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Long-range interactions between self-assembled monolayers
(SAMs) of semifluorinated alkanethiols have been studied by direct
force measurements in water and aqueous NaCl solutions. SAMs
prepared from three different thiols, with identical fluorinated head
groups but varying hydrocarbon spacer lengths, were investigated:
CF3(CF3)9(CH2)xSH, where x =2, 11, or 17. Force measurements
show that the interactions in water and electrolyte solutions are
composed of both double-layer interactions emerging from what
appears to be charges adsorbed onto the surfaces and long-range
“hydrophobic” attractions, in excess of the expected van der Waals
forces. The three investigated thiols produce similar results in force
measurements, though the contact angles with water are slightly
different. The “hydrophobic” attraction has the form of step-like
attractive discontinuities in the force profiles at separations ranging
from 20 to 40 nm, caused by bridging of microscopic bubbles resid-
ing at the surfaces. The shape or range of these discontinuities are
not significantly affected by replacement of the water with either
1 mM or 1 M NacCl solutions. The origin of the charges causing the
electrostatic double-layer interaction is unclear, but some possible
causes are discussed.  © 2001 Academic Press

Key Words: self-assembled monolayers; flourocarbons; interfacial
charge; surface forces; hydrophobic interaction; ion adsorption.

1. INTRODUCTION

modification method are that it produces stable and well-define
films, and it provides a possibility to vary the surface or inter
facial properties within wide limits; by functionalization of the
adsorbed species, or by mixing different species, the wettir
properties, the surface charge, or the density of a particular fur
tional group on the surface can be altered. Fluorinated thiola
SAMs are of interest in this respect because of their very lo
surface energy and wettability.

The film structure of semifluorinated thiol or disulfide SAMs

has been studied extensively (4—14). In particular, the molecul
packing of CR(CF,)7(CH,)2SH on Au(111) has been deter-
mined by various surface characterization techniques (4-8, 1.
and it has been established that the helical fluorocarbon tails fo
densely packed layers with a hexagonal lattice (nearest-neight
distancex~5.8 A). In these SAMs, fluorocarbon chains are ex-
pected to be aligned nearly normal to the surface. On the oth
hand, with longer alkyl spacer groups (§¢EF,)g(CH2)xSH,
X = 6,11, 17, 33) (7, 12-14) the helix is more tilted relative to
the surface normal due to the interaction between alkyl spac
groups, resulting in different wetting properties and thermal st:
bility for these SAMs (13).

We here report a study where the interfacial properties ¢
SAMs formed from semifluorinated alkanethiols have been stu
ied in water and aqueous electrolyte solutions using direct for
measurements. The findings are of relevance to the study of t

The use of self-assembled organic monolayers (SAMS) jhg-range “hydrophobic” interaction, and to the problem of thy

modify the surface or interfacial properties of materials Sumigin of the interfacial charge at oil/water interfaces.
as noble metals, silicon, quartz, and metal oxides is a well-

established method that has been a subject of intensive research

2. EXPERIMENTAL

over the last two decades (1, 2). In particular, the adsorption
of thiols onto gold is a valuable tool for increasing the under- . . . . . .
g g Three different semifluorinated thiols were investigated

standing of interfacial properties, as well as a method with ma . .
exploited or potential technological applications in biomater@f]:?(c?tg(CHZ)LSH’ wherex = 2,11, or 17, which will be
als science, microelectronics, corrosion protection, microcoﬁe;re Oilsfo.x' 4 thiol hesized Usi h
tact printing, heterogeneous catalysis, and chemical sensors t-g € semi uorma’Fe thiols were synthesize  using metho
mention but a few (3). The major advatanges of this surfaggscr'bed in a previous report (15), and analytical data for
compounds will be published separately (16, 17). For referenc

- . o
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force measurements) or plates (225 mn? glass slides The distance resolution was of the order of 0.2 nm, and the nc
with 0.15-mm thickness for contact angle and atomic force niialized force resolutionH/R) was approximately 1@N/m.
croscopy studies and 2040 mn? Si wafers with native ox- Dataare presented as forces normalized with the harmonic me
ide for infrared reflection—absorption measurements). To pr@f-the radii of the surfaces; /R, whereR = RiRy/(R1 + Ry).
pare the spheres, borosilicate glass rods with 2-mm diameter
were melted in one end using a butane—oxygen burner, this pro- 3. RESULTS AND DISCUSSION
cedure yields spherical surfaces with R.MS roughne;s of 0.1 ¥ SAM Structure
(18). The substrates were mounted in an ultrahigh vacuum
electron-beam evaporation system (Balzers UMS500P), wherd he structure of the semifluorinated thiol SAMs on the 10-nn
a 1-nm Ti adhesion layer was deposited, followed by a 10-nfu/glass substrates was characterized with AFM and FTIR-RA
Au layer (the glass plates used in contact angle measuremeitd compared with that on Au(111)/mica surfaces (11-13). W
were coated on both sides). Thicknesses were monitored ustagld obtain regular lattice images ofR2 (Fig. 1) and (with
a quartz thickness monitor with 0.1-nm resolution. Evaporati¢acreasing difficulty) fpH11 SAMs, while these were not possi-
pressures were typically less tharx3L0~8 Torr. The substrates ble to obtain on the foH;7 SAMs, due to the increased disorder
were immersed in the thiol solutions immediately after removéi the layer as the length of the methylene spacer increases (1
from the vacuum chamber. Thiols were absorbed from 1 mMnlike similar SAMs on Au(111), the lattice constant showec
solutions in CHCI, (or ethanol, in the case of hexadecanethiojome scatter, presumably due to the roughness of the gold s
for at least 15 h before use. Samples were used up to 2 wetge; see Fig. 2. However, even though regular lattices were n
after preparation, and no differences in results were obsenal@ays observed, itwas confirmed that the semifluorinated thio
for surfaces used after overnight adsorption and those usedfafm densely packed SAMs even on these thin gold layers, in
ter 2 weeks. Contact angle measurements were performed ugirpner similar to that on Au(111) (14).
the Wilhelmy plate method (Kiss 12 Tensiometer system), at The FTIR-RAS analysis confirms the presence efH:
an immersion rate of 2 mm/min. and RoH;7 SAMs. In the CH stretch region (not shown),
Atomic force microscope (AFM) images of the SAM survery weak peaks are possible to identify fofo, and for
faces were acquired with a NanoScope llla (Digital InstrumenfsioH17 the asymmetric and symmetric stretches are arour
Inc., Santa Barbara, CA) with $N, cantilevers (spring con- 2920 and 2851 crt, respectively. In the fingerprint region,
stant 0.38 N/m, scanning rate 20-30 Hz). All images (512 Fig. 3, the two typical groups of the specific bands resultin
512 pixels) were collected in the height mode (11). from perfluorocarbon chains can be found (4, 7, 8, 13). Firs
A Bruker IFS66 system, equipped with a grazing angle)85the two peaks around 1376 and 1347¢rare assigned to axial
reflection accessory and a liquid nitrogen cooled MCT dgrogression CEstretching modes, originating from the helical
tector was utilized for Fourier-transform infrared reflectionstructure of the fluorocarbon chains. Second, the region betwe
absorption spectroscopy (FTIR-RAS) measurements. The sp800 and 1100 crt consists of overlapping bands due to the
trometer was continuously purged with dry nitrogen gas durifgodes having their transition dipole moment perpendicular t
the measurements. The acquisition time was around 10 min, the helical axis, asymmetric and symmetric,GEetching, CC
resolution was at 2 cn, and a three-term Blackmann—Harrisstretching, and CCC bending. The peak around 1079*dm
apodization function was applied to the interferograms befofeoH: is probably a CC gauche mode (13), while 1263 ¢iis
Fourier transformation. In order to eliminate the interferengénassigned.
effects due to the ultrathin gold substrates, the FTIR-RAS spec-Somewhat higher intensities for the axial modes and lower ir
tra of FigH, and RgH;7 were smoothed using OPUS (Bruker}ensities for the perpendicular modes are observed inte;F
software. spectrum compared to the corresponding bands in thid;f
The surface force measurements were made with a bimogi#ectrum. This suggests a perpendicular alignment of the flu
surface force instrument (19). The instrument measures the foreearbon helixes relative to the surface for the first compount
between two surfaces of arbitrary shape and material, as IoMgile this alignment is less pronounced for the second (13). T
as they are smooth and rigid enough to make data interpretatiofinmarize, the FTIR-RAS spectra of the SAMs on the ultra
possible. One surface is mounted on a piezoelectric bimorfitin gold films are almost identical to those on more commo
deflection sensor (20), while the other surface is moved througbstrates (13), revealing the striking resemblance between |
a two-stage positioning system; a motorized translation stagé&igictures of the SAMs.
used for rough positioning and a piezoelectric tube actuator for,
acquisition of force—distance profiles. The expansion of the Iatl;g'?' Contact Angle Measurements
is monitored with a displacement transducer, the output of whichResults from contact angle measurements are summarizec
is used to compensate for the nonlinear expansion of the pieTable 1, where contact angles for hydrocarbon SAMs are als
tube and to determine the sensitivity of the measuring spriivgcluded for comparison.
(when the surfaces are brought into contact, the movement ofll samples exhibit slightly higher contact angles compare:
one surface is directly translated to the spring-mounted surfaogjth flat Au(111) (13), which can be understood as an influenc
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FIG.1. AFM image of FgH2 on a polycrystalline gold surface and the 2-dimensional Fourier transform of the image. Increasing hydrocarbon spacer
makes reproduction of regular lattices difficult; this was never possible w7 thiols, and only occasionally possible withgF11.
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FIG.2. AFM image of the polycrystalline gold substrate, revealing the granularity of the 10-nm gold layer, deposited onto a glass or silica surface
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FIG. 3. FTIR-RAS spectra of fyH> and FgH17. The two bands at 1347
and 1376 cm? are axial progression GFstretch modes, while those between FIG. 4. Interactions betweemFH; (solid lines) and gH17 (dashed lines)
1300 and 1100 cmt are mainly overlapping symmetric and asymmetrie CFthiolate surfaces in water, 1 mM NaCl,caih M NaCl. Results from the different
stretching, CC stretching, and CCC bending modes (see text for details). thiolates are indistinguishable; the different slopes at short separations (in t
spring instability region, where the surfaces jump together) reflect the differenc

of greater surface roughness (21). The slightly lower contact aAmspring stiffness in the two experimgnts. The repulsion is purely electrostati
gle for FioH» as compared to the other semifluorinated surfacE%'Sed by what appears to be negative charges on the surfaces.

is attributed to differences in the van der Waals interactions be-

tween the underlying gold layer and the contacting liquid,
discussed in Refs. (13, 22). It is interesting thatHh 1 exhibits

rather large hysteresis compared with the other SAMs, wh
it showed the smallest hysteresis on flat Au(111) surfaces (1

Tlher\(,evlsrno Oﬂ\]/ lous rerz]atsc;rr]lil;ortthdlsglstci{(re;)iaﬂfﬁ; tﬂiiﬁf‘?ar?— f ifferences between the data sets are comparable to the val
p'es were perhaps contaminated, bu gntoe an elect of Wik < \vithin the data for each type of surface. For a particulz

different substrate as well. For the semifluorinated compoun Siir of surfaces, the apparent surface charge is constant for e:

the ideal film structure is affected by the lengths and interactio Fﬁctrolyte concentration, while the separation where the one
between both the spacers and the head groups, as well as by% fie attraction occurs varies randomly in the range 20to 40 nr

: . : 0
g(_eometry of the lattice of adsorphoq sngs on th? gold surfac&en for consecutive approaches. The used measurement prc
Different spacer lengths thus result in different film structures, .« did not permit the very first approach at a particular poir
If, for the FpoH11, small changes in this balance cause the OVElr -ontact to be recorded

all’packing of the spacers to b_e_ inferior to what is obtaine In water and aqueous electrolyte solutions, the partly fluori
on Au(ll.l) substrates, the mobility of the adsorbed- m0|eCU|ﬁ§t d surfaces exhibit behavior that is consistent with the pre
might be mcrea_sed, and the-c.ontact gngle hysteres.ls enhangﬁ e of negative charges, and the interaction is dominated
Howgver, for this to be true, it IS required tha}t the orlentatlongn electrostatic double-layer interaction at separations excee
mobility of adsorbed ki be higher than it is for foH and ing 40 nm, while at shorter separations, a strong attraction wi
S . ) %rfép—like force onset is dominating. Adding electrolyte to the
sidering the lower degree OT order as observed in AFM 'mages?stem does not significantly change the attractive part of tt
though the latter seems unlikely. interaction, while the magnitudes and ranges of the electrosta
repulsion are diminished in accordance with DLVO theory. Dat
forwater, 1 mM NaCl, ad 1 M NaCl are compared in Figs. 4 and
The behavior of the three different semifluorinated con®. The thick solid lines in Fig. 5 represent DLVO theory (assum
pounds in force measurements appears to be similar; thus i constant surface charge conditions), resulting in a surfa

potential of—75 mV, and a decay length of 800for the data

Fata presented for one of the species can be taken as represe
ive also of the other two. Data from fH, and R oH17 thiolates
% e compared in Fig. 4 for measurements in water and 1 mM al
NaCl. Results for ipH,; are similar (no data shown). The

3.3. Surface Force Measurements

TABLE 1 in pure water. The corresponding area per surface charge |
Contact Angles with Water (£2°) calculated using the Grahame equation) is 188.fthe surface
0, " A cosd potentials thus obtained in water were scattered over the ran
—65t0—80 mV, with most of the data betweery0 and-75mV.

CF3(CF2)g(CHy)2SH 120 109 0.17 This spread is caused by difficulties in fitting DLVO theory to

CR3(CF2)o(CHz)11SH 124 104 0.32  water data, due to the very long decay length of the interactio

CR3(CR2)o(CHz)17SH 124 114 015 and by variations in the electrolyte concentration in “pure” wa
CF3(CHy)15SH 110 104 0.10

ter. The variations are made evident by comparing the results f
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1 publications discuss such step-like attractive onsets between |
drophobic surfaces in terms of bridging of bubbles attached
the surfaces, and the attraction at shorter separations as the re
ofthe spreading of the formed capillary (18, 23-25), and for thic
lated gold surfaces with particular reference to the imperfectior
at the surfaces caused by the polycrystallinity of the gold sul
strate (26). These provide plenty of nucleation sites for bubble
or cavities where air could be trapped. This is likely to be the e
planation for the observed behavior also in this case: the surfac
are hydrophobic and the absorbates are rigidly attached, the 1
derlying gold structure is similar, and the formation of bubbles i

" i anticipated also on these surfaces. Recent experiments show:
0 20 40 60 80 100 the formation of these bubbles is dependent on exposure of 1
Separation (nm) surfaces to air before measurement (25, 27), indicating that the

FIG. 5. Parts of the data in Fig. 4, on a semilog scale. The DLVO-fitE)ukr)]bleshare traﬁ)ped(;jurlnrg]; Immfel’SIon Xf . SUIifaC(rE]S Ifn Wa:
indicated by the solid lines were made in the region outside the first onset of {I‘?et er than nucleated at the surfaces. Apparently, the fact t

attraction (approximately at 40 nm in both curves), resulting in the followinge surfaces are charged does not interfere with the attractic
figures. For watery = —75 mV,x~* = 800 A area per charge 180 fuFor  i.e., the formation of a water vapor or gas capillary and the sul
1 mM NaCl:yr = —60 mV,x~* = 96 A, area per charge 30 rfm sequent spreading over the two surfaces during its growth. Al
included in Fig. 6 is a force profile for a pair of hydroxylated

water in Fig. 4 with those in Fig. 6, where a different set of dataiolate surfaces interacting in water (data taken from Ref. (18)
is shown. whose van der Waals interaction is expected to be similar to tl

As small amounts of electrolyte are added, the spread in tinéeraction between the hydrophobic hydrocarbon surfaces, a
data is reduced, even though the separation range over whicl significantly different from the van der Waals contributior
the fitting can be performed is much smaller. For 1 mM NaClor the fluorinated surfaces (the measured curve agrees witl
the potential is typically-60 mV, and the corresponding areavan der Waals force calculated using a Hamaker constant
per charge is approximately 30 Arit 1 M NaCl, the very short approximately 4x 1020).
decay length of the electrostatic contributionABeffectively To determine the sign of the surface charge, one of the fl
removes the electrostatic repulsion from the measurable ramgmated surfaces was replaced by a flame-polished bare gl
of interactions. The only effect of adding electrolyte to the s@urface (prepared as described above), which is known to he
lution is to reduce the decay length of the repulsion, while theenegative surface charge. The electrostatic interactions in the
attraction remains unchanged. We thus conclude that whatesxsymmetrical systems were always repulsive (Fig. 7), indica
the mechanism behind the attraction is, it is not affected by thmgy that the charge of the fluorinated surfaces is also negati
presence of electrolyte.

The attraction is of the same character as that observed 10
between hydrocarbon thiolate surfaces, see Fig. 6. Several

0.1 |
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l Hydroxylated Semi-fluorinated
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FIG. 7. Interactions between a semifluorinated thiolate surface and a ba

Separation (nm) glass surface, in pure water and in 1 mM NacCl. Since the glass surface is n

atively charged, the repulsive electrostatic force is evidence that also the flu

FIG. 6. Results for semifluorinated surfaces compared with data for hyinated surface is negatively charged. The dashed lines correspond to Poiss

drocarbon surfaces. The data for hydroxylated surfaces (dashed line), wHighitzmann fits to the data for 1 mM under constant charge (upper) and const:

are expected to interact only through van der Waals interaction, are taken frpatential (lower) conditions; with the surface potential for the semifluorinate
Ref. (18). All force profiles were obtained in pure water. surface fixed at-60 mV, the resulting potential for the glass surface ) mV.
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in water. Fitting the data for the interaction in 1 mM NacCl tavater were observed to carry negative charge in electrokinet
the Poisson—Boltzmann model resulted in a surface potentialsiperiments (33, 34), and this was later also observed in thin-fil
approximately—50 mV for the glass surface, if the potential odrainage experiments (35). The charging of oil/water interface
the semifluorinated surface was fixed-e80 mV. The absence is a similarly well-known phenomenon which has been know
of a distinct attractive van der Waals interaction in 1 mM NaGbr almost as long, but it is still a matter of research (36, 37). |
is probably caused by repulsive steric interaction with a gel-like not surprising to find that the ions naturally occuring in wate
silica layer on the glass surface (28) (note that the thick dasheale different affinities to a particular surface, but as yet we al
linesin Fig. 7 represent Poisson—-Boltzmann, not DLVO theory)ot in a position to explain the difference in surface charge of th
Such a gel would swell in electrolyte, as compared to its stdtaorinated surfaces, as compared to the hydrocarbon surfac
in water, thus explaining the differences in the apparent van dére approach of an ion in water toward a surface of lower di
Waals forces in water and 1 mM NacCl in Fig. 7. We note thalectric constant is an electrostatically unfavorable process, a
in previous force measurements in asymmetrical systems camre so the lower the dielectric constant of the other mediut
sisting of a mica surface and a hydrophobic Langmuir—Blodg€&8). In view of this, the charging of the fluorocarbon—-watel
film, an additional long-range attraction was observed, in eiterface appears to be less favorable than the charging of t
cess of the DLVO prediction, and of the same character as tiydrocarbon—water interface, suggesting that it is the result
attraction between two hydrophobic surfaces (29). Further, irsame specific ion—surface interaction, which is not present
study using mica surfaces made hydrophobic by surfactant site hydrocarbon surface, or due to some property particular
sorption, the interaction between a hydrophobic surface witerfluorinated alkanethiols.
a hydrophilic mica surface was of similar qualitative behavior, Marinovaet al. measured the electrophoretic mobility of both
but stronger than the interactions between two hydrophobic shydrocarbon and fluorocarbon oil droplets in water, and foun
faces (30). The fact that no unexpectedly long-range attractitive ¢ -potentials of both hydrocarbon and perfluorinated oils t
is observed between the glass surface and the fluorinated $érin the range-50 to—60 mV (37). It was suggested that the
face confirms that the “hydrophobic” forces observed betweeharge at the water/oil interface originates from an asymmet
fluorinated (and hydrocarbon) thiolate surfaces have a differénthe hydrogen-bond network at a hydrophobic surface that f:
origin than those observed between surfaces made hydrophataics the presence of OHons at the interface. The differences
by LB-deposition or surfactant adsorption, as has been descrilsetween this result and the data reported here suggest that, as
recently (31). gards the electrostatic properties of the surface, itis of relevan
The electrostatic repulsion observed between the semifludhat in the thiolated surfaces the molecules form a solid laye
nated surfaces is not present in the interactions between hydsith all molecules aligned in an ordered structure. Although
carbon surfaces; force measurements in water between hexadgular lattice was not observed on the surfaces with the longe
canethiol surfaces do not indicate the presence of surface chalyelrocarbon spacer, the molecules at least are aligned, wh
while the same discontinuous attractive force onsets are presenot;being ideally close-packed. It is uncertain to what extent tt
see Fig. 6. The fact that no electrostatic repulsion is observeamparison with liquid oil droplets is relevant, but on the face o
between the hydrocarbon surfaces does not imply that the dtrthe results by Marinovat al seem to suggest that perhaps it
faces are not charged, but rather that an upper limit to the chaigthe uncharged hydrocarbon surfaces that behave anomalou
can be estimated. Assuming that the electrolyte concentratiomdther than the perfluorinated; then again, if the proposed mec
pure water is Ix 10~° M, the detection of electrostatic repul-anism cannot account for the differences we observe, it mig
sive forces at separations40 nm would be difficult (with the not be appropriate in either case.
resolution of our instrument) if the magnitude of the surface po- The observed differences in apparent surface charge are
tential is<15 mV. The possible presence of charge at the thiolagealitative agreement with a surface potential study of alke
hydrocarbon/water interface has been touched upon by Kokkodithiol monolayers: Evaret al. observed that the surface po-
et al., who claim that the surface potential 4s1.7 mV (32), tential of (hydrocarbon) alkanethiols is positive, while a mono
but this conclusion seems not to be supported by their data. Tager where the upper part is perfluorinated results in a larg
normalized accuracy of their AFM wak0.016 nN/10um = negative value (39). This difference was suggested to be d
0.0016 mN/m, and they state that “no attractions were measutedhe high electronegativity of the fluorine atoms. Experiment
up to the point where the probe jumped into contact.” At a jumphere perfluorinated silanes are used to modify glass or silic
separation of 5 nm, the attractive van der Waals force, usingafaces often indicate the presence of surface charge, though
Hamaker constant for hexadecane (which is their expected lowariations in electrostatic properties of surfaces modified wit
limit for the magnitude of the attraction), is 0.033 mN/m. Thishe same silanes point to the underlying glass, and inconsiste
is >20x the claimed accuracy, but still no attraction was mea&ilanization, as the source of the charge, rather than the perf
sured; thus we find the claimed upper limit of the surface charggnated surface itself (compare Refs. (40, 23) for an example
doubtful, as well. We do not have any evidence as to what the charging mechani
The charging of purportedly neutral surfaces in water was ofor the perfluorinated surfaces is, but we here consider some
served at the beginning of the 20th century, when air bubblestérnatives. First, an obvious source is contamination, though tl
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