystalline structure and
scattering unit number.
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