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and adhesion forces grow with increasing contact angle.
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An atomic force microscope was used to measure forces between
elf-assembled monolayers (SAMs) of hexadecanethiol as a func-
ion of solvent type. Solvents alter interactions between surfaces by
hanging the wetting properties of the surface. Adhesive forces
ecrease with solvent dielectric constant and vary monotonically
or mixtures of water and ethanol, ethanol and methanol, and
ater and ethylene glycol. This study demonstrates that interac-

ions and adhesion between hydrophobic SAMs can be manipu-
ated through changes in the contact angle of the surface. © 1999

cademic Press

Key Words: solvents; adhesion; self-assembled monolayers; wet-
ing properties; atomic force microscope.

INTRODUCTION

Hydrophobic interactions have been invoked in the
hemical literature to explain the driving forces that gove
ariety of molecular processes, including conformatio
hanges of biopolymers, the binding of substrates to enzy
nd the association of subunits to form a multisubunit enz
1). Indeed a major driving force for the evolution of the wh
eld of study of hydrophobic interactions is the need to exp
uch processes in biological systems that cannot be exp
y the conventional interactions between molecules or bet
roups within a molecule. Hydrophobic interactions are

mportant in many technological and industrially signific
rocesses including wetting (2), froth flotation (3), deink

echnology (4), and adhesion (5). Understanding these int
ions remains limited and progress requires more experim
tudies showing how forces depend on external paramete
urface properties.
Rabinovich and Yoon (6) and Yoonet al.(7) suggest that th

ydrophobic force is uniquely determined by contact ang
heir results demonstrate that for different surfaces, intera
cross an aqueous electrolyte, that exhibit different co
ngles jump-in distances (a measure of the extent of attra

1 To whom correspondence should be addressed at Department of Ch
ngineering, University of Illinois at Urbana-Champaign, 114 Roger Ad
aboratory, Box C-3, 600 South Mathews Avenue, Urbana, IL 61801.
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e demonstrate that for the same set of hydrophobic surf
ttractive interactions can be altered by changing the so
cross which the surfaces interact. As the solvent contact
ecreases, the adhesive force decreases. This behavior

inct from that observed between the same surfaces intera
cross electrolytes that do not alter the surface wetting p
rties (8).
Model hydrophobic surfaces should satisfy the double

eria of electroneutrality and stability, so that the resul
nteractions can be easily interpreted. In this study we
hosen to work with self-assembled monolayers (SAMs
exadecanethiol, which satisfy both criteria. SAMs are rob
ell-characterized, and easily prepared (9–16). SAMs re
ent an excellent model system as far as modifying su
haracteristics in a molecularly rationalized way and h
uccessfully been used in atomic force microscopy (A
easurements of adhesion forces and friction (17–19).
The focus of this paper is to characterize the interac

etween hydrophobic surfaces by using an AFM and s
ow the magnitude of the adhesive force can be mod

hrough changes in the surface wettability.

METHODS AND MATERIALS

Surface force measurements were performed using a
ercial AFM, a Topometrix TMX 2010 (Topometrix, San
lara, CA). All experiments were carried out at room tem
ture. The data were converted to a force–distance curve

he method developed by Duckeret al. (20, 21).
Standard 100-mm V-shaped silicon nitride AFM cantileve
ith pyramidal tips (Topometrix, Santa Clara, CA) were u

or the force measurements. The colloid probe tips were
ared as follows. A glass sphere (SPI Supplies, West Ch
A) of radius approximately 10mm (the radius was measur
y optical microscopy) was attached to the cantilever wit
poxy resin, Epon Resin 1004F (Shell Chemical, Hous
X). A heated thin copper wire (;30mm in diameter) attache

o a three-axis translation stage was used to position a
ortion of the glue near the apex of the cantilever. Ano

ical
s



clean wire was used to put a glass sphere onto the tip. The
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61EFFECT OF SOLVENTS ON INTERACTIONS BETWEEN SAMs
antilever was heated just enough to melt the Epon and s
he particles in place.

Substrates of the desired size were cut from Si (100) w
WaferNet, San Jose, CA; test grade). These substrate
olloid probe tips were coated by thermal evaporation
50–500 Å gold (99.999%; Alfa, Ward Hill, MA). Care w

aken to avoid overheating the colloid probe tips or evapora
oo much gold on them since in both cases the cantilevers
he spring constant of the gold-coated colloid probe tips
etermined using the resonant frequency method (22).
pring constant was measured for 15 cantilevers and the
ge value was used (1.65 N/m).
Hydrophobic surfaces were prepared by forming SAM

exadecanethiol (Aldrich, Milwaukee, WI) on the gold-coa
urfaces (10, 11, 16).

RESULTS AND DISCUSSION

The SAM surfaces were first characterized by using
olloid probe tip to image the substrate surface. For all
ems, the substrate was smooth, showing large regions (
0 mm) where the root-mean-square roughness was less
anometer. However, the glass spheres were relatively r
8). On occasions and due to the presence of a sharp aspe
he colloidal probe, atomic resolution images were produ
ermitting individual terminal methyl groups to be visualiz
are was taken to apply forces well below the reported loa
onolayer damage (23). Figure 1A shows an AFM imag

he thiol in 0.5 mol fraction ethylene glycol in water. T
mage was acquired with a 10-mm-radius probe that had be
unctionalized with the hexadecanethiol as well. Individ
ethyl groups of the hydrocarbon chain can be identified.

hiol forms a hexagonal lattice with a lattice constant of 5 Å
hown in the cross-sectional profile (Fig. 1B) along the
rawn in the image, and is in agreement with the value rep

n the literature (13–15, 23).
The interactions between SAM surfaces in solvents

urely attractive, with a jump into contact as the force grad
xceeds the spring constant. Due to the sharpness of the
istance curves near contact, this distance is weakly sen

o the spring constant used. The extent of the attraction mu
easured relative to some force scale (i.e., the sepa
here the attractive force goes to zero). In our case, the
hanges dramatically over a small change in separation. U
hese circumstances the jump-in distance provides a quali
easure of the extent of attraction. In the remainder of
aper we use the jump-in distance to characterize the ext

he attractive interactions. Note however that order of ma
ude decreases in spring constant will greatly increase
haracteristic length. Thus this method provides a rela
ather than an absolute method of probing the extent of a
ive forces. Representative force curves are shown in Fig.
he ethanol–water system. In water, the thiol surfaces
ure
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ulled into an adhesive contact from a distance of 7.2 nm
pon addition of 0.5 mol fraction ethanol, the jump to con
ccurs at a surface separation of 3 nm. Figure 2 con

heoretical van der Waals curves for the case of water
thanol. The nonretarded van der Waals force between

dentical surfaces,1, with adsorbed layers,2, and across me
ium, 3, is given by the approximate expression (24)

F

R
5

21

6 FA232

D2 2
2ÎA121A232

~D 1 T!2 1
A121

~D 1 2T!2G , [1]

here F is the van der Waals force,R is the radius of th
phere,D is the distance between the sphere and the
urface,T is the thickness of the monolayer (2.2 nm), andA is
he unretarded Hamaker constant. The index1 corresponds t
he gold surface,2 to the hexadecanethiol SAM, and3 to the
edium. The Hamaker constants were calculated on the
f the Lifshitz theory (24), and the following values were u

FIG. 1. (A) An AFM (lateral force mode) image of a hexadecanet
AM on gold in 0.5 mol fraction ethylene glycol in water. This image
cquired with a 10-mm-radius probe that had been functionalized with hy
hobic molecules (SAM of hexadecanethiol). Individual methyl groups o
ydrocarbon chains can be identified. A low pass filter was applied
ross-sectional profile along the line drawn in the image (theZ scale is in
rbitrary units, cantilever deflection, nA). The two terminal groups assoc
ith the hexadecanethiol molecule (as indicated by arrows) are separate
.



A232 5 4.97 3 10221 J (3 5 water),A232 5 3.28 3 10221 J
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62 KOKKOLI AND ZUKOSKI
3 5 ethanol), andA121 5 2.153 10219 J.
In Fig. 3, jump-in distances are given as a function of

thanol mole fraction in water (xEtOH). Each data point is th
verage of 10–15 force measurements and the error bar
espond to the standard deviations. As more ethanol is add
he solution, the interaction becomes of shorter range.
xperimental jump-in distances are compared to those
icted by the classical van der Waals theory for two g
urfaces with hexadecanethiol SAMs interacting across w
nd ethanol. The theoretical van der Waals jump-in distan
thanol is 2.05 nm and in water is 2.11 nm. Our data ind

hat jump-in distances in water and small concentration
thanol are considerably larger than those predicted fo
old–SAM surfaces interacting across water or ethanol,
ating that the forces do not arise from van der Waals i
ctions. However, as the ethanol concentration is incre

urther (75% mole fraction), the jump-in distance beco
omparable to what is predicted by van der Walls attract
n Fig. 3 the effect of hydrophobic forces is not observe
thanol–water mixtures forxEtOH . 0.75, where the intera

ions approach the van der Waals limit. This trend suggest
he solvophobic forces can be altered as the solvent is cha

Shown in Fig. 4 are scaled pull-off forces as a function
thanol mole fraction in water. The pull-off force or adhes

orce is defined as the minimum force that must be applie
eparate the two surfaces. The rate (0.5–2 Hz) at whic
urfaces were separated or the time that the opposed su
ested in contact (50ms–0.5 s) before the pull-off forces we
pplied did not have an effect on the magnitude of the adh

orces. Here we present forces scaled by the radius o
phere,R, in order to relate the force between a curved a
at surface to the interaction free energy,E, between plan
arallel plates of unit area byF/R 5 2pE (25).

FIG. 2. Normalized forces recorded between SAMs of hexadecaneth
ater (F) and in 0.5 mol fraction ethanol in water (E). The arrows show th

ump distances (7.2 nm in water and 3.0 nm in 0.5 mol fraction ethan
ater). The solid and dashed lines indicate fits to van der Waals theory,
q. [1], in water and ethanol, respectively.
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Addition of ethanol to water results in a decrease in
trength of attraction and adhesion. In the case of the eth
ater mixture, the surface tensions of pure water and
thanol differ appreciably (gH2O

5 72.94 mN/m andgEtOH 5
2.39 mN/m at 20°C) (2). As a result, the addition of sm
mounts of ethanol results in a marked decrease in su

ension from that of the water. This effect may be accou
or in terms of a selective adsorption of the alcohol at
iquid–vapor interface.2 The liquid–vapor surface tension
he ethanol–water solution decreases with increasing co
ration of ethanol in a logarithmic fashion (2). The decreas
urface tension and therefore in the contact angle sugges
he surfaces become less solvophobic with increasing et
oncentration. To confirm this, advancing contact angle
ure water and pure ethanol were measured on our sur
or wateru 5 109° 6 1° and for ethanolu 5 19° 6 2°. The
ontact angle measurements correlate well with the chang
dhesive forces as xEtOH is altered, indicating that for the
ystems the interaction forces track the surface wetting p
rties. After forces were measured in 0.75 mol fraction etha

orces were again measured in pure water. Both the jum
istance and the adhesive force were the same as those
ured in water at the beginning of the experiment. T

2 If the surface tension of a liquid is lowered by the addition of a solute,
y the Gibbs equation, the solute must be adsorbed at the liquid interfac
more extended discussion see Ref. (2).

in

n
ing

FIG. 3. Jump-in distances versus the mole fraction of ethanol in wate
exadecanethiol SAMs. The error bars correspond to the standard dev

hat resulted from 10 to 15 force measurements all over the surface. The
nd solid lines correspond to the van der Waals jump distances for gold–
urfaces in ethanol (2.05 nm) and gold–SAM surfaces in water (2.11
espectively. Measurements were done with the same tip and surface as
.
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63EFFECT OF SOLVENTS ON INTERACTIONS BETWEEN SAMs
hanges in wetting properties and the resulting surface f
re reversible.
Figures 3 and 4 both exhibit a small maximum at a m

raction of 0.05. Yaacobi and Ben-Naim (26) have meas
he effect of ethanol on the work associated with the dim
zation of methane molecules in an ethanol–water solv
heir findings show that the addition of small quantities
thanol up to about xEtOH ' 0.2 increases the strength of
ydrophobic interaction between small hydrocarbon m
ules; larger ethanol mole fractions cause a weakening o
ydrophobic interaction. Our data show a maximum for m

ractions around 0.05: the addition of small quantities of
nol (xEtOH # 0.05) induces a small strengthening of the ex
f attraction and adhesion that the two hydrophobic surf

eel, whereas at higher concentrations of alcohol (xEtOH .
.05) there is a pronounced decrease.
If the JKR theory is used to calculate the surface en

orresponding to the adhesion force that we measure in w
t is only a few milliNewtons per meter, where as the value
e calculate from Young’s equation and the contact angle
e measure in water is approximately 40 mN/m.3 A serious

hough practical limitation of the JKR theory is that it assu
erfectly smooth surfaces, and although our sample sur
re smooth, our spheres are not. The roughness of the s
lays a significant role in the forces measured. For examp

3 From Young’s equation:gSV 2 gSL 5 gLVcosu, wheregSV 5 18 mN/m
M. K. Chaudhury and G. M. Whitesides,Langmuir7, 1013 (1991)),gLV 5
2.13 mN/m (for water at 25°C (2)), andu 5 109°. From this,gSL 5 41.48
N/m.

FIG. 4. Pull-off force/radius of sphere versus the mole fraction of eth
n water for hexadecanethiol SAMs. The error bars correspond to the sta
eviations that resulted from 10 to 20 force measurements all over the su
easurements were done with the same tip and surface as in Figs. 2 a
es

e
d

r-
t.
f

-
he
e
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es
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t
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8), the surface energy is in the order of 36–40 mN/m. As
ties of this size are not uncommon on the glass sphere su
8). This result clearly shows the sensitivity of adhesion
urface roughness and difficulties in comparing theore
redictions with measurements.
Because the sphere surface is not smooth, compariso

nteraction forces in different solutions can be done only
he same tip and surface. For a given set of mixtures, the
ip and surface were used. However, different colloid pro
nd surfaces were used for the three different solvent mix

nvestigated here. Therefore quantitative comparisons ar
cult.
Our results for ethanol–water mixtures are in qualita

greement with measurements of interaction of fluoroca
urfaces (27, 28). Parker and co-workers showed that in
hese surfaces are strongly hydrophobic with correspon
dvancing and receding water contact angles of 108° and
espectively. The addition of 0.23 mol fraction ethanol in w
ecreased the liquid–vapor surface tension, giving a co
ngle of 63°, and decreased the strength of the long-r
ttraction and adhesion (from 240 mN/m in water to 56
N/m atxEtOH 5 0.23).
In addition to ethanol–water mixtures, we have also m

ured the effect of addition of ethylene glycol and sur
nteractions across methanol–ethanol mixtures. Figure 5 s
he pull-off force scaled by the radius of the sphere for diffe
ole fractions of ethylene glycol in water (xEG). Behavior

imilar to that seen in the ethanol–water system is obse
he advancing contact angle changes fromu 5 109° 6 1° in
ure water tou 5 83° 6 1° in pure ethylene glycol and th

FIG. 5. Pull-off force/radius of sphere versus the mole fraction of ethy
lycol in water for hexadecanethiol SAMs. The error bars correspond t
tandard deviations that resulted from 10 to 20 force measurements all o
urface.
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64 KOKKOLI AND ZUKOSKI
eceding contact angle changes fromu 5 96° 6 2° to u 5 67°
2°. These results demonstrate that in ethylene glycol, S

urfaces are less solvophobic than water. Adhesive f
ecrease with increasing ethylene glycol mole fraction up
alue of 0.5. ForxEG . 0.5, the adhesion remains constan
ne-third of the value in pure water. In addition asxEG grows,

ump-in distances decrease. In pure ethylene glycol the
aces jump into an adhesive contact at a distance th
wo-thirds of the value in pure water. However, these inte
ions remain larger and have a greater extent than ca
redicted by van der Waals interactions alone. As a co
uence, we conclude that solvophobic interactions exist
onaqueous solvent like ethylene glycol. This observatio
imilar to that reported by Tsaoet al. (29) for interaction
etween double-chained cationic surfactants on mica inte

ng across ethylene glycol. Parker and Claesson (30) sh
hat interactions between two fluorocarbon surfactant m
ayers measured against 51% ethylene glycol in wate
lmost identical to those observed between hydrophobic

aces in water. Upon further increase of ethylene glycol con
ecreases in the range and strength of the attractive forc
bserved and forces between two fluorocarbon surface
omparable to those expected for van der Waals interactio
ure ethylene glycol.
Figure 6 shows the pull-off force scaled by the radius of

phere for different mole fractions of methanol in a metha
thanol system showing a monotonic increase in the stren
dhesion between thiol surfaces as the methanol mole fra

s increased. This result can again be understood in term
eduction in contact angle. The contact angle of the solve
he SAM is increased going from ethanol to methanol
thanolu 5 19°6 2° and for methanolu 5 22° (12)). The thio

FIG. 6. Pull-off force/radius of sphere versus the mole fraction of m
nol in an ethanol–methanol mixture for hexadecanethiol SAMs. The
ars correspond to the standard deviations that resulted from 10 to 20
easurements all over the surface.
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nd methanol. The adhesion measured between thiol SA
hese solvents is small, which was expected for a set of
aces that exhibit a higher affinity for the solvent than for e
ther. The jump-in distances are also small and, within

nstrument sensitivity, there appears to be no obvious rela
hip between jump-in distances and the methanol mole fra
n ethanol with values that vary between 2 and 3 nm. The
er Waal theory predicts that two gold–SAM surfaces

ump into contact at a separation of 2.05 nm in ethanol and
m in methanol, using Eq. [1] and an unretarded Ham
onstant ofA232 5 4.79 3 10221 J (3 5 methanol),A232 5
.28 3 10221 J (3 5 ethanol). Thus we can conclude t

nteractions between thiol SAMs in ethanol and methanol
ccurately be predicted by van der Waals theory.
The thiol surfaces studied here exhibit a strong attractio
ater. As different solvents are added, both the range o
ttraction and the magnitude of the adhesion are decre
ith interactions being larger in ethylene glycol. methanol.
thanol. As discussed above, this phenomenon can b
ounted for by the effect of the specific solvent on the con
ngle measurements. Indeed, hexadecanethiol SAMs w
ore solvophobic in ethylene glycol than in methanol or
nol. As we also go from water to different solvents, we
hanging the dielectric constant of the medium (80 for wa
1 for ethylene glycol, 33 for methanol, and 26 for etha
24)). It appears, therefore, that changes in the dielectric
tant of the solvent track changes the contact angle of
olvent and as a consequence changes in the interaction
etween SAM surfaces can follow.
Note however that this is not the only mechanism by w

ydrophobic forces can be altered. Previous studies
hown that as the electrolyte concentration in water is
reased the strength of attractions increases between m
erminated SAM surfaces identical to those studied here (8
his study, changes in contact angle with salt concentr
ould not be detected. Instead, a universal curve of adh
orce could be generated for different electrolyte types if
orces were plotted as a function of water–chemical poten
omparing the effects of electrolyte and solvent type indic

hat distinctly different mechanisms are at work in altering
agnitude of the hydrophobic force.

CONCLUSIONS

In this study we have demonstrated that the adhesive
ctions of hydrophobic surfaces can be controlled in a sys
tic way by varying the solvent. The addition of solvents
queous solutions changes the dielectric constant of the
ium and the contact angle of the solvent on the subs
here is a clear connection between the effect of solven
ontact angle measurements, between the solvent and th
ace of interest, and the effect of that solvent on the f
rofile of the SAM surfaces. This result is similar to that

-
or
rce
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65EFFECT OF SOLVENTS ON INTERACTIONS BETWEEN SAMs
imilar conclusion based on holding the solvent constant
arying the surface composition. For the SAMs studied h
ifferent solvents alter the solvent/surface interactions
hanging the contact angles of the solutions on the surfa
reversible way, and results are sensitive to solvent type

oncentration.
Adhesive forces and jump-in distances measured in

thylene glycol–water system and in pure ethylene gly
ogether with contact angle measurements of ethylene g
n the SAM surface, showed that solvophobic interactions
e observed in both water and ethylene glycol and ther
annot be attributed to the unique structural propertie
ater. Tsaoet al. (29) also observed that long-range attrac

orces were present in both water and ethylene glycol.
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