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Abstract
Comb-like polymers with pendant-like perfluorocarbon side chains self-assemble into smectic lamellae and have been
extensively used as water-repellent, hydrophobic coating materials characterized by large water contact angles (θ > 120°). As
poly(perfluorooctyl acrylate) films are “apparently hydrophobic” (θ > 120°), the interaction of such materials and water
molecules has been largely overlooked. To unravel the molecular-level interactions between water and apparently
hydrophobic polymers, specular and off-specular neutron scattering experiments were conducted at defined osmotic pressure
ΠH2O. The poly{2-[(perfluorooctylethyl)carbamate]ethyl} acrylate (PFAUr-C8), which had a carbamate linker, transitioned
to another lamellar phase at 89 °C. At T= 25 °C; the lamellar periodicity of PFAUr-C8 slightly increased with decreasing
osmotic pressure, while the vertical correlation length increased. However, the poly[(perfluorooctyl)ethyl] acrylate (PFA-C8)
that did not contain a carbamate linker directly transitioned to a disordered phase at 84 °C. The lamellar periodicity of PFA-
C8 was largely independent of the osmotic pressure, suggesting that PFA-C8 was poorly hydrated. Remarkably, the vertical
correlation length decreased with decreasing osmotic pressure. Because hydration facilitated by the linker modulated the
smectic lamellae of the poly(perfluoroalkyl acrylate), water molecules could be used to optimize the self-assembly of
apparently hydrophobic liquid crystalline polymers.

Introduction

Fluorocarbons and hydrocarbons possess distinct structural
and physicochemical properties [1, 2]. The cross-sectional
area of fluorocarbons (27–30 Å2) is larger than that of

hydrocarbons (18–21 Å2). Because of the large steric
requirements of fluorine, fluorocarbons adopt a helical
conformation and form a rigid, rod-like chain [3]. The
cohesion between fluorocarbon chains is weaker than that of
their hydrogenated analogs because the polarizability of
fluorine is lower than that of hydrogen. Because fluor-
ocarbon chains are both hydrophobic and oleophobic [1],
linearly connected fluorocarbon and hydrocarbon chains are
amphiphilic. These molecules spread at the air/water
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interface to form a monolayer comprising highly mono-
disperse, disk-like domains that form ordered hexagonal
lattices [4, 5].

Linear polymer chains functionalized with pendant-like
semifluorinated side chains have been extensively used as
coating materials for highly hydrophobic surfaces with very
low surface energy due to the presence of –CF3 terminal
groups [6–10]. Recent studies have demonstrated that
fluorocarbon side chains act as mesogens, which facilitate
the formation of lamellar structures with lateral orders that
depend on the number of fluorinated carbons [11–13], the
rigidity of the backbones [14, 15], the linker type between
the side chains and backbones [9, 16–18], and the α-
substituents [19, 20]. Although surface hydrophobicity is
routinely assessed by measuring water contact angles, the
influence of surrounding water molecules on the structure
and physical properties of comb-like fluoropolymers is
largely unknown.

In this study, we investigated the effects of hydrating
water molecules on the structural order and mechanical
properties of polyacrylates coupled to perfluorooctyl side
chains via two different linkers (Fig. 1a) by specular and
off-specular neutron scattering under a controlled relative
humidity (R.H.) as well as in bulk water (Fig. 1b) [21].
This technique was applied to various lamellar structures
made by phospholipids and glycolipids [22–24]. In a
continuum approximation, if the total free energy of
membrane stacks can be described by the discrete smectic
Hamiltonian [25], the full calculation of the two-
dimensional scattering signals can be used to determine
not only the changes in the periodicity but also the two
principal mechanical parameters of smectic membranes:
The compression modulus and bending rigidity. To high-
light the influence of the linkers connecting the poly-
acrylate main chains and the perfluorooctyl side chains, we
compared two compounds, poly[2-(perfluorooctyl)ethyl]
acrylate (PFA-C8) and poly{2-[(perfluorooctylethyl)

carbamate]ethyl}acrylate (PFAUr-C8). Based on the
reported thermotropic phase transition temperatures
[18, 19] of unhydrated, dry PFA-C8 and PFAUr-C8, we
studied these samples at several temperatures between
25 °C and 90 °C to investigate their different phases.

Materials and methods

Materials and sample preparation

AK-225 (Asahi Glass Co., Tokyo, Japan), a fluorine-
containing solvent (mixture of 1,1-dichloro-2,2,3,3,3-pen-
tafluoropropane and 1,3-dichloro-1,1,2,2,3-penta-
fluoropropane), was used as received. PFA-C8 [number-
average molecular weight (Mn): 14.4 kD; polydispersity
index: 1.56] and PFAUr-C8 [Mn: 6.3 kD; polydispersity
index: 1.48] were prepared according to previously reported
synthesis methods [12, 18]. PFA-C8 and PFAUr-C8 films
were prepared by casting polymer solutions in AK-225
(40 mg/mL) at room temperature onto rectangular silicon
(111) wafers (55 × 25 mm2) with native oxide (SUMCO,
Japan) [13]. The silicon substrates were cleaned in advance
using a modified RCA cleaning method [26]. The PFA-C8

and PFAUr-C8 films were thermally annealed for 24 h at
74 °C and 79 °C, respectively.

Specular and off-specular neutron scattering

Specular and off-specular neutron scattering experiments
were carried out at beamline D16 of the Institut Laue-
Langevin (Grenoble, France) [21, 24]. As shown in Fig. 1b,
the incoming neutron beam reached the sample through the
aluminum window of the sample chamber, while the inci-
dent angle Ω was adjusted by a rotational stage. Each
sample was kept in the sample chamber set to the tem-
perature and osmotic pressure for more than 1 h prior to the
measurement to establish thermal equilibrium between
the sample and its environment. This set-up enables the fine
adjustment of the chemical potential of water and hence the
osmotic pressure from ΠH2O= 0 Pa to ~108 Pa according to
the van’t Hoff law, ΠH2O¼ � kBT

Vw
lnðR:H:Þ, where Vw is the

molecular volume of water, kB is the Boltzmann constant,
and T is the sample temperature. Moreover, hrel is the
relative humidity in the sample chamber and is defined
by the following equation: hrel ¼ pðTRÞ⁄ pðTÞ, where p(T)
and p(TR) denote the water vapor pressure at saturation in
the sample and reservoir chambers, respectively. The
equilibration of the system was experimentally confirmed,
as the shape and position of the Bragg sheet remained
constant throughout the rocking scan, both in angular and
reciprocal coordinates. The reproducibility was checked by

Fig. 1 a Chemical structures of polyacrylate polymers with per-
fluorooctyl side chains: PFA-C8 and PFAUr-C8. b Schematic illus-
tration of experimental setup
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occasionally switching the relative humidity back and forth
during the measurements.

The horizontal beam width was 3 mm and the vertical
height was 20 mm. The scattered beam was detected at exit
angle Γ by a position-sensitive 3He 2D detector with 128 ×
128 channels. The raw detector readout was normalized to
the intensity of the illuminated sample area, the direct beam,
and the channel sensitivity. The 2D detector readout was
integrated into a one-dimensional intensity projection as a
function of Γ, yielding the intensity profile as a function of
Ω and Γ. Owing to the planar sample geometry, the
momentum transfers parallel and perpendicular to the sub-
strate surface, qz and q∥, can be readily determined with
the following equation: qz ¼ 2π

λn
[sin (Γ – Ω) + sin (Ω)] and

q∥ ¼ 2π
λn
[cos (Γ – Ω) – cos (Ω)], where λn is the wavelength

of the monochromatic neutron beam (λn= 4.52 Å, Δλn/λn=
1%) and Ω and Γ are the incident and scattered angles,
respectively.

Results and discussion

Poorly hydrated PFA-C8 directly transitions into a
disordered phase

Figure 2 shows the scattering signals of PFA-C8 in angular
coordinates (Γ vs. Ω) measured at T= 25, 74, and 84 °C
under different osmotic pressures ПH2O. The scattering
signals exhibited distinct Bragg sheets that were equidis-
tantly separated, which suggested that PFA-C8 formed
ordered periodic lamellae on the substrate. The positions of
the Bragg sheets, which corresponded to the lamellar peri-
odicity, did not shift significantly between 25 °C and 74 °C.
More remarkably, the position of the Bragg sheets remained
unchanged from low R.H. (ПH2O ~ 10

8 Pa) to bulk water
(ПH2O ~ 0 Pa), indicating that the acrylate groups were
poorly hydrated. Volkov et al. [27] determined that the
perfluorooctyl chains of PFA-C8 were hexagonally packed

Fig. 2 Intensity profiles of PFA-C8 in angular coordinates measured at
T= 25, 74, and 84 °C under different osmotic pressures ПH2O. The
scattering signals at T= 25 and 74 °C, characterized by equidistantly
separated Bragg sheets, suggested that PFA-C8 formed periodic

lamellae. The positions of the Bragg sheets did not shift significantly
between T= 25 and 74 °C, irrespective of the osmotic pressure ПH2O.
Bragg sheets were not detected at T= 84 °C, suggesting that the
system lost order
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with a characteristic distance of 5.0 Å (q ≈ 12 nm−1), which
was attributed to the distance between helical fluorocarbon
chains [3], using wide-angle X-ray diffraction (WAXD). At
T= 84 °C, the characteristic Bragg sheets were absent.
Previous dynamic viscoelasticity data indicated that sig-
nificant mechanical absorption (ΔEa = 1860 kJ/mol)
occurred at 77 °C (350 K) [28], and a differential scanning
calorimetry heating scan revealed that an endothermic peak
occurred at 74 °C, corresponding to a phase transition with
an enthalpy (ΔH) of ~160 kJ/mol [18]. By using WAXD
and polarized optical microscopy, this phase transition was
determined to be directly lamellar to the disordered phase
transition [18]. Therefore, the loss of the characteristic

Bragg sheets is in good agreement with previous studies on
dry PFA-C8 films.

Hydration disturbs the interlayer correlation of PFA-C8

Figure 3a shows the scattering signals of PFA-C8 measured
at T= 25 °C and ПH2O= 1.7 × 108 Pa in reciprocal coordi-
nates, and Fig. 3b1 shows the integrated intensity along
q∥= 0 plotted as a function of qz. As summarized in
Table 1, the periodicity of the PFA-C8 lamellae at ПH2O=
1.7 × 108 Pa (32.6 Å) and ПH2O= 7.0 × 106 Pa (32.5 Å),
determined from the Bragg peak positions, was similar.
Remarkably, the corresponding value measured in bulk

Fig. 3 a Scattering signals of PFA-C8 in reciprocal coordinates mea-
sured at T= 25 °C and ПH2O= 1.7 × 108 Pa. The signals collected
from the region surrounded by solid and broken lines indicate the
specular line (q∥= 0) and the second Bragg sheet, respectively. b1
Specular signals, obtained by integration along q∥= 0, of PFA-C8

measured at ПH2O= 1.7 × 108 Pa (red), 7.0 × 106 Pa (green), and 0 Pa

(blue). b2 Enlarged view of the 2nd Bragg peaks. The vertical cor-
relation length ξ0 is determined from the best fits (solid curves). c
Intensity profile of the second Bragg sheets plotted as a function of q∥.
d Full width at half maximum (FWHM) profile of the second Bragg
sheets plotted as a function of q∥
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water (ПH2O = 0 Pa) was also similar (32.6 Å). As shown in
Fig. 3b2, the vertical correlation length ξ0 was estimated
from the full width at half maximum (FWHM) of the sec-
ond Bragg peak according to the following equation:
ξ0 ¼ 2⁄FWHM0. The correlation length at low and high R.
H. (ξ0 ≈ 300 Å) indicated that the vertical correlation of the
PFA-C8 lamellae reached a distance that was 10 times larger
than the lamellar periodicity, implying that PFA-C8 formed
vertically correlated lamellae. Intriguingly, the correlation
length decreased to ≈200 Å when the sample was immersed
in bulk water (ПH2O= 0 Pa). The fact that the lamellar
conformality was disturbed at ПH2O= 0 Pa can be attributed
to the higher fluctuation amplitude in the absence of
external pressure. It is notable that the lamellar periodicity
did not significantly change, even when the osmotic pres-
sure was decreased by six orders of magnitude, which
suggested that the PFA-C8 lamellae were poorly hydrated
due to low water permeability. This watertight character of
PFA-C8 is supported by previous WAXD data in which the
perfluorooctyl chains of the PFA-C8 adopted highly ordered
hexagonal packing [27]. The ordering of perfluorocarbon
chains depends on the chain length. Liu et al. [18] showed
that the contact angle hysteresis is smaller for the PFA-C8

surface than for the PFA-C6 surface because perfluorooctyl
chains were of a higher order than the perfluorohexyl
chains. As shown in Fig. 3c, the intensity profiles of the
second Bragg sheets plotted as a function of q∥ did not
contain any maxima at q∥= 0. Moreover, as presented in
Fig. 3d, the FWHM profiles of the second Bragg sheets
were almost flat with no minima. The emergence of sig-
nificant diffuse scattering indicated that the small PFA-C8

lamellae were not aligned parallel to the substrate. This
finding indicates that the treatment of PFA-C8 systems
within the framework of discrete smectic Hamiltonians is
invalid [25].

PFAUr-C8 transitions to another lamellar phase

The 2D scattering signals of PFAUr-C8 in reciprocal
coordinates (Γ vs. Ω) measured at T= 25, 79, and 89 °C
under different osmotic pressures ПH2O are shown in
Fig. 4. Up to the third Bragg sheets were observed in the

intensity profiles of PFAUr-C8, which were plotted along
with the same angular coordinates as that of the PFA-C8.
The characteristic repeat distance (lamellar periodicity) of
PFAUr-C8 was 8 Å larger than that of PFA-C8, which was
attributed to the additional carbamate linker. Notably, the
lamellar structure of PFAUr-C8 remained stable even in
bulk water (ПH2O = 0 Pa), similar to that of PFA-C8. In
marked contrast to PFA-C8, Bragg sheets were observed
for PFAUr-C8 in bulk water at T= 89 °C, indicating that
lamellar periodicity was maintained. A shift in the Bragg
sheet position to a larger Γ angle at T= 89 °C, corre-
sponding to a decrease in lamellar periodicity by 4 Å,
suggested that PFAUr-C8 transitioned into another
lamellar phase. Therefore, the PFAUr-C8 lamellae are
more stable than the PFA-C8 lamellae, which can be
explained by the additional enthalpic contribution to the
total free energy of the system arising from the hydrogen
bonds between the amide groups between the main
backbone and the side chains [18].

Hydration of PFAUr-C8 improves the interlayer
correlation

Fig. 5a shows a reciprocal space map of PFAUr-C8 measured
at T= 25 °C and ПH2O= 1.7 × 108 Pa, and Fig. 5b1 shows the
extracted specular signals. As summarized in Table 2, the
periodicity of PFAUr-C8 lamellae at ПH2O= 1.7 × 108 Pa (40.5
Å) and ПH2O= 7.0 × 106 Pa (40.4Å) was similar. However,
the periodicity of PFAUr-C8 measured in bulk water was
slightly higher (40.9 Å), suggesting that the PFAUr-C8

lamellae were more hydrated than the PFA-C8 lamellae. It
is plausible that PFAUr-C8 lamellae are more permeable to
water, as a previous WAXD study showed a larger dis-
tortion of the hexagonal packing of perfluorooctyl chains in
the PFAUr-C8 lamellae [27]. More remarkably, the vertical
correlation length calculated from the FWHM (ξ0= 388 Å)
was higher in bulk water than that at ПH2O= 7.0 × 106 Pa
(ξ0= 330 Å). This is an opposite trend from that of the
watertight PFA-C8 lamellae, whose lamellar conformality
was disturbed at ПH2O= 0 Pa. This finding indicates that
the hydration of PFAUr-C8 increases the lamellar periodi-
city and improves the interlamellar correlation in the
direction perpendicular to the substrate. The intensity
profiles of the second Bragg sheets plotted as a function of
q∥ are presented in Fig. 5c. It is noted that the height of
the second Bragg peak in bulk water (ПH2O= 0 Pa) is
lower than the humidity conditions because the contrast
in the scattering length density is smaller. In stark
contrast to PFA-C8, a broad maximum was observed at
q∥= 0, suggesting that the fraction of PFAUr-C8 lamellae
aligned parallel to the substrate was larger than that of
PFA-C8.

Table 1 Summary of characteristic repeat distance d and vertical
correlation length ξ0 of PFA-C8 lamellae at T= 25 °C

ΠH2O [Pa] d [Å] ξ0 [Å]

1.7 × 108 32.6 ± 0.0 299 ± 1

7.0 × 106 32.5 ± 0.0 331 ± 1

0 32.6 ± 0.0 209 ± 1

The uncertainty of each value is determined by the standard error of
the fitting. For both d and ξ0, the difference for all possible
combinations was significant (p < 0.01) from the z-test
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Differential effects of water on the thermotropic
phases

Our study provides insights into the effects of hydrating
water on the structure and interlayer coupling of two
polymers, PFA-C8 and PFAUr-C8, which have been used as
hydrophobic coating materials because of their high water
contact angles (θ > 120°) [13]. In contrast, the studies of
Volkov et al. [27, 28], Honda et al. [12, 14], and Liu et al.
[13, 18] were performed under dry conditions, and the
authors did not investigate the interactions of water mole-
cules with these polymers. In this study, our specular and
off-specular neutron scattering experiments were performed
under humid conditions and in bulk water, and the results
highlighted the differences between the two polymers.

The specular and off-specular neutron scattering results
of PFA-C8 measured at 74 °C and 84 °C are presented in
Figs. S1 and S2, respectively. The parameters extracted
from the analyses are summarized in Tables S1 and S2. At
74 °C, PFA-C8 exhibited the same trend as it did at 25 °C

(Fig. S1). The lamellar periodicity remained almost con-
stant, implying that the system remained in the same phase.
Moreover, the vertical correlation length decreased in bulk
water (Table S1), which can be attributed to the increase in
fluctuation amplitude in the absence of external pressure
(ПH2O= 0 Pa). As shown in Fig. S2 and Table S2, PFA-C8

did not form an ordered structure at T= 84 °C, and this
disordered phase was assigned by WAXD and polarized
optical microscopy data [13]. The high mechanical
absorption (ΔH = 1860 kJ/mol) [27] and phase transition
enthalpy (ΔH= 160 kJ/mol) [13] obtained for the dry PFA-
C8 films indicated that a direct transition occurred from the
highly ordered smectic B phase to the disordered phase.

The specular and off-specular neutron scattering data for
PFAUr-C8 at 79 °C and 89 °C are presented in Figs. S3 and
S4, respectively. The parameters extracted from the ana-
lyses are presented in Tables S3 and S4. At 79 °C (Fig. S3),
the periodicity of PFAUr-C8 lamellae at ПH2O= 8.3 × 106

Pa (40.7 Å) was larger than that at ПH2O= 2.0 × 108 Pa
(40.3 Å), while the periodicity in bulk water (40.8 Å) was

Fig. 4 Intensity profiles in angular coordinates of PFAUr-C8 measured
at T= 25, 79, and 89 °C under different osmotic pressures ПH2O. In
contrast to PFA-C8, clear Bragg sheets were observed at T= 89 °C.

Notably, the lamellar periodicity decreased by ≈4 Å from that at the
other temperatures
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comparable to that under highly humid conditions. This
finding suggests that the PFAUr-C8 lamellae were hydrated

at 79 °C at ПH2O ~106 Pa. This trend seems to follow the
same tendency as was observed at 25 °C: PFAUr-C8

lamellae are more permeable against water than PFA-C8

lamellae due to the more distorted packing of the per-
fluorooctyl chains in PFAUr-C8 [27]. Specifically, the
increase in the chain mobility at 79 °C enabled the hydra-
tion of the carbamate linker. Remarkably, PFAUr-C8

maintained its periodic lamellar structure at 89 °C (Fig. S4).
This observation is clearly different from that of the PFA-C8

lamellae, which lost their smectic order at 84 °C (Fig. S2).
As shown in Table S4, the lamellar periodicity of PFAUr-
C8 at 89 °C was approximately 4 Å smaller than those at
25 °C (Table 2) and 79 °C (Table S3), irrespective of the

Table 2 Summary of characteristic repeat distance d and vertical
correlation length ξ0 of PFAUr-C8 lamellae at T= 25 °C

ΠH2O [Pa] d [Å] ξ0 [Å]

1.7 × 108 40.5 ± 0.0 320 ± 0

7.0 × 106 40.4 ± 0.0 330 ± 0

0 40.9 ± 0.0 388 ± 0

The uncertainty of each value is determined by the standard error of
the fitting. For both d and ξ0, the difference for all possible
combinations was significant (p < 0.01) from the z-test

Fig. 5 a Reciprocal space map of PFAUr-C8 measured at T= 25 °C
and ПH2O= 1.7 × 108 Pa. The regions surrounded by the solid and
broken lines indicate the specular line (q∥= 0) and the second Bragg
sheet, respectively. b1 Specular signals of PFAUr-C8 measured at
ПH2O= 1.7 × 108 Pa (red), 7.0 × 106 Pa (green), and 0 Pa (blue). b2

Enlarged view of the 2nd Bragg peaks. The vertical correlation length
ξ0 was determined from the best fits (solid curves). c Intensity profile
of the second Bragg sheets plotted as a function of q∥. d Full width at
half maximum (FWHM) profile of the second Bragg sheets plotted as a
function of q∥
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osmotic pressure ΠH2O. A distinct change in the lamellar
periodicity strongly suggests that the system transitions to
another smectic phase. Previously, Liu et al.13,18 performed
DSC experiments on dry PFAUr-C8 films and reported two
endothermic peaks at T*= 84 °C and 143 °C. The former
was attributed to the transition from smectic B to the par-
tially interdigitated smectic A phase, while the latter was
ascribed to the transition to the disordered phase. We found
that the lamellar periodicity of hydrated PFAUr-C8

decreased by 4 Å, and more importantly, the vertical cor-
relation length ξ0 was approximately 10 times larger than
the lamellar periodicity under all osmotic pressure condi-
tions (Table S4), implying that PFAUr-C8 formed vertically
correlated lamellae at 89 °C. Therefore, we excluded the
scenario of chain interdigitation and interpreted that the
decrease in periodicity by 4 Å was caused by the melting of
perfluorooctyl chains. This conclusion was suggested by the
disappearance of the short-range order peak between 60 °C
and 90 °C in the grazing incidence-WAXD (GIWAXD)
data of the dry PFAUr-C8 films [18]. We concluded that the
transition to the smectic A phase is facilitated by hydration.
In bulk water, the vertical correlation length ξ0 was 355 Å at
89 °C. This value was approximately 10–20% smaller than
the values obtained at 89 °C under different osmotic pres-
sures (467 Å at 2.0 × 108 Pa and 407 Å at 8.6 × 106 Pa),
suggesting that unbound, bulk water molecules entered the
space between the lamellae and weakened the interlayer
coupling. Moreover, this value (355 Å at 89 °C) was
approximately 10% smaller than the values in bulk water
measured at different temperatures (388 Å at 25 °C and
391 Å at 79 °C). This tendency seems reasonable because
PFAUr-C8 lamellae become permeable against water when
the perfluorooctyl chains are disordered.

Conclusions

By using specular and off-specular neutron scattering, we
have shown that the smectic lamellae of poly(perfluorooctyl
acrylate) with a carbamate linker (PFAUr-C8) were hydra-
ted. Remarkably, hydration was accompanied by a distinct
increase in the vertical correlation length at T= 25 °C,
indicating that the interlayer coupling in the direction per-
pendicular to the substrates was improved by hydration.
Conversely, the smectic lamellae of poly[(perfluorooctyl)
ethyl] acrylate without a carbamate linker (PFA-C8) were
poorly hydrated, suggesting that the carbamate linker
played a critical role in hydration, as supported by the FTIR
data [13]. By comparing our data with that of a previous
GIWAXD study of dry films, we postulated that hydrating
water also modulated the thermotropic phases, although the
dry films of both PFA-C8 and PFAUr-C8 are very hydro-
phobic (water contact angle θ > 120°). Our data indicated

that the hydrated PFAUr-C8 underwent a phase transition
from the smectic B to smectic A phase, whereas dry
PFAUr-C8 was reported to undergo a transition to the
interdigitated smectic A phase. Because hydration facili-
tated by the linker modulates the self-assembled structure,
interlayer coupling, and phase transition of apparently
hydrophobic poly(perfluoroalkyl acrylate), water molecules
can be used to optimize the self-assembly of hydrophobic
liquid crystalline polymers.
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