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ABSTRACT: Perﬂuorocarbons (PFCs) have proven to be
very eﬃcient in building up omniphobic surfaces because of
the peculiar properties of ﬂuorine atoms. However, due to
their environmental impact and bioaccumulative potential,
perﬂuorinated surfactants with chains longer than six carbon
atoms have been banned, and other alternatives had to be
found. Herein, we demonstrate the possibility to build
omniphobic self-assembled monolayers (SAMs) using a
multibranched ﬂuorinated thiol (BRFT) bearing ultrashort
ﬂuorinated alkyl groups, surrounding a hydrocarbon polar core. This unique design allows us to multiply the number of ﬂuorine
atoms in the molecule (27 F atoms per molecule), aﬀording a high ﬂuorine density on the surface and a low surface free energy.
Moreover, the presence of four ether bonds in the core may hasten molecular degradation in the environment because of the
cleavage of such bonds in physiological conditions, thus overcoming bioaccumulation issues. BRFT may eﬀectively represent a
valuable substitute of long-chain perﬂuoroalkyl thiols. In fact, BRFT SAMs show the same hydrophobic and oleophobic
performances of standard linear perﬂuoroalkyl thiols (such as 1H,1H,2H,2H-perﬂuorodecanethiol, PFDT), giving rise to more
stable surfaces with a better frictional behavior. Superhydrophobicity was also observed with SAMs grown on nanostructured
Cu/Ag surfaces. Our results have proven the ability of short-chain multibranched ﬂuorous molecules to behave as suitable
replacements for long-chain perﬂuoroalkanes in the ﬁeld of surface coatings. Our molecules may be applied to various surfaces
because of the available multiple choice of linker chemistry.
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■

INTRODUCTION

Self-assembled monolayers (SAMs) of either organosilanes
or thiols played a major role in the achievement of new
functional surface properties.4 The self-assembly process
reproducibly generates highly ordered and robust ﬁlms, less
prone to wear than polymeric modiﬁers.5 Fluorinated SAMs
(FSAMs) derived from the adsorption of long-chain
perﬂuorinated organic thiols on gold, proved to be particularly
eﬃcient in building up superhydrophobic and superoleophobic
surfaces, since the introduction of a ﬂuorocarbon segment
changes important physical properties of the resulting ﬁlms,

Nonwetting coatings represent a key target for current
materials science due to their potential applications in selfcleaning, anti-icing, antifouling, antiadhesive, and corrosionresistant surfaces. Many research eﬀorts focused on the
development of either superhydrophobic or superoleophobic
surfaces, i.e., showing, respectively, water or oil contact angles
>150°, or even more advantageous “omniphobic” surfaces
being water- and oil-repellent at the same time.1,2 Taking
inspiration from nature, the best results were obtained
combining micro- and nanoscale hierarchical structures with
low-surface-energy materials, such as ﬂuorinated polymers,
silanes, thiols, surfactants, and plasma.3
© 2018 American Chemical Society
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Figure 1. Chemical structure of branched highly ﬂuorinated thiol used in the present work (BRFT) and of linear 1H,1H,2H,2Hperﬂuorodecanethiol (PFDT).

including friction and wettability.6 Unfortunately, linear-chain
perﬂuorocarbons (PFCs) with more than six CF2 units show
long-lasting persistence in the environment, high tendency to
accumulate in humans and animals, and suspected toxicity.7
For these reasons, they were recently banned and thus need to
be replaced by more sustainable alternatives.8 The search for
less harmful but similar performing coating agents focused
mainly on shorter PFC chains (≤C4), whose lower lipophilicity
reduces bioaccumulation.9 Recently, for example, superhydrophobic silica coatings were prepared by a sol−gel process
using a ﬂuorinated polymeric sol−gel precursor synthesized by
copolymerization of 2,3,4,5,5,5-hexaﬂuoro-2,4-bis(triﬂuoromethyl)-pentyl methacrylate with a nonﬂuorinated
silane, instead of long-chain perﬂuoroalkyl silanes.10 Obviously,
simply cutting down the chain length does not lead to
satisfactory results in balancing environmental impact and
performance. Indeed, short ﬂuorinated chains undergo surface
rearrangements after prolonged contact with water or other
liquids since their lower self-organization behavior induces
high mobility at the external surface.11
An interesting approach to obtain either superhydrophobic
or superoleophobic surfaces was oﬀered by electropolymerization of ﬂuorinated pyrenes and 3,4-ethylenedioxypyrroles
(EDOP), respectively.12,13 The appropriate tuning of both
the ﬂuorinated chain length and the alkyl spacer allowed for
improving their oil-repellent behavior.14−16 If F-butyl, F-hexyl,
and F-octyl 3,4-ethylenedioxythiophenes (EDOT) with an
amide connector were used as monomers, superhydrophobic
properties were achieved, independently of the ﬂuorinated
chain length, whereas only F-butyl tails aﬀorded superoleophobic surfaces (θsunflower oil = 150° and θhexadecane =
132°).17 Furthermore, superomniphobic coatings on fabrics,
paper, and sponges obtained from ﬂuorinated copolymers with
short perﬂuorobutyl side chains were reported by Jiang et al.18
They also demonstrated that a suitable choice of spacer group
and crystalline hydrocarbon component limit surface molecular
motion and promote dynamic water repellency. Electropolymerization of 3,4-propylenedioxythiophene monomers
containing a branched PFC chain produced superhydrophobic
ﬁlms similar to those of linear PFC chains with the same
number of C−F bonds. Interestingly, the branching induced a
much higher oil repellency.19
Multibranched highly ﬂuorinated compounds bearing
perﬂuoro-t-butoxy groups actually combine the advantages of
a high number of ﬂuorine atoms, short ﬂuorinated chains, and
enhanced lability and biodegradability of ethereal groups.20 A
thiol incorporating such a multiarm ﬂuorous scaﬀold (BRFT,
Figure 1) was recently applied to the stabilization of gold
nanoclusters.21
Herein, we demonstrate that the same thiol forms eﬃcient
omniphobic SAMs on gold substrates with a more satisfactory
frictional response than that obtained with linear

1H,1H,2H,2H-perﬂuorodecanethiol (PFDT) and also aﬀords
superhydrophobic coatings on properly rough starting surfaces.
The overall innovation potential of our coating agent is high
because of its easy scalability and great versatility. In fact, its
molecular structure can be easily modiﬁed to replace the thiol
moiety with diﬀerent anchoring groups, e.g., −CO2H, OH,
NH2, etc., opening a plethora of applications on various
surfaces.

■

MATERIALS AND METHODS

Commercially available silver nitrate (99% Fluka), PFDT (97%
Aldrich), dichloromethane (DCM, 99% Aldrich), and ethanol (96%
Carlo Erba) were used as received. BRFT thiol was synthesized
according to a previously reported procedure.21 Gold (Au) chips
obtained from PoliFAB were prepared by e-beam evaporation of a
gold layer of about 30 nm thickness on a silicon wafer covered with a
titanium layer of about 10 nm. Prior to use, Au chips were washed
with deionized water, dried under air ﬂux, and treated by a UV ozone
cleaner for 30 min. SAMs were obtained by dipping the chips in a 1
mM ethanol solution of the thiol for 24 h, then rinsing with clean
ethanol and drying under nitrogen ﬂux. Blank chips were prepared
following the same cleaning and rinsing procedure, except for the
dipping step, and used as reference. The copper (Cu) samples were
prepared from a commercially available 1 mm thick copper sheet
(99.8% purity) by cutting into plates with 3 cm × 5 cm dimensions.
Then, the copper plates were mechanically polished with sandpaper
and washed with Milli-Q water and acetone to eliminate the surface
contamination. Fluorinated nanostructured Cu/Ag surfaces were
prepared following the method described in the literature.22 Copper
substrates were cleaned and polished to create microscopic surface
roughness; then, they were coated with silver by immersing them in
10 mM aqueous AgNO3 solution for 60 s, followed by washing with
Milli-Q water and drying under nitrogen ﬂow. Subsequently,
substrates were immersed in 1 mM PFDT or BRFT solution in
DCM for 10, 30, 120, or 240 min. After chemical surface
modiﬁcation, substrates were washed twice with fresh DCM and
dried in ambient conditions.
Thiol-functionalized surfaces were characterized by measuring
static and dynamic contact angles (CAs), as well as sliding angles of
deionized water and model oily compounds (e.g., n-dodecane, mineral
oil). Static CAs were measured using the sessile drop method (4 μL
drop volume, ﬁve diﬀerent spots for each chip). For each chip,
measurements were performed immediately after functionalization
and then repeated after 7 and 14 days. Advancing contact angles were
measured by placing a 1 μL droplet on the surface and increasing its
volume to 20 μL, at a rate of 0.05 μL/s. Receding contact angles were
measured by decreasing the droplet volume at a rate of 0.05 μL/s,
starting from a droplet volume of 20 μL. Sliding angles for Au chips
were determined for water and mineral oil, using the tilting plate
method, varying the stage inclination angle at 1 deg/s Surface free
energies were estimated by means of the Owens−Wendt−Rabel−
Kaelble (OWRK) method, using water, glycerol, DMF, and DMSO as
contacting liquids.23,24 Morphology of bare Au substrate and
ﬂuorinated monolayers was analyzed by atomic force microscopy
(AFM). Frictional behavior of Au substrates was evaluated both in air
and in water by means of lateral force microscopy (LFM)
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measurements. For Cu/Ag surfaces, the friction coeﬃcient was
determined using droplet oscillations, measuring 3−4 diﬀerent spots
on each sample and 9−12 oscillations per sample.25
X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical composition of the surfaces and provide evidence of thiol
binding to the gold surface. Thickness and roughness of the
monolayers and scattering length density (SLD) proﬁles were
determined by X-ray reﬂectivity. Molecular dynamics (MD) studies
were performed according to a previously reported simulation
protocol.26 Very good agreement was found between experimental
data and theoretical results about the wettability of the ﬂuorinated
surfaces and also about the thickness of the two ﬁlms. A detailed
description of all experimental conditions and instruments used can
be found in the Supporting Information.

(Figure S1b). These conformational changes, however, do not
aﬀect the overall morphology of the ﬂat BRFT surface.
Therefore, our study demonstrated a larger conformational
freedom for the linear thiol with respect to the branched one,
whose mobility becomes further restricted in the presence of a
water drop, as shown by RMSD maps in Figure S1a. This
suggests a tighter molecular packing and a higher rigidity of the
BRFT SAM.
In order to better describe the local disorder in the PFDT
ﬁlm with respect to the well-ordered BRFT ﬁlm, we also
studied the distance of the carbon atoms that are topologically
farthest from the surface for the two diﬀerent ﬁlms (Figure
S2a) and the pair distribution function (PDF) of ﬂuorine
atoms from the gold surface (Figure S2b). The simulation
results suggest a layer thickness of about 12.7 Å in the case of
PFDT and of 10.1 Å in BRFT. Furthermore, the PDF allowed
us to get information about the packing density of ﬂuorinated
thiols on gold surface. In the simulation cell, the number of
chains covalently bound to gold atoms is 196 and 98 for PFDT
and BRFT SAMs, respectively (see SI for details). This is fully
consistent with the diﬀerent steric hindrance of the two thiols.
In fact the van der Waals volume calculated for the branched
thiol is almost twice the volume calculated for PFDT (258 Å3
for PFDT and 497 Å3 for BRFT). The same trend is also found
for the exposed surface areas (312 Å2 for PFDT and 570 Å2 for
BRFT). Such data suggest a 20% larger density of ﬂuorine
atoms for PFDT compared to BRFT ﬁlm.
Finally, in order to study FSAM/water interfaces, we
modeled a water drop in contact with both ﬂuorinated
surfaces. At the end of the dynamical simulation, the drop kept
a roughly spherical shape suggesting large contact angles, as
would be expected for ﬂuorinated surfaces (see Figure S3 and
the four animations of the MD runs in the SI). Interestingly,
PDF allowed us to study the distribution of water molecules on
the ﬂuorinated ﬁlms, mapping hydrogen and oxygen atoms for
both water molecules and water droplets as a function of their
distance from gold (Figure S3b). For PFDT SAM, we found a
minimum H−Au distance of 9 Å, which is a bit lower than the
thickness of the layer. This is because very few water molecules
can somewhat penetrate in the upper part of the deposited ﬁlm
(Figure S3b, right). On the contrary, for BRFT ﬁlm, the MD
run reveals that water molecules never penetrate inside this
ordered hydrophobic ﬁlm (Figure S2b). Moreover, the PDF of
the water molecules on the BRFT SAM is more symmetric,
indicating a more spherical shape of the water drop in contact
with this ﬂuorinated ﬁlm, as already pointed out from the
analysis of the RDF of water molecules (Figure S3a).
X-ray Photoelectron Spectroscopy (XPS). XPS measurements were performed on three diﬀerent samples, namely, a
bare Au substrate and Au substrates coated with PFDT and
BRFT SAMs. Before the analysis, the bare Au substrate was
cleaned in a vacuum chamber by Ar+ ions sputtering (ions
energy: 4 keV; sputtering time 30 s), in order to remove all
possible environmental contaminations and provide a reliable
reference for a clean gold surface. Figure 3 reports high
resolution scans of the F 1s, S 2p, and Au 4f regions of the
spectra collected on the three samples. As expected, the gold
substrate after Ar+ sputtering shows only peaks related to the
presence of Au, while PFDT and BRFT SAMs are
characterized by the presence of signal due to F, C, O, and S.
F 1s spectra for both PFDT and BRFT SAMs are
characterized by a single peak centered at 688.1 ± 0.2 and
688.6 ± 0.2 eV, respectively. This position is in agreement with

■

RESULTS AND DISCUSSION
Molecular Modeling. In order to predict molecular
conformations and mobility of ﬂuorinated alkanethiol chains
covalently attached on gold surfaces, we performed preliminary
investigations using MD simulations. In particular, we
compared a FSAM made by PFDT with the one made by
our branched thiol (BRFT). FSAM/water interfaces were also
modeled to study their interactions with water. In our
simulations, we assumed a perfect crystalline packing of gold
substrates with perfectly ﬂat and uniform surfaces. Figure 2
reports a molecular dynamics visualization of FSAMs and
FSAM/water interfaces after a 2 ns simulation time.

Figure 2. Molecular dynamics visualization of FSAMs and FSAM/
water interfaces in spaceﬁlling models: (A) lateral and (C) top views
of BRFT SAM and (B) lateral and (D) top views of PFDT SAM after
2 ns of simulation time.

Changes in molecular conformations have been investigated
by calculating the maps of the root-mean-square distance
(RMSD) and measuring the distances between corresponding
atoms in the dynamic trajectories. This allowed us to recognize
families of closely related conformers (Figure S1a). Our
analysis revealed larger conformational changes in PFDT
chains than in BRFT. Moreover, some linear chains in PFDT
SAM can even bend through a gauche conformation around a
single C−C bond, leading part of the chain to adopt an
arrangement almost parallel to the surface. Such bending
appears to be cooperative among neighboring chains,
producing a local parallel ordering of ﬂuorinated chains and
exposing some gold “islands” clearly visible in the upper left
corner of Figure 2D. On the other hand, we observed a higher
positional ordering in BRFT SAM, where the only possible
rearrangement involves a free rotation around the O−C(CF3)3
bond in the ﬂuorinated “umbrella” exposed on the surface
9736
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Figure 3. XPS spectra of bare Au substrate (black curve) and Au substrates coated with PFDT SAM (blue curves) and BRFT SAM (green curves):
F 1s (left), S 2p (middle), Au 4f (right).

reﬂectivity of both thiol ﬁlms and to calculate their thickness
and roughness taking into account the background response
given by the bare Au substrate themselves. The reﬂectivity R
from both the thiol-coated surfaces diﬀers signiﬁcantly from
that reﬂected from bare Au substrate, and a small, yet
signiﬁcant, diﬀerence between PFDT and BRFT SAMs
reﬂectivity was observed. The curves were ﬁtted with slab
models of uniform SLD, thickness d, and roughness σ, taking
into account the layered structure of the substrate and the
chemical composition of the ﬂuorinated SAMs. SAMs were
modeled with a single slab, and the best curve ﬁts were
obtained considering also Au thickness as a free parameter.
Table 1 summarizes the parameters of the best-ﬁt curves

literature reports about ﬂuorinated organic compounds and is
indicative of −CF2 and −CF3 moieties.27
Concerning the sulfur binding energy region, both samples
are characterized by an S 2p doublet having the main
component centered at 162.0 ± 0.2 eV. The observed position
is consistent with literature data and is assigned to the
formation of a thiolate S−Au bond between the thiol group
and Au substrate.28 In the case of the BRFT ﬁlm, a shoulder in
the S 2p signal appears at 161.2 ± 0.2 eV, which can be
attributed to X-ray damage.29
The Au 4f signals collected on PFDT and BRFT ﬁlms show
a reduced intensity with respect to those collected on a clean
Au substrate. This attenuationin the order of roughly 20%
for both ﬁlmsis the typical signature of the presence of a ﬁlm
on top of a substrate.30 From the ratio between the Au 4f peak
area of ﬂuorinated SAMs and bare Au substrate, we were able
to calculate a ﬁlm thickness of 9 ± 2 Å for BRFT SAM and 12
± 2 Å for PFDT SAM which are in good agreement with
computational data. Finally, the packing density of ﬂuorinated
SAMs can be correlated to the Au 4f/F 1s peak area ratios,
after normalization to the corresponding relative sensitivity
factors (RSF, a parameter that can be related to the cross
section of the X-ray induced photoemission process). We
calculated Au/F ratios of 1.03 and 2.18, respectively, for PFDT
and BRFT SAMs. This would suggest a higher number of
ﬂuorinated molecules per unit area in PFDT SAM than in
BRFT SAM. These data perfectly agree with computational
analysis and can be easily explained taking into account the
diﬀerent steric hindrance of the two molecules.
X-ray Reﬂectivity Analysis. Fluorinated monolayers on
ﬂat gold surfaces were characterized through X-ray reﬂectivity
(XRR) analysis in order to measure, besides thickness and
roughness, also the scattering length density (SLD), a
parameter that can be directly correlated to ﬂuorine density.
The reﬂectivity curves obtained from bare Au substrates and
Au substrates coated with PFDT and BRFT SAMs are
reported in Figure S4. The interference pattern measured on
the starting Au substrate was quite complex since it is
composed of several diﬀerent layers (Si/SiO2/Ti/Au) of
known thickness d. Anyway, it was possible to measure X-ray

Table 1. Values of Thickness, Roughness, and Scattering
Length Density (SLD) obtained by XRR Measurements for
Branched and Linear Fluorinated Films on Gold Chipsa
SLD (10‑6 Å‑2)

d (Å)

σ (Å)

PFDT
Au
Ti
SiO2
Si (bulk)

9.4
280.6
100.5
20.3

±
±
±
±

0.9
0.7
0.7
0.5

8.0 ± 0.5
122.5 ± 0.5
36.5
18.9
20.1

7.0
7.4
7.5
3.2
3.1

±
±
±
±
±

0.8
0.5
0.6
0.5
0.5

BRFT
Au
Ti
SiO2
Si (bulk)

10.6
277.6
100.5
20.3

±
±
±
±

0.8
0.5
0.7
0.5

14.3 ± 0.5
121.5 ± 0.6
36.5
18.9
20.1

7.1
7.4
7.5
3.2
3.1

±
±
±
±
±

0.7
0.6
0.6
0.6
0.5

a

Background values of uncoated Au substrates are also reported.
Values in italics are kept ﬁxed when ﬁtting SAM reﬂectivities.

reported in Figure 4. We found an average roughness of 7.8 ±
0.5 Å for both SAMs and a similar layer thickness of about 10
Å (9.4 ± 0.9 and 10.6 ± 0.8 Å for PFDT and BRFT,
respectively), as conﬁrmed by XPS measurements. These last
values are in good agreement with molecular dimensions of the
branched thiol measured from its X-ray single crystal
structure21 and further prove that BRFT actually forms a
9737
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Figure 4. XRR curves of Au chips, coated with (A) PFDT SAM (red curve) and (B) BRFT SAM (blue curve) and their respective best ﬁt curves
(black curves).

Figure 5. Frictional behavior of bare Au chip (black square), PFDT ( red circle), and BRFT (blue triangle) SAMs studied by lateral force
microscopy (LFM) in air (A) and water (B).

than the ones made by linear chains. In fact, besides the
chemical nature, the frictional behavior of SAM is also aﬀected
by the packing and thickness of the monolayer. It is well
known that in amorphous monolayers the presence of defects
and structural disorder contributes to energy dissipation
through the activation of rotational and vibrational modes in
the molecules, producing higher friction.30 On the contrary,
ﬁlms with well-ordered structures show lower friction
coeﬃcients than similar but more disordered ﬁlms. Therefore,
a higher monolayer rigidity results in a much better lubrication
eﬀect.31 Generally, monolayers made by short-chain perﬂuorocarbons show friction coeﬃcients higher than long-chain
perﬂuorocarbons because of their poor packing. Here, the
trend is reversed, probably because of the branched structure
of our thiol that plays an essential role in stabilizing the
monolayer and promoting a tight molecular packing. Our
hypothesis can be further supported by the higher crystallinity
of bulk BRFT with respect to PDFT. Indeed, at room
temperature, PFDT is a liquid, whereas BRFT is a crystalline
solid because of the presence of multiple F···F interactions
among CF3 groups of adjacent molecules in the crystal
structure.21 We may speculate that the same interactions are
also occurring in the monolayer and can be responsible for the
higher rigidity and order of BRFT SAM.
Another key point is the diﬀerent frictional behaviors
observed in water (Figure 5B). While BRFT performed as in
air, PFDT gave much lower deﬂection values than in air, and

monolayer on Au surfaces. SLD values are in good agreement
with electron density reported for perﬂuorinated alkyl thiols,
with a slightly higher electron density for BRFT, suggesting a
higher ﬂuorine density for BRFT SAMs.
Frictional Behavior of Functionalized Au Surfaces.
Atomic force microscopy (AFM) was used to assess the
morphology of ﬂuorinated gold surfaces. AFM measurements
gave an average roughness of 7 ± 1 Å for PFDT and 8 ± 1 Å
for BRFT (Figure S5), conﬁrming XRR data. Both roughness
and morphology of the ﬂuorinated surfaces are very similar to
the bare Au substrate, 7 ± 1 Å (Figure S5), as would be
expected in the presence of a homogeneous thin ﬁlm.
Interesting results were obtained measuring through lateral
force microscopy (LFM) the lateral deﬂection signal while the
AFM cantilever scans the surface in imaging mode. LFM
allows us to study the frictional behavior at nanometer scale
since the lateral deﬂection signal, generated by the cantilever
torsion, is proportional to the friction between the silicon AFM
probe and the surface. These experiments were performed
both in air and in water. In air, as shown in Figure 5A, the
presence of a ﬂuorinated layer reduces the friction compared to
bare gold; however, BRFT produces a much more pronounced
eﬀect than that exerted by PFDT. These ﬁndings, correlated
with the morphological analysis, indicate that PFDT and
BRFT do form homogeneous layers on the gold surface.
Moreover, these results would suggest that ﬂuorinated SAMs
made by the branched thiol are more rigid and tightly packed
9738
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Figure 6. Time evolution of static contact angle on PFDT SAM (red circle) and BRFT SAM (blue triangle) measured with (A) water and (B) ndodecane. CAs measured on bare Au substrate (black square) are also reported as reference. CA measurements were done immediately after SAM
preparation, and then substrates were dried with nitrogen and stored under ambient laboratory conditions before repeating measurements after 7
and 14 days. Each value is the average of ﬁve measurements on each sample.

Table 2. Static (θStat), Advancing (θAdv), and Receding (θRec) Contact Angles, Contact Angle Hysteresis (θAdv − θRec), and
Sliding Angles Measured with Diﬀerent Liquids for PFDT and BRFT SAMs on Gold Surfaces
Water
PFDT
BRFT

Glycerol

DMF

θstata

θAdv

θRec

(θAdv-θRec)

θslid

θstata

Oil
θslidb

θstat

θstat

DMSO
θstat

107 ± 3
110 ± 1

115
113

108
107

7
6

30
35

65 ± 2
50 ± 2

35
25

106 ± 1
102 ± 1

80 ± 1
78 ± 1

86 ± 1
83 ± 1

Contact angles are mean values based on ﬁve measurements. Oil static CA (θstat) has been measured using n-dodecane as the model for oil and
apolar liquids. bMeasured using mineral oil.
a

Figure 7. Maximum (θmax, ﬁlled symbols) and minimum (θmin, empty symbols) water contact angles for advancing and receding fronts and drop
base length of water (black line), measured at diﬀerent tilting angles on Au chips functionalized with (A) BRFT and (B) PFDT. Each measurement
point has a 0.1° error bar.

were measured (Figure 6A), which are in good agreement both
with theoretical calculations and with literature data.33
Measuring CAs with n-dodecane as the model for oil and
apolar liquids, again we found that both thiols are able to
reduce the wettability of the starting Au surface. While ndodecane droplets on bare Au tend to spread ﬂat, making any
measurement impossible, CAs of 50° ± 2° and 65° ± 2° have
been measured for BRFT and PFDT, respectively (Figure 6B).
Both the increase in hydrophobicity and the decrease in
oleophilicity are consistent with the presence of SAMs on gold
surfaces. There are no marked diﬀerences between the two
thiols, except that the linear thiol seems to be slightly more
oleophobic than the branched one. In order to probe the
stability of ﬂuorinated SAMs, both PFDT- and BRFT-coated
substrates were left to equilibrate under ambient laboratory

even lower than those of the branched thiol. This behavior
would suggest that PFDT monolayers underwent some kind of
surface reconstruction in the presence of water,32 i.e., linear
perﬂuoralkyl chains tend to bend and rearrange to minimize
contact with water, whereas the more rigid and crystalline ﬁlm
made by BRFT does not change its packing mode and chain
alignment. Therefore, BRFT seems to determine a higher
structural stability of the monolayer, which is less aﬀected by
changes in environmental conditions, i.e., humidity changes.
Wettability of Fluorinated Gold Surfaces. Surface
wettability was studied by static contact angle (CA) measurements using deionized water and n-dodecane as contacting
liquids. When water was dropped on gold surfaces, bare Au led
to a CA of 76° ± 5°, while in the presence of thiols CA values
of 107° ± 3° and 110° ± 1° for PFDT and BRFT, respectively,
9739
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Figure 8. (A) Advancing and (B) receding water contact angles measured at diﬀerent deposition times on Cu/Ag substrates functionalized with
PFDT (red circle) and BRFT (blue triangle). Each value is the average of 15 diﬀerent spots measured on each sample, while error bars denotes
standard deviation.

found for water, while for the branched thiol the sliding angle
was quite smaller being only 25°.
Typically, low CA hysteresis and sliding angles <10° are
required to ensure liquid droplets roll away easily without
contaminating the surface.35,36 Having higher sliding angles,
our ﬂuorinated gold surfaces cannot be termed as “selfcleaning”, although their low resistance to sliding conﬁrmed
the hydrophobic and oleophobic properties already shown by
static CA measurements.
In order to probe the inﬂuence of surface dipoles on surface
wettability,37 in addition to water and nonpolar solvents (oil
and dodecane), we also measured the static contact angles with
liquids of diﬀerent polarity. In particular, we chose glycerol as
the polar protic liquid and DMF and DMSO as the polar
aprotic liquids. Results are reported in Table 2. Changing both
polarity and proticity of the contacting liquids did not produce
any marked diﬀerence between the two thiols. This allows us
to exclude any particular inﬂuence of surface dipoles on the
observed coating wettabilities.
Surface free energy values were also determined by the
OWRK method,23,24 using water, glycerol, DMF, and DMSO
as contacting liquids. We found very similar and quite low
values for both ﬂuorinated monolayers. In fact, the surface free
energies are 12.7 ± 0.4 and 13.7 ± 0.6 mJ/m2 for PFDT and
BRFT, respectively, in good agreement with literature data for
ﬂuorinated SAMs.38,39 These values are quite small if
compared to poly(tetraﬂuoroethylene) coatings (22 mJ/
m2)40 and can be explained supposing an uniform hexagonal
closed alignment of −CF3 groups over the surface.41
Superhydrophobic Surfaces. It is well known that the
wetting behavior of a surface results from the appropriate
combination of surface chemistry and morphology. Generally,
increasing the roughness of a hydrophobic surface causes
higher CA values, and superhydrophobicity can be obtained.33
With this in mind, we decided to study the wetting behavior of
PFDT and BRFT SAMs grown on nanostructured Cu/Ag
surfaces, prepared according to ref 22. Scanning electron
microscopy (SEM) images of the obtained silver-coated
substrates are reported in Figure S7. Static water CA of such
a nanostructured surface has been measured to be 120° ± 2°.
Fluorinated monolayers were prepared by treating Cu/Ag
nanostructured surfaces with PFDT or BRFT solutions for four
diﬀerent immersion times (10, 30, 120, and 240 min).

conditions for a few weeks, and static CA measurements were
repeated after 7 and 14 days. Both water and oil CA values
were only slightly decreasing with time, demonstrating the high
stability of ﬂuorinated SAMs.
Advancing (θAdv) and receding (θRec) water CAs for PFDT
and BRFT SAMs on Au surfaces were measured also with the
sessile drop method. Results are reported in Table 2 along with
the respective contact angle hysteresis (CAH = θAdv − θRec).
Water CA values are quite similar for both SAMs, and contact
angle hysteresis is quite small, indicating that both surfaces are
smooth and homogeneous.
Using the tilting plate method, we monitored the sliding
behavior of both water and mineral oil droplets on ﬂuorinated
SAMs (Figure 7 and Figure S6). Here, 4 μL droplets were
displaced on the tested substrate, and the evolution of the
contact angles at the lowest point (advancing front) and at the
highest point (receding front) of the contact line was measured
while the substrate was tilted from the horizontal position.
Because of the platform tilting, the droplet deformed its shape
as an eﬀect of gravity and adhesion forces acting on it. After a
certain tilting angle, gravity becomes more important than the
adhesion force, and the droplet started to move as well as the
contact line (droplet diameter increases here). The angles at
which the contact line shifts are named maximum (θmax) and
minimum (θmin) contact angles for the advancing and receding
fronts, respectively. In Figure 7A and B, it can be seen that on
tilting the platform the base diameter of water droplets
remained almost constant with both thiols, whereas θmax
increased at a faster rate compared to the corresponding
decrease in θmin. At higher surface tilting, droplets began to
slide down while reaching the respective sliding angle, 30° for
PFDT and 35° for BRFT. At this point the values of θmax and
θmin are 113° and 107° for PFDT, respectively, and 111° and
105° for BRFT, respectively, almost equivalent to the
advancing and receding CAs measured with the sessile drop
method. Although it is still under debate,34 in the present
study, both methods gave an accurate evaluation of the CAH.
When mineral oil was used as the contacting liquid, a
completely reversed behavior was observed: The decrease in
θmin was much faster than the corresponding increase in θmax,
and the drop base diameter grew with tilting (Figure S6). The
oil sliding angle on PFDT SAM was 35°, similar to the one
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Figure 9. (A) Average friction coeﬃcients and (B) viscous dissipation parameters measured as a function of immersion time for Cu/Ag substrates
functionalized with PFDT (red circle) and BRFT (blue triangle). Each value is the average of 10 measurements on each sample, while error bar
denotes standard deviation.

issues and leading to high cellular compatibility. Biocompatibility and biodegradability of BRFT are currently under
investigation and will be reported elsewhere.

Advancing and receding contact angles were measured on 15
diﬀerent spots per sample and are plotted as a function of
immersion time in Figure 8. As expected, by introducing
roughness, surface contact angles are considerably increased,
and superhydrophobicity is provided (Figure 8). As in the case
of ﬂat gold substrates, again, we did not ﬁnd any marked
diﬀerence between the two thiols. It is worth noting here that
despite the short immersion time for both thiols it was possible
to obtain a homogeneous monolayer already after 10 min,
demonstrating the high eﬃciency of the self-assembly process.
For studying magnetically induced droplet motion on
superhydrophobic surfaces, aqueous ferroﬂuid was prepared
as reported in the Supporting Information. Energy dissipation
parameters, friction coeﬃcients, and viscous dissipations for
the above-mentioned samples were obtained by performing
oscillations 10 times for each sample. Obtained FCAH and β are
plotted as a function of deposition times (Figure 8). On the
basis of dynamic contact angles (Figure 8) and energy
dissipation parameters (Figure 9), there was no signiﬁcant
diﬀerence between the two thiols.
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■

CONCLUSIONS
In summary, we have reported a new ﬂuorinated coating agent
characterized by a multibranched structure with short
ﬂuorinated alkyl groups surrounding a hydrocarbon polar
core able to self-assemble on surfaces, forming omniphobic
monolayers. On smooth gold substrates, we demonstrated that
its coatings give the same hydrophobic and oleophobic
performances of standard linear perﬂuoroalkyl thiols (such as
PFDT). Interestingly, we found a better frictional behavior of
BRFT respect to PFDT. This suggests a higher ability of BRFT
to form well-ordered, stable, and robust monolayers whose
rigid and tightly packed structure is responsible for their high
stability, in agreement with the theoretical study. A similar
behavior was also demonstrated on nanostructured surfaces,
which yielded superhydrophobic coatings.
BRFT may eﬀectively represent a valuable substitute of longchain linear perﬂuoroalkyl thiols. The peculiar structure of
BRFT aﬀords a high ﬂuorine content, and it is expected a
higher biocompatibility of the materials, lessening bioaccumulation and bioconcentration concerns. In fact, the presence of
four ether bonds in the core may hasten molecule degradation
in the environment because of the cleavage of such bonds in
physiological conditions, thus overcoming bioaccumulation
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