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An atomic force microscope was used to measure forces between
self-assembled monolayers (SAMs) of hexadecanethiol as a func-
tion of solvent type. Solvents alter interactions between surfaces by
changing the wetting properties of the surface. Adhesive forces
decrease with solvent dielectric constant and vary monotonically
for mixtures of water and ethanol, ethanol and methanol, and
water and ethylene glycol. This study demonstrates that interac-
tions and adhesion between hydrophobic SAMs can be manipu-
lated through changes in the contact angle of the surface. © 199
Academic Press
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and adhesion forces grow with increasing contact angle. He
we demonstrate that for the same set of hydrophobic surface
attractive interactions can be altered by changing the solve
across which the surfaces interact. As the solvent contact ant
decreases, the adhesive force decreases. This behavior is |
tinct from that observed between the same surfaces interacti
across electrolytes that do not alter the surface wetting pro
erties (8).

Model hydrophobic surfaces should satisfy the double cri
teria of electroneutrality and stability, so that the resulting
interactions can be easily interpreted. In this study we ha\

ting properties; atomic force microscope. chosen to work with self-assembled monolayers (SAMS) ¢
hexadecanethiol, which satisfy both criteria. SAMs are robus
well-characterized, and easily prepared (9—16). SAMs repr
sent an excellent model system as far as modifying surfa

characteristics in a molecularly rationalized way and hav

Hydrophobic interactions_ have b.e,en invoked in the bi%’uccessfully been used in atomic force microscopy (AFM
chemical literature to explain the driving forces that govern @ ..« ,rements of adhesion forces and friction (17-19)

variety of molecular processes, including conformational The focus of this paper is to characterize the interactio

changes of biopolymers, the binding of substrates to enzymgsnveen hydrophobic surfaces by using an AFM and stuc

and the association of subunits to form a multisubunit enzyme . e magnitude of the adhesive force can be modifie
(1). Indeed a major driving force for the evolution of the wholeﬁqrough changes in the surface wettability

field of study of hydrophobic interactions is the need to explain
such processes in biological systems that cannot be explained
by the conventional interactions between molecules or between
groups within a molecule. Hydrophobic interactions are also
important in many technological and industrially significant Surface force measurements were performed using a co
processes including wetting (2), froth flotation (3), deinkingnercial AFM, a Topometrix TMX 2010 (Topometrix, Santa
technology (4), and adhesion (5). Understanding these inter@ara, CA). All experiments were carried out at room temper
tions remains limited and progress requires more experimerdélre. The data were converted to a force—distance curve usi
studies showing how forces depend on external parameters el method developed by Ducket al. (20, 21).
surface properties. Standard 10Qsm V-shaped silicon nitride AFM cantilevers
Rabinovich and Yoon (6) and Yoaet al.(7) suggest that the with pyramidal tips (Topometrix, Santa Clara, CA) were use
hydrophobic force is uniquely determined by contact anglefer the force measurements. The colloid probe tips were pr
Their results demonstrate that for different surfaces, interactipgred as follows. A glass sphere (SPI Supplies, West Chest
across an aqueous electrolyte, that exhibit different contaA) of radius approximately 12m (the radius was measured
angles jump-in distances (a measure of the extent of attractity) optical microscopy) was attached to the cantilever with a
epoxy resin, Epon Resin 1004F (Shell Chemical, Houstor
* To whom correspondence should be addressed at Department of ChemTt?ép' A heated thin copper wire{30 um in diameter) attached

Engineering, University of lllinois at Urbana-Champaign, 114 Roger Adant® @ three-axis translation stage was used to position a sm
Laboratory, Box C-3, 600 South Mathews Avenue, Urbana, IL 61801.  portion of the glue near the apex of the cantilever. Anothe
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clean wire was used to put a glass sphere onto the tip. The A
cantilever was heated just enough to melt the Epon and secure 100 A
the particles in place.

Substrates of the desired size were cut from Si (100) wafers
(WaferNet, San Jose, CA; test grade). These substrates and
colloid probe tips were coated by thermal evaporation with
250-500 A gold (99.999%; Alfa, Ward Hill, MA). Care was -
taken to avoid overheating the colloid probe tips or evaporating 50 A [
too much gold on them since in both cases the cantilevers bend.
The spring constant of the gold-coated colloid probe tips was
determined using the resonant frequency method (22). The
spring constant was measured for 15 cantilevers and the aver-
age value was used (1.65 N/m).

Hydrophobic surfaces were prepared by forming SAMs of oA
hexadecanethiol (Aldrich, Milwaukee, WI) on the gold-coated 0A
surfaces (10, 11, 16). B
-9,
RESULTS AND DISCUSSION
-9.651
The SAM surfaces were first characterized by using the E-m.m—
colloid probe tip to image the substrate surface. For all sys- N
tems, the substrate was smooth, showing large regions (70 by -10.35
70 wm) where the root-mean-square roughness was less than a 10.7 : : . .
nanometer. However, the glass spheres were relatively rough 0 9 18 27 3% 45

(8). On occasions and due to the presence of a sharp asperity on Distance (A)

the colloidal probe, atomic resolution images were producedfIG. 1. (A) An AFM (lateral force mode) image of a hexadecanethiol
permitting individual terminal methyl groups to be visualizedSAM on gold in 0.5 mol fraction ethylene glycol in water. This image was

uired with a 1Qsm-radius probe that had been functionalized with hydro-
Care was taken to apply forces well below the reported load pc'ﬂbic molecules (SAM of hexadecanethiol). Individual methyl groups of the

monolayer damage (23). Figure 1A shows an AFM image Rfgrocarbon chains can be identified. A low pass filter was applied. (B
the thiol in 0.5 mol fraction ethylene glycol in water. ThisCross-sectional profile along the line drawn in the image Zhecale is in
image was acquired with a ]Jﬁm-radius probe that had beenrarbitrary units, cantilever deflection, nA). The two terminal groups associate
functionalized with the hexadecanethiol as well. Individudyith the hexadecanethiol molecule (as indicated by arrows) are separated b
methyl groups of the hydrocarbon chain can be identified. The

thiol forms a hexagonal lattice with a lattice constant of 5 A, as

shown in the cross-sectional profile (Fig. 1B) along the line , ) )
drawn in the image, and is in agreement with the value reportggiléd into an adhesive contact from a distance of 7.2 nm, ar

in the literature (13-15, 23). upon addition of 0.5 mol fract_ion ethanol, the _jump to contac
The interactions between SAM surfaces in solvents aPSCUrS at a surface separation of 3 nm. Figure 2 contai
purely attractive, with a jump into contact as the force gradief{eoretical van der Waals curves for the case of water ar
exceeds the spring constant. Due to the sharpness of the fof¢Bnol- The nonretarded van der Waals force between tv
distance curves near contact, this distance is weakly sensitjgntical surfacesl, with adsorbed layers2, and across me-
to the spring constant used. The extent of the attraction mustd8™: 3. is given by the approximate expression (24)
measured relative to some force scale (i.e., the separation
where the attrac_tive force goes to zero). In_ our case, the force F o —1[A 2\/,?,6\232 A
changes dramatically over a small change in separation. Under R™6 | D2~ (D + T)? + D+ 21?| [1]
these circumstances the jump-in distance provides a qualitative
measure of the extent of attraction. In the remainder of this
paper we use the jump-in distance to characterize the extentwfere F is the van der Waals force is the radius of the
the attractive interactions. Note however that order of magrsphere,D is the distance between the sphere and the fl:
tude decreases in spring constant will greatly increase tiisrface,T is the thickness of the monolayer (2.2 nm), &
characteristic length. Thus this method provides a relatitiee unretarded Hamaker constant. The in@eorresponds to
rather than an absolute method of probing the extent of attrdlce gold surface? to the hexadecanethiol SAM, arddto the
tive forces. Representative force curves are shown in Fig. 2 foedium. The Hamaker constants were calculated on the ba
the ethanol-water system. In water, the thiol surfaces akthe Lifshitz theory (24), and the following values were usec
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Az = 4.97 X 102 J (3 = water),A,5, = 3.28 X 10 2] 14
(3 = ethanol), andA,,, = 2.15x 10 *°J.

In Fig. 3, jump-in distances are given as a function of the 4, |
ethanol mole fraction in waterxg,o). Each data point is the
average of 10-15 force measurements and the error bars cor-
respond to the standard deviations. As more ethanol is addedEo
the solution, the interaction becomes of shorter range. Thg
experimental jump-in distances are compared to those prg 81
dicted by the classical van der Waals theory for two goldi , 3
surfaces with hexadecanethiol SAMs interacting across wat& s |
and ethanol. The theoretical van der Waals jump-in distance iR
ethanol is 2.05 nm and in water is 2.11 nm. Our data indicate

that jump-in distances in water and small concentrations of :
ethanol are considerably larger than those predicted for our
gold—SAM surfaces interacting across water or ethanol, indi- 27 T *

cating that the forces do not arise from van der Waals inter-
actions. However, as the ethanol concentration is increased o ; ;
further (75% mole fraction), the jump-in distance becomes o1 0ot 02
comparable to what is predicted by van der Walls attractions. XEtoH
In Fig. 3 the eﬁe_Ct of hydrophobic forces is not Ob_Served INF1G. 3. Jump-in distances versus the mole fraction of ethanol in water fo
ethanol-water mixtures fotg,oy > 0.75, where the interac- hexadecanethiol SAMs. The error bars correspond to the standard deviatic
tions approach the van der Waals limit. This trend suggests ttiat resulted from 10 to 15 force measurements all over the surface. The dasl
the solvophobic forces can be altered as the solvent is chang%!.ﬂ(élf.so“OI _"”eshco”‘lesgogs to the VZ” dfé V;:ills JU“:P distances for %Oldl‘SA

Shown in Fig. 4 are scaled pull-off forces as a function gf'aces in ethanol (2.05 nm) and gold-SAM surfaces in water (2.11 nm

. . . respectively. Measurements were done with the same tip and surface as in F
ethanol mole fraction in water. The pull-off force or adhesiog
force is defined as the minimum force that must be applied to
separate the two surfaces. The rate (0.5-2 Hz) at which the
surfaces were separated or the time that the opposed surfacegddition of ethanol to water results in a decrease in th
rested in contact (5P.s—0.5 s) before the pull-off forces werestrength of attraction and adhesion. In the case of the ethanc
applied did not have an effect on the magnitude of the adhesiygter mixture, the surface tensions of pure water and pu
forces. Here we present forces scaled by the radius of @anol differ appreciablyy, o = 72.94 mN/m andyg,o =
. 2

sphereR, in order to relate the force between a curved and22.39 mN/m at 20°C) (2). As a result, the addition of smal
flat surface to the interaction free energy, between plane amounts of ethanol results in a marked decrease in surfa

0.3 0.4 0.5 0.6 0.7 0.8

parallel plates of unit area by/R = 2wE (25). tension from that of the water. This effect may be accounte
for in terms of a selective adsorption of the alcohol at the

10 liquid—vapor interfacé. The liquid—vapor surface tension of

s the ethanol-water solution decreases with increasing conce

tration of ethanol in a logarithmic fashion (2). The decrease i
surface tension and therefore in the contact angle suggests t
4 the surfaces become less solvophobic with increasing ethar
concentration. To confirm this, advancing contact angles ¢
pure water and pure ethanol were measured on our surfac
For waterf = 109° = 1° and for ethanob = 19° = 2°. The

contact angle measurements correlate well with the changes
adhesive forces asgy,, is altered, indicating that for these

F/R (mN/m)

-4 H Distance (nm) K t .
systems the interaction forces track the surface wetting pro

6 erties. After forces were measured in 0.75 mol fraction ethanc

8 | forces were again measured in pure water. Both the jump-

distance and the adhesive force were the same as those nr

_ _sured in water at the beginning of the experiment. Thu
FIG. 2. Normalized forces recorded between SAMs of hexadecanethiol in

water @) and in 0.5 mol fraction ethanol in wated). The arrows show the

jump distances (7.2 nm in water and 3.0 nm in 0.5 mol fraction ethanol in 2 If the surface tension of a liquid is lowered by the addition of a solute, ther
water). The solid and dashed lines indicate fits to van der Waals theory, usingthe Gibbs equation, the solute must be adsorbed at the liquid interface. F
Eq. [1], in water and ethanol, respectively. a more extended discussion see Ref. (2).
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12 we use the JKR theory and an asperity radiuRef 0.45um
(8), the surface energy is in the order of 36—-40 mN/m. Aspel
ities of this size are not uncommon on the glass sphere surfac
(8). This result clearly shows the sensitivity of adhesion tt
surface roughness and difficulties in comparing theoretic:
al predictions with measurements.

Because the sphere surface is not smooth, comparisons
interaction forces in different solutions can be done only witl
the same tip and surface. For a given set of mixtures, the sal
tip and surface were used. However, different colloid probe
and surfaces were used for the three different solvent mixtur:
investigated here. Therefore quantitative comparisons are d
% ficult.

Our results for ethanol-water mixtures are in qualitative

L] agreement with measurements of interaction of fluorocarbc

surfaces (27, 28). Parker and co-workers showed that in wa

0 ‘ ‘ ’ ‘ these surfaces are strongly hydrophobic with correspondir
-0.1 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 . .

advancing and receding water contact angles of 108° and 9(

XEetoH respectively. The addition of 0.23 mol fraction ethanol in wate

FIG. 4. Pull-off force/radius of sphere versus the mole fraction of ethan@lecreased the liquid—vapor surface tension, giving a conta
in water for hexadecanethiol SAMs. The error bars correspond to the standaiggle of 63°, and decreased the strength of the long-ran
deviations that resulted from _10 to 20 force_measurements aII_ove_r the surfaggraction and adhesion (from 240 mN/m in water to 56—6
Measurements were done with the same tip and surface as in Figs. 2 and 3

MN/m atXgoy = 0.23).

In addition to ethanol-water mixtures, we have also mee
Cséged the effect of addition of ethylene glycol and surfac
Interactions across methanol—-ethanol mixtures. Figure 5 sho
Ith pull-off force scaled by the radius of the sphere for differer

fraction of 0.05. Yaacobi and Ben-Naim (26) have measurg&m_e fractions of ethylene glycol in watexkg). B_ehawor
the effect of ethanol on the work associated with the dime?'—mllar to th_at seen in the ethanol-water system is ob_serve
ization of methane molecules in an ethanol-water solvert!® 2dvancing Eog?)cia;gl_e changeif:@m 1?9 f . dmh
Their findings show that the addition of small quantities dpure water tof = + 17 in pure ethylene glycol and the

ethanol up to aboutpt, = 0.2 increases the strength of the
hydrophobic interaction between small hydrocarbon mole-
cules; larger ethanol mole fractions cause a weakening of the
hydrophobic interaction. Our data show a maximum for mole
fractions around 0.05: the addition of small quantities of eth-
anol (%on = 0.05) induces a small strengthening of the extent
of attraction and adhesion that the two hydrophobic surface
feel, whereas at higher concentrations of alcohq),{x >
0.05) there is a pronounced decrease.

If the JKR theory is used to calculate the surface energyE
corresponding to the adhesion force that we measure in water, 7
it is only a few milliNewtons per meter, where as the value that
we calculate from Young’s equation and the contact angle that
we measure in water is approximately 40 mNJrA. serious 51
though practical limitation of the JKR theory is that it assumes
perfectly smooth surfaces, and although our sample surfaces
are smooth, our spheres are not. The roughness of the sphere © et S = ;
plays a significant role in the forces measured. For example, if ~ °' ° ' ©2 08 04 05 06 07 08 08 1 1

F/R (mN/m)
[+>]

changes in wetting properties and the resulting surface for
are reversible.
Figures 3 and 4 both exhibit a small maximum at a mo

25

20 1

S
E 15¢
=z
£

(

Xea
3 From Young's equationys, — vys. = v.vC0S 6, whereys, = 18 mN/m FIG. 5. Pull-off force/radius of sphere versus the mole fraction of ethylene
(M. K. Chaudhury and G. M. Whitesidesangmuir7, 1013 (1991)),y,v = glycol in water for hexadecanethiol SAMs. The error bars correspond to tF

72.13 mN/m (for water at 25°C (2)), aril= 109°. From this,y5, = 41.48 standard deviations that resulted from 10 to 20 force measurements all over
mN/m. surface.
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1.2 surfaces are quite solvophilic in the presence of both ethan
and methanol. The adhesion measured between thiol SAMs
1 these solvents is small, which was expected for a set of st

faces that exhibit a higher affinity for the solvent than for eacl
other. The jump-in distances are also small and, within th

o8 1 instrument sensitivity, there appears to be no obvious relatio

§ ship between jump-in distances and the methanol mole fractic
E 087 in ethanol with values that vary between 2 and 3 nm. The ve
x der Waal theory predicts that two gold—SAM surfaces will

04 | jump into contact at a separation of 2.05 nm in ethanol and 2.

nm in methanol, using Eq. [1] and an unretarded Hamak
constant ofA,;, = 4.79 X 10 2* J (3 = methanol),A,,, =
3.28 X 102 J (3 = ethanol). Thus we can conclude that
interactions between thiol SAMs in ethanol and methanol ca
accurately be predicted by van der Waals theory.
The thiol surfaces studied here exhibit a strong attraction |
XmeoH water. As different solvents are added, both the range of th
FIG. 6. Pull-off force/radius of sphere versus the mole fraction of methattraction and the magnitude of the adhesion are decreas
anol in an ethanol-methanol mixture for hexadecanethiol SAMs. The ersgjith interactions being larger in ethylene glycelmethanol>
bars correspond to the standard deviations that resulted from 10 to 20 foé;(ﬁanol. As discussed above, this phenomenon can be :
measurements all over the surface. o
counted for by the effect of the specific solvent on the conta
angle measurements. Indeed, hexadecanethiol SAMs will |
receding contact angle changes frém 96° = 2°to 6 = 67° more solvophobic in ethylene glycol than in methanol or eth
+ 2°. These results demonstrate that in ethylene glycol, SA3hol. As we also go from water to different solvents, we ar
surfaces are less solvophobic than water. Adhesive foragsanging the dielectric constant of the medium (80 for watel
decrease with increasing ethylene glycol mole fraction up tod4d for ethylene glycol, 33 for methanol, and 26 for ethano
value of 0.5. Foxgg > 0.5, the adhesion remains constant gR4)). It appears, therefore, that changes in the dielectric co
one-third of the value in pure water. In additionx@s; grows, stant of the solvent track changes the contact angle of th
jump-in distances decrease. In pure ethylene glycol the saolvent and as a consequence changes in the interaction for
faces jump into an adhesive contact at a distance thatbistween SAM surfaces can follow.
two-thirds of the value in pure water. However, these interac- Note however that this is not the only mechanism by whicl
tions remain larger and have a greater extent than can terophobic forces can be altered. Previous studies ha
predicted by van der Waals interactions alone. As a consftown that as the electrolyte concentration in water is ir
guence, we conclude that solvophobic interactions exist inceeased the strength of attractions increases between mett
nonaqueous solvent like ethylene glycol. This observation tisrminated SAM surfaces identical to those studied here (8).
similar to that reported by Tsaet al. (29) for interactions this study, changes in contact angle with salt concentratic
between double-chained cationic surfactants on mica interaobuld not be detected. Instead, a universal curve of adhesi
ing across ethylene glycol. Parker and Claesson (30) showette could be generated for different electrolyte types if th
that interactions between two fluorocarbon surfactant monfmrces were plotted as a function of water—chemical potentia
layers measured against 51% ethylene glycol in water @&®mparing the effects of electrolyte and solvent type indicate
almost identical to those observed between hydrophobic stivat distinctly different mechanisms are at work in altering the
faces in water. Upon further increase of ethylene glycol contamiagnitude of the hydrophobic force.
decreases in the range and strength of the attractive force are

0.2

0 + t t + t t t + + + +
01 0 01 02 03 04 05 06 07 08 09 1 11

observed and forces between two fluorocarbon surfaces are CONCLUSIONS
comparable to those expected for van der Waals interactions in
pure ethylene glycol. In this study we have demonstrated that the adhesive inte

Figure 6 shows the pull-off force scaled by the radius of thections of hydrophobic surfaces can be controlled in a syster
sphere for different mole fractions of methanol in a methanobtic way by varying the solvent. The addition of solvents tc
ethanol system showing a monotonic increase in the strengttagiieous solutions changes the dielectric constant of the n
adhesion between thiol surfaces as the methanol mole fractthiom and the contact angle of the solvent on the substrat
is increased. This result can again be understood in terms ofteere is a clear connection between the effect of solvent c
reduction in contact angle. The contact angle of the solvent cantact angle measurements, between the solvent and the ¢
the SAM is increased going from ethanol to methanol (fdace of interest, and the effect of that solvent on the forc
ethanolf = 19° = 2° and for methanad = 22° (12)). The thiol profile of the SAM surfaces. This result is similar to that of
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Rabinovich and Yoon (6) and Yooet al. (7) who draw a 6.
similar conclusion based on holding the solvent constant and
varying the surface composition. For the SAMs studied here

different solvents alter the solvent/surface interactions bg'
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Rabinovich, Ya. I., and Yoon, R.-H_.angmuir 10, 1903 (1994).

Yoon, R.-H., Flinn, D. H., and Rabinovich, Ya.J.,Colloid Interface Sci.
185,363 (1997).

Kokkoli, E., and Zukoski, C. FLangmuir14,1189 (1998).

Bain, C. D., and Whitesides, G. Ml, Am. Chem. S0d.10, 3665 (1988).

Changing the contact angles of the So'_u_tions on the SUffacelB? Bain, C. D., Troughton, E. B., Tao, Y.-T., Evall, J., Whitesides, G. M., anc
a reversible way, and results are sensitive to solvent type andnuzzo, R. G.J. Am. Chem. Sod.11,321 (1989).

concentration. 11.
Adhesive forces and jump-in distances measured in the
ethylene glycol-water system and in pure ethylene glycdf-
together with contact angle measurements of ethylene glyclgl
on the SAM surface, showed that solvophobic interactions caji
be observed in both water and ethylene glycol and therefore
cannot be attributed to the unique structural properties of.

water. Tsacet al. (29) also observed that long-range attractive
forces were present in both water and ethylene glycol. 16.
17.
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