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Abstract: Pulloff forces were measured under solvent for Au-coated atomic force microscopy (AFM) tips in
contact with-S-acetate-,-O-acetate-,-SH-, or -OH-terminated self-assembled monolayers (SAMs). The
SAMs were formed by adsorption ofω-functionalized undecylphosphonic acids on metal oxide substrates. In
ethanol and hexadecane, the mean force required to rupture Au/S-acetate microcontacts was 7 times greater
than the mean force required to break Au/O-acetate contacts, consistent with the known affinity of S-containing
functional groups for Au. Further, rupture force histograms for Au/S-acetate microcontacts under ethanol or
hexadecane showed 0.1 nN periodicity. Rupture forces for Au/-SH microcontacts were 4 times greater than
for Au/-OH microcontacts under ethanol, and the rupture force histograms showed the same 0.1 nN periodicity.
We have assigned this 0.1 nN force quantum to rupture of individual chemical bonds and have estimated the
bond energy to be on the order of 10 kJ/mol. The specific interaction corresponding to this energy appears to
be abstraction of Au atoms from the tip surface upon pulloff. Our ability to detect these discrete interactions
was a function of the solvent in which the measurements were made. For example, in water there was no
difference in the mean pulloff force for Au/S-acetate and Au/O-acetate contacts and the histograms did not
exhibit periodicity. In general, mean rupture forces for tip-SAM microcontacts are strongly solvent-dependent.
To observe single bond rupture forces directly, we argue that the tip-substrate interfacial energy must be
negatiVe and larger in absolute value than the substrate-solvent and tip-solvent interfacial energies [i.e.,
|γsubstrate-tip| > (γtip-solvent + γsubstrate-solvent)]. Otherwise, nonspecific solvent exclusion effects dominate the
microcontact adhesion. These measurements show that, whereas rupture forces for tip-SAM microcontacts
are solvent-dependent, these forces can be sensitive, under the right conditions, to fluctuations in the number
of discretechemical interactions.

Introduction

We report adhesion measurements in solvent for Au-coated
atomic force microscopy (AFM) probes in contact with self-
assembled monolayers (SAMs) bearing sulfur-containing ter-
minal groups (Scheme 1). Exchanging the sulfur in the terminal
group with an oxygen reduces the measured rupture force,
demonstrating that the interaction of S with the Au probe is the
cause of the strong adhesion. We show that rupture force
distributions for hundreds of consecutive microcontacts to
S-containing SAMs reveal discrete 0.1 nN force quanta, which
we assign to abstraction of individual Au atoms from the surface
of the Au probe. To date, there are few adhesion studies that
report direct detection of rupture forces for discrete,nonbio-
logical conjugations.1 However, knowledge of the mechanical
strength of individual chemical bonds can enhance understanding
of the molecular dynamics of adsorption, adhesion, and self-
assembly.2

In force microscopy studies, adhesion is quantified as a force
(rather than energy/area) required to rupture the tip-sample
microcontact.3 AFM adhesion force measurements have been

extensively reported4 and recently reviewed.5 It is now well
established that rupture forces are sensitive to the chemical
nature of the tip and substrate. Experiments using tips and
substrates modified with SAMs have demonstrated that the
measured rupture forces depend on the identity of the exposed
functional groups.3a,4c-f,h,j,k To avoid both capillary forces
associated with measurements in the ambient and the relative
difficulty of working in a vacuum, AFM adhesion force
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measurements are often performed in solvent. Although the
measured rupture forces do depend on the nature of the exposed
functional groups, the solvent often has a dramatic influence.
For example, it has been reported that in ethanol 2.3 nN is
required to rupture the contact between Au-coated tips and
substrates functionalized with dodecylthiol.3a Changing the
terminal group on the tip monolayer from CH3 to COOH lowers
the force to 0.3 nN, but changing the solvent from ethanol to
hexadecane drops the rupture force between the CH3-terminated
surfaces to 0.07 nN. Thus the solvent can play a larger role
than the tip and substrate chemistry in determining the magni-
tude of the adhesion force.

To the extent that a major goal of these adhesion force
measurements is the determination of single bond forces, the
large solvent dependence is frustrating because it masks the
individual chemical interactions inside the microcontact. Indeed,
there is remarkable correspondence between the measured
rupture or pulloff forces (Fpulloff) and the predictions of
continuum contact mechanics models such as Johnson-Ken-
dall-Roberts (JKR),6 which predict thatFpulloff depends on a
balance of interfacial energies, namely:

whereR is the reduced radius,Wad is the work of adhesion,

andγtip-solvent, γsubstrate-solvent, andγsubstrate-tip are the tip-solvent,
substrate-solvent, and substrate-tip interfacial energies. Sinniah
et al.4e have pointed out that in many cases the tip-solvent and
sample-solvent interfacial energies are relatively large, that is,

leading to large solvent exclusion forces that are primarily
responsible for microcontact adhesion. The term “solvent
exclusion force” refers to athermodynamic (free energy) driVing
force, not a mechanical force, and is associated with solvent
ordering at the substrate and the tip. Whenγsubstrate-tip is
negligible compared with (γtip-solvent + γsubstrate-solvent), pulloff
is determined by solvent exclusion. If the tip and substrate are
chemically modified with the same molecules, it is often
estimated thatγtip-solvent ≈ γsubstrate-solvent, so that Fpulloff ∝
2γsubstrate-solvent.2 Although determination ofγsubstrate-solventon a
nanometer scale by pulloff measurements can reveal chemical
heterogeneity of surfaces,7 the often overwhelming effect of
solvent exclusion is at odds with the desire (at least of chemists)
to determine single bond forces.

However, experimental modifications can be made to deter-
mine single bond forces in AFM measurements. In one approach
a long macromolecule is tethered to the tip and substrate and
stretched until the weakest bond fails.4a,8This chain-stretching
method has worked well for studying biological ligand-receptor
interactions4i,m-o and should also work for studies of nonbio-
logical bond strengths. Although the measured rupture forces
in these experiments may also show solvent dependence, large
solvent exclusion forces are eliminated because the tip is many
nanometers away from the substrate at the point of rupture.

A second approach to detecting single bond forces is to
examine tip-sample microcontacts having chemically specific
interactions that are comparable with, and preferably much
stronger than, the solvent exclusion contribution. That is, for
the pulloff measurement to be sensitive to discrete bonds inside
the microcontact, it is desirable that

(compare with eq 3) and thatγsubstrate-tip benegatiVe. Negative
γsubstrate-tip values are not sustainable for liquid-liquid interfaces,
but are possible for solid-solid contacts, and reflect strong
chemical bonding between the tip and substrate, increasing the
pulloff force.9 From an experimental viewpoint,γsubstrate-tip must
be large and negative to detect tiny rupture force variations that
might occur in consecutive microcontact ruptures caused by
fluctuations in the number of discrete chemical bonds formed.
If |γsubstrate-tip| is small, tiny rupture force variations will be
difficult to detect because the contribution of the bonds to the
total force is small. When (γtip-solvent+ γsubstrate-solvent) is small
or negligible compared with the tip-sample bonding (γsubstrate-tip),
the rupture force directly reflects the number of chemical bonds
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Scheme 1. (A) Self-assembly of alkyl phosphonic acid
reagents I-IV onto metal oxides. (B) Interaction of an
Au-coated AFM tip with an end-functionalized alkyl
phosphonic acid SAM.

Fpulloff ) -3π
2

RWad (1)

Wad ) (γtip-solvent+ γsubstrate-solvent) - γsubstrate-tip (2)

(γtip-solvent+ γsubstrate-solvent) > |γsubstrate-tip| (3)

|γsubstrate-tip| > (γtip-solvent+ γsubstrate-solvent) (4)
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formed in the microcontact, and statistical sampling may be used
to estimate the rupture force associated with a single bond.10

In this article, we focus on this second approach for detecting
single chemical bond forces. We have chosen to study the
interaction of Au probes with SAMs terminated with S-
containing functional groups, because Au-S interactions are
strong [reported Au-thiolate bond dissociation energies are 120
kJ/mol (1.2 eV/bond),11 roughly a third of a typical C-C bond]
and facile.12 We have prepared bothS-acetate-13 and thiol-
terminated alkyl phosphonic acids, reagentsI and III , respec-
tively, which will adsorb to metal oxide surfaces such as In-
doped Sn2O3 (ITO) and AlOx via the phosphonic acid group,
leaving the S-containing tail group exposed (Scheme 1). Alkyl
phosphonic acids bind to metal oxides with roughly 3× 10-10

mol/cm2 coverages depending on the tail group.14 The binding
is believed to involve an ester linkage of the phosphonic acid
with free hydroxyl groups on the substrate.15 We have also
preparedO-acetate- and hydroxyl-terminated alkyl phosphonic
acids, reagentsII and IV . Monolayers ofII and IV serve as
control samples in our microcontact rupture experiments,
because no S is present in these films and therefore specific
interactions with Au probes are not expected. Note that reagents
I and II are identical except for the substitution of 1 atom,
namely O for S; the same is true for reagentsIII and IV .

Our intention was to measure rupture forces associated with
discrete Au-thiolate linkages. One article previously reported
that the rupture strength of this bond is 1.4 nN.4a We show here
that the mean rupture forces associated with our tip-SAM
microcontacts are less than 1 nN, making it unlikely that our
microcontact rupture experiments involve breaking Au-thiolate
bonds. However, we do detect a 100 pN force quantum in the
rupture force distributions for microcontacts toI andIII . Based
on energetic arguments, we have assigned this force to the
abstraction of Au atoms from the surface of the AFM tip.

Before this work, the strongest specific interactions that have
been probed in tip-SAM microcontacts, excluding biological
interactions such as DNA duplex formation, are hydrogen bonds
such as between amide-modified tips and substrates.4c H-bonds
have energies in the range of 10-40 kJ/mol (100-400 meV/
bond),16 but nodirect evidence for rupture of discrete H-bonds
in tip-SAM microcontact pulloff experiments has been reported.
As far as we are aware, our studies represent the first direct
detection of discrete (nonbiological) bonds associated with tip-
SAM microcontacts.

Experimental Section

Materials. 11-Bromoundecanol (98%),p-toluenesulfonic acid mono-
hydrate (98.5%), hexanethiol (95%), triethyl phosphite (98%), potassium
thioacetate (98%), and trimethylbromosilane (98%) were obtained from
Aldrich (Milwaukee, WI) and dihydropyran (99%) was obtained from
Chimica (Geel, Belgium). All solvents were of spectroscopic quality.
Toluene was shaken with sulfuric acid and distilled from CaCl2, and
CH2Cl2 was distilled from P2O5. Absolute ethanol was obtained from
Aaper Alcohol and Chemical Co. (Shelbyville, KY). Gold (99.999%)
was obtained from W. E. Mowrey Co (St. Paul, MN). Aluminum
(99.999%) was obtained from Alfa Esar (Ward Hill, MA). Indium-
tin oxide (Rs e 100 Ω) coated (∼20 nm) glass slides (25× 75 × 0.9
mm) were obtained from Delta Technologies Ltd. (Stillwater, MN).
Water (18 MΩ) was filtered using a Barnstead system.

Monolayer Preparation. For IR measurements, glass slides (25×
75 × 1 mm) were cleaned in boiling 5:1:1 H2O/H2O2/NH4OH, rinsed
with distilled water and absolute ethanol, and dried with flowing N2.
The slides were then coated either with 5 nm of Cr followed by 100
nm of Au, or with 100 nm of Al. The native oxide formed on Al-
coated slides (hereafter referred to as AlOx) was cleaned further in
100-W Ar (500 mTorr) plasma for 30 min. Slides were then immersed
in a 1 mM tetrahydrofuran (THF)/AcOH (50:1) solution of the
respective reagent for 12 h, followed by removal from the solution,
thorough rinsing with the same solvent mixture, and drying in flowing
N2. The bilayer ofI or III formed on Au-coated slides was washed
with 2% tetramethylammonium hydroxide [(CH3)4N+OH-] in ethanol,
5% acetic acid in ethanol, and finally a copious amount of ethanol, to
yield the monolayer. For force measurements, ITO17 slides were cut
into 10× 10 mm pieces, which were cleaned in 100-W Ar plasma for
20 min followed by immersion in 1 mM THF/AcOH (50:1) solution
of the respective reagent for 5 min. The substrates were then removed
from the solution, rinsed thoroughly with the same solvent mixture,
dried with flowing N2, and used immediately.

Infrared Spectroscopy. Infrared spectra were recorded using a
Nicolet MAGNA 550 FT-IR spectrometer equipped with Harrick
Seagull reflectance apparatus and a KRS-5 polarizer. Reflection-
adsorption IR spectra were acquired using p-polarized light incident
angle at 84° relative to the surface normal. Typically, 2048 scans were
acquired at 2 cm-1 resolution.

X-ray Photoelectron Spectroscopy.X-ray photoelectron spectros-
copy studies were performed on a Physical Electronics PHI 5400 fitted
with a 180° spherical capacitor analyzer, using a Mg X-ray source at
300 W. The S2p spectra were recorded from a sampling area of∼3
mm2 with a takeoff angle of 55° and analyzer pass energy of 35.75
eV. Acquisition times were∼15 min with a base pressure less than 1
× 10-9 Torr.

Force Measurements.Force measurements were performed with a
Nanoscope III from Digital Instruments (Santa Barbara, CA) equipped
with a fluid cell. Commercially available V-shape Si3N4 cantilevers
with leg length of 200µm and leg width of 20µm were used. Both
sides of each cantilever were primed with 3 nm of Cr, followed by 36
nm of Au, deposited by thermal evaporation. Au-coated cantilevers
were used immediately after evaporation. Alternatively, 40 nm of Al
was evaporated on both sides of a cantilever, followed by cleaning in
25-W Ar plasma for 3 min and immersion in 1 mM THF/AcOH (50:
1) solution of the respective reagent for 5 min. The force constant of
each lever was determined by the Cleveland method.18 Resonance
frequencies of coated cantilevers varied from 13.5 to 15.5 kHz, with
the corresponding variations of the force constant between 0.048 and
0.076 N/m. Force measurements were typically performed with a Z
position sweep of 100 nm at a rate 100 nm/s and∼250 force curves
collected. Force curves were analyzed using routines written in Igor
Pro (Wavemetrics, Lake Oswego, OR). For each force curve, drift and
nonlinearity of the photodetector was corrected by giving the contact
region of the retraction curve a slope of-1. The smoothly varying
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background of the autocorrelation function was subtracted by application
of a 30th order binomial filter.19

Synthesis. 11-O-Tetrahydropyranundecylbromide (Ia). To 120
mL of dry CH2Cl2 were added 15 g (60 mmol) 11-bromoundecanol,
6.5 mL (71 mmol) dihydropyran, and 0.3 g (1.6 mmol)p-toluene-
sulfonic acid (p-TsOH) and the solution stirred for 24 h. Then 130 mL
of CH2Cl2 were added and the solution washed with 2× 100 mL of
saturated NaHCO3 and 100 mL of saturated NaCl. Drying of the organic
phase over MgSO4 and solvent removal by rotary evaporation yielded
dark brown oil, which was used in the next step without further
purification. 1H NMR (300 MHz, CDCl3): δ 1.26-1.87 (m, 24 H),
3.31-3.88 (m, 6 H), 4.54 (m, 1 H).

11-Hydroxyundecyldiethylphosphonic Ester (Ib).A solution of
15.9 g (48 mmol) ofIa and 8.5 mL (49 mmol) of triethyl phosphite
was refluxed for 12 h. After removal of ethylbromide and excess triethyl
phosphite in a vacuum, the resulting oil and 0.5 g (2.6 mmol) p-TsOH
were stirred in 150 mL of methanol for 1.5 h. The solution was
transferred to a separatory funnel with 150 mL of diethyl ether and
100 mL of hexane and washed with 2× 150 mL of 5% HCl and 150
mL of saturated NaCl. Drying of the organic phase over MgSO4 and
removal of the solvent by rotary evaporation yielded slightly yellow
oil. 1H NMR (300 MHz, CDCl3): δ 1.25-1.85 (m, 26 H), 3.58 (t, 2
H), 4.05 (m, 4 H).

11-Bromoundecylphosphonic Acid (Ic). Ib(14 g, 45 mmol) was
refluxed in 150 mL of concentrated HBr for 24 h. This mixture was
then transferred to a separatory funnel along with 150 mL of CHCl3

and 10 mL of methanol. The organic phase was washed with 3× 150
mL of 5% HCl and 150 mL of saturated NaCl. Drying of the organic
phase over MgSO4 and removal of the solvent yielded brown oil.
Repeated recrystallization from CHCl3/methanol/CH3CN gave an off-
white solid.1H NMR (300 MHz, CDCl3/CD3OD): δ 1.26-1.90 (m,
20 H), 3.36 (t, 2 H).

11-S-Acetylundecylphosphonic Acid (I). Ic (1.1 g, 3.5 mmol) was
dissolved in a solution of 30 mL of ethanol and 20 mL of THF, and to
it was added 0.5 g (4.4 mmol) of potassium thioacetate. The solution
was refluxed for 5 h and then transferred to a separatory funnel with
100 mL of CH2Cl2. The organic phase was washed with 2× 80 mL of
5% HCl and 80 mL of saturated NaCl. The organic phase was dried
over MgSO4, and the solvent was removed by rotary evaporation.
Crystallization from CHCl3/MeOH/CH3CN gave an off-white solid.1H
NMR (300 MHz, CDCl3): δ 1.25-1.82 (m 20 H), 2.31 (s, 3 H), 2.85
(t, 2 H), 8.90 (br, 2 H). IR (KBr, cm-1) 2918, 2850 (C-H), 1688 (Cd
O), 1465, 1356 (C-H).

11-O-Acetylundecylphosphonic Acid (II). A solution of 1.7 g (5.4
mmol) of Ib , 0.9 mL (15 mmol) of AcOH, and 2.5 mL (16 mmol) of
triethylamine in 50 mL dimethyl sulfoxide (DMSO) was heated to 80
°C for 12 h. Then the solution was transferred to a separatory funnel
along with 120 mL of CH2Cl2 and 10 mL of methanol and washed
with 3 × 80 mL of 5% HCl and 80 mL of saturated NaCl. Drying of
the organic phase over MgSO4 and removal of solvent by rotary
evaporation yielded a red-brownish soft solid. Recrystallization from
CHCl3/methanol/CH3CN yielded a white solid.1H NMR (300 MHz,
CDCl3): δ 1.20-1.78 (m, 20 H), 2.03 (s, 3 H), 4.03 (t, 2 H), 9.64 (br,
2 H). IR (KBr, cm-1) 2918, 2849 (C-H), 1734 (CdO), 1645, 1369
(C-H).

11-Thioundecylphosphonic Acid (III). To a solution of 30 mL of
ethanol and 20 mL of THF were added 0.7 g (2.3 mmol) ofI and 0.56
g (10 mmol) KOH in 10 mL of water; this was stirred for 3 h under
N2. The solution was then transferred to a separatory funnel along with
100 mL of CHCl3 and washed with 2× 80 mL of 5% HCl and 80 mL
of saturated NaCl. Drying of the organic phase over MgSO4 and
removal of the solvent by rotary evaporation yielded an off-white solid.
1H NMR (300 MHz, CDCl3): δ 1.25-1.82 (m, 20 H), 2.52 (m, 2 H),
10.29 (br, 2 H). IR (KBr, cm-1) 1918, 2850, 1468 (C-H).

11-Hydroxyundecylphosphonic Acid (IV).A solution of 4.5 g (15
mmol) of Ib , 9 mL (51 mmol) of trimethylbromosilane in 50 mL of
dry CH2Cl2 was stirred for 24 h under N2. Then 20 mL of methanol
were added and the solution stirred further for 24 h. The solution was
then transferred to a separatory funnel along with 100 mL of CH2Cl2

and washed with 2× 100 mL of 5% HCl and 100 mL of saturated
NaCl. Drying of the organic phase over MgSO4 and removal of the
solvent by rotary evaporation yielded a brown, soft solid. Repeated
recrystallization from CHCl3/methanol/CH3CN yielded a white solid.
1H NMR (300 MHz, CDCl3/CD3OD): δ 1.21-1.67 (m, 20 H), 3.54
(t, 2 H). IR (KBr, cm-1) 3190 (br, O-H), 2918, 2849, 1466 (C-H).

Results

Reflection-Absorption Infrared Spectroscopy. Reflec-
tion-absorption infrared spectroscopy (RAIRS) was used to
characterize the structure of monolayers ofI on AlOx and Au,
and to obtain information about the binding ofS-acetates to
Au.20 Figure 1A shows the RAIRS spectrum of a monolayer of
I on AlOx. Symmetric and asymmetric C-H stretches are
positioned at 2855 and 2928 cm-1, and a carbonyl stretch is
visible at 1700 cm-1. Figure 1B shows the RAIRS spectrum of
an as-deposited film ofI on Au. The C-H stretches appear at
2853 and 2926 cm-1 as expected, but their intensity implies
formation of a bilayer ofI , presumably bound through hydrogen
bonding of the phosphonic acid groups. The CdO stretching
region shows an intense peak at 1695 cm-1 characteristic of
the S-acetate and two weaker absorptions at 1670 and 1600
cm-1. The hydrogen-bonded layer can be removed by rinsing
with ethanolic (CH3)4N+OH-; Figure 1C shows the RAIRS
spectrum of the monolayer ofI that remains adsorbed to Au.
The C-H stretching peaks have the same frequency as in the
monolayer on AlOx (Figure 1A), but the CdO stretch has
entirely disappeared.

X-ray Photoelectron Spectroscopy.To determine the elec-
tronic state of the sulfur atom in SAMs ofI on MOx and Au,
the S2p binding energies were measured and compared with the

(19) Marchard, P.; Marmet, L.ReV. Sci. Instrum.1983, 54, 1034.
(20) RAIRS spectra of SAMs ofIII andIV were identical with those of

I and II with the exception of peaks due to different end groups.

Figure 1. (A) RAIRS spectrum of I on AlOx. Principal peaks
correspond to C-H and CdO stretches. (B) RAIRS spectrum of an
as-deposited bilayer ofI on Au. Principal peaks correspond to C-H
and CdO stretches. (C) RAIRS spectrum of a monolayer ofI on Au,
formed by washing the as-deposited bilayer with (CH3)4N+OH- in
ethanol. Intensity of C-H stretches is halved, whereas the CdO stretch
has disappeared.
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S2p binding energies in SAMs of dodecylthiol (DDT) on Au,
Figure 2. Figure 2A shows the S region of the X-ray photo-
electron spectrum (XPS) forI on ITO. The S2p peak appears as
a doublet because of S2p3/2 and S2p1/2 splitting, positioned at
161.9 and 163.1 eV with a relative area of 2:1, respectively.
These S2p binding energies are typical for bulk-phase thioesters,
indicating that the thioester group is intact. Figures 2B and 2C
show the S2p spectra for a monolayer ofI (after rinsing with
base, see Experimental) and DDT adsorbed to Au, respectively.
Comparison shows that the chemical shifts are identical; the
S2p energies forI have shifted by 1.7 eV to lower binding on
Au than on ITO. Adsorption of alkylthiols such as DDT give
surface-bound thiolates.11b,21Binding of I to Au evidently results
in cleavage of the acetyl and formation of the same surface-
bound thiolate species. The S2p spectrum for a bilayer ofI on
Au (not shown here) exhibited a broader peak, centered around
162.5 eV, which could be fit with a pair of doublets, representing
bound thiolate and unboundS-acetate, in keeping with the
bilayer interpretation of the RAIRS spectrum in Figure 1B.

Rupture Force Measurements.Figure 3 shows typical force
curves taken with an Au-coated tip on monolayers ofI (S-acetate
terminated, lower trace) andII (O-acetate terminated, upper
trace) on ITO under ethanol. As seen in the figure, a large
difference exists in the tip-substrate rupture force measured
on the two surfaces. Typical experiments involved hundreds of
consecutive microcontact ruptures with the same tip. Figure 4A
shows the consecutively measured rupture forces vs time for a
typical Au probe contacting a monolayer ofI ; each rupture
measurement was completed in 2 s. Although variance occurs

in the measured force between consecutive ruptures, the mean
force (0.7 nN) does not increase or decrease, implying that the
tip-substrate affinity is not changing in time. Figure 4B shows
that the mean rupture force also does not depend on the
maximum compressive load applied to the contact.

Histograms (occurrence vs measured rupture force) showing
the results for hundreds of consecutive microcontact ruptures
between an Au probe and monolayers ofI andII under ethanol
are shown in Figures 5A and B. The histogram in Figure 5A
corresponds to the data set in Figure 4. Inspection of Figure 5
shows that the mean rupture force (Favg ( 1σ) on theS-acetate-

(21) (a) Zhong, C.-J.; Brush, R. C.; Anderegg, J.; Porter, M. D.Langmuir
1999, 15, 518. (b) Gastner, D. G.; Hinds, K.; Grainger, D. W.Langmuir
1996, 12, 5083.

Figure 2. (A) XPS S2p spectrum ofI on ITO. Peak position corresponds
to an unbound S-acetyl functional group. (B) XPS S2p spectrum of a
monolayer ofI on Au. (C) XPS S2p spectrum of DDT on Au. Peak is
fitted with a doublet positioned at 161.9 and 163.1 eV due to S2p3/2

and S2p1/2 splitting with a relative area of 2:1, respectively. The peak
in C is identical with the peak in B, implying that alkyl-S-acetates adsorb
to Au to form Au-thiolates.

Figure 3. Representative force curves for an Au-coated AFM tip
interacting with a monolayer ofI (lower trace) andII (upper trace) on
ITO in ethanol.

Figure 4. Rupture force between an Au-coated tip and a monolayer
of I in ethanol as a function of time (A) and applied load (B).
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terminated film is 0.7( 0.2 nN (Figure 5A), but this force drops
to 0.10( 0.03 nN on theO-acetate-terminated layer (Figure
5B). Thus, by exchanging the S in theS-acetate for O, a drop
in the average force by a factor of 7 is observed. A periodicity
is apparent in theS-acetate histogram in Figure 5A, which is
highlighted by the evenly spaced arrows. This periodicity is
readily apparent in the autocorrelation of the histogram (Figure
6A), which shows a sinusoidal oscillation. The period of this
oscillation is 0.1 nN as indicated by the single peak in the
Fourier transform of the autocorrelation (Figure 6B).

The detection of 0.1 nN quanta was characteristic for
experiments performed in ethanol (and other alcohols such as
methanol and propanol) and hexadecane. Figure 7 shows a
histogram of rupture forces measured in hexadecane between
an Au-coated tip and monolayers ofI (Figure 7A) andII (Figure
7B). Again, a larger rupture force is measured for theS-acetate
(Favg ) 1.2 nN)- than theO-acetate (Favg ) 0.18 nN)-terminated
monolayer. Periodicity in this histogram is apparent in the
sinusoidal shape of the autocorrelation function (Figure 8A),
and is highlighted by the Fourier transform in Figure 8B, which
shows a single peak at 0.11 nN.

Histograms from measurements performed in water are shown
in Figure 9. Unlike measurements in ethanol and hexadecane,
measurements in water showed no difference in the average
rupture force for monolayers ofI (Favg ) 2.8( 0.8 nN) andII
(Favg ) 2.6( 0.7 nN). Furthermore, the average force in water
was several times larger than the force measured in ethanol and
hexadecane. No periodicity is observed in the histogram in
Figure 9A. The autocorrelation of the histogram in Figure 9A,
shown in Figure 10A, does not exhibit a constant frequency

oscillatory behavior as emphasized by the Fourier transform of
the autocorrelation in Figure 10B.

Measurements performed on a SAM ofIII showed lower
average rupture force than when a SAM ofI was used. Figure
11 shows a histogram of rupture forces between a Au-
coated tip and a monolayer ofIII (Figure 11A) andIV (Figure
11B) in ethanol. Although rupture forces on a SAM ofIII

Figure 5. (A) Histogram of rupture forces between an Au-coated
AFM tip and a monolayer ofI on ITO in ethanol. Arrows point to
peaks with periodicity of 0.1 nN. (B) Histogram of rupture forces
between an Au-coated AFM tip and a monolayer ofII on ITO in
ethanol.

Figure 6. (A) Autocorrelation function for the histogram of rupture
forces shown in Figure 5A. Oscillations have a periodicity of 0.1 nN,
which is emphasized by a single peak in the Fourier Transform (B) of
the autocorrelation function.

Figure 7. (A) Histogram of rupture forces between an Au-coated
AFM tip and a monolayer ofI on ITO in hexadecane. Arrows point to
peaks with periodicity of 0.11 nN. (B) Histogram of rupture forces
between an Au-coated AFM tip and a monolayer ofII on ITO in
hexadecane.
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(Favg ) 0.2 nN) are smaller than for a SAM ofI , they are
nevertheless larger than on a SAM ofIV (Favg ) 0.05 nN).
The histogram in Figure 11A shows the same 0.1 nN period-
icity as the histograms in Figures 5A and 7A, as emphasized
in the autocorrelation function (shown in Figure 12A),
and the Fourier transform of the autocorrelation (Figure
12B).

Discussion

Binding of I to MOx and Au . The RAIRS spectra in Figures
1A and 1C establish the presence, approximate coverage, and
orientationof reagentI on metal oxide and Au surfaces. The
C-H stretching absorbances in both Figures 1A and 1C are
consistent with approximately monolayer coverage ofI on MOx
and Au. By comparison with typical RAIRS spectra for SAMs
on Au we estimate a coverage of 3× 10-10 mol/cm2 (∼2
molecules/nm2) on both MOx and Au surfaces. This coverage

Figure 8. (A) Autocorrelation function for the histogram of rupture
forces shown in Figure 7A. Oscillations have a periodicity of 0.11 nN,
which is emphasized by a single peak in the Fourier Transform (B) of
the autocorrelation function.

Figure 9. (A) Histogram of rupture forces between an Au-coated AFM
tip and a monolayer ofI on ITO in water. (B) Histogram of rupture
forces between an Au-coated AFM tip and a monolayer ofII on ITO
in water.

Figure 10. (A) Autocorrelation function for the histogram of rupture
forces shown in Figure 9A. No periodic oscillations are observed
comparable with those observed in Figures 6A and 8A, as emphasized
by the complex Fourier Transform (B) of the autocorrelation function.

Figure 11. (A) Histogram of rupture forces between an Au-coated
AFM tip and a monolayer ofIII on ITO in ethanol. (B) Histogram of
rupture forces between an Au-coated AFM tip and a monolayer ofIV
on ITO in ethanol.
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means that the alkyl chains are not close-packed, and indeed
the positions of the symmetric and asymmetric C-H stretches
indicate that the chemisorbed film is fluidlike, not crystalline.22

The most striking difference between the spectra in Figures
1A and 1C is the presence of a strong thioester carbonyl stretch
in the former, and its complete absence in the latter. The large
carbonyl peak in Figure 1A indicates that the thioester has not
reacted and is not associated with the MOx surface, because its
stretching frequency is unchanged from its position in solid IR
spectra. However, the absence of the carbonyl in Figure 1C
implies that the thioester group reacts with Au. We conclude
that I binds to MOx via the phosphonic acid group and to Au
via the thioester, as intended. Analogous results were obtained
for reagentIII . We have also found by RAIRS thatII and IV
adsorb to MOx with comparable coverages toI , but do not
adsorb to Au, as expected.

An important question concerns the binding mechanism ofI
to Au, specifically, whether the acetyl headgroup cleaves from
I upon adsorption, leaving a surface-bound thiolate (see sketch
in Figure 1C), or remains attached toI , producing a surface-
adsorbed acetyl moiety. Both the RAIRS and XPS results
address this question. As-deposited films ofI on Au show the
presence of at least two kinds of carbonyl species in their RAIR
spectra (Figure 1B), the typical thioester peak at 1695 cm-1

and the low intensity, broad peak at 1600 cm-1, which indicates
reaction of the thioester group. The C-H absorptions from the
as-deposited films are roughly twice that typically found for
single monolayers, indicating the formation of a bilayer. Most
likely a bilayer forms by hydrogen bonding between terminal
phosphonic acid groups inI ; multilayers of alkyl phosphonates
have been reported previously.23 The CO stretch at 1695 cm-1

therefore corresponds to the free thioester groups that terminate

the bilayer, as shown in the sketch in Figure 1B. The broad
absorbance at 1600 cm-1 may represent a surface-adsorbed
acetyl species. Upon removing the hydrogen-bonded layer by
rinsing in base, the C-H absorbances drop to values consistent
with a single layer and all carbonyl peaks disappear, as noted
above (Figure 1C). The complete absence of any CO stretches
in Figure 1C supports the model that the thermodynamically
stable adsorbate is the thiolate derivative ofI . However,
metastable surface-adsorbed acetyl species may be possible,
based on the data in Figure 1B.

The formation of the surface-bound thiolate derivative ofI
can be confirmed by XPS. Figures 2B and 2C show the XPS
S2p spectra of monolayers ofI (after rinsing in ethanolic base)
and DDT on Au. The S2p chemical shifts in the two spectra are
identical, meaning that the adsorbed species in both cases is a
thiolate. We have also found that adsorption of alkylS-acetates
(no terminal phosphonic acid group) show identical spectra.

Interpretation of Microcontact Rupture Data . Specific vs
NonSpecific Interactions and the Role of Solvent. Figures 5
and 7 clearly show that, under ethanol or hexadecane, adhesion
of Au probes is significantly greater to SAMs ofI than to SAMs
of II . Because the only chemical difference between SAMs of
I andII is the substitution of a single atom, namely O inII for
S in I , the most straightforward interpretation is that the
difference in adhesion arises from a specific Au-S interaction,
that is, the formation of either Au-thiolate or Au-S-acetate
bonds inside the Au-I microcontact. The chemical similarity of
I andII makes it unlikely that there are significant differences
in SAM I and SAM II solvent interfacial energies that could
cause the observed differences inFpulloff. In fact, the two
monolayers showed same contact angle with water, 70°.
Furthermore, control experiments using hexane thiol derivatized
Au probes24 yielded small Fpulloff values and showed no
difference in the meanFpulloff for SAMs of I and II . These
controls demonstrate that both bare Au probes and the presence
of S in the monolayer are necessary for large adhesion. They
also confirm that there is no significant difference in the solvent
interfacial energies ofI andII . Under ethanol and hexadecane
the large adhesion to SAMs ofI must be caused by specific
Au-S interactions inside the microcontact.

As expected, Figure 11 also shows that adhesion is greater
to a SAM of III than to a SAM ofIV . Surprisingly though,
adhesion to a SAM ofIII is lower than to a SAM ofI . We are
not sure of the origin of this difference, because we expect that
Au-thiolate bonds can form in both cases. A possible explana-
tion is that fewer Au-thiolate bonds are formed within the Au-
III microcontact than within the Au-I microcontact because of
the susceptibility of the thiol group inIII to oxidation.25 Initially,
thiols oxidize to form disulfides, but upon further oxidation
sulfoxides are formed which do not bind strongly to Au. Because
we observed larger mean adhesion forces for microcontacts to
SAMs of I , we focused most of our effort on this system over
SAMs of III .

Comparison of Figures 5, 7, and 9 shows that adhesion of
Au microcontacts to SAMs ofI andII is solvent-dependent. In
water, the meanFpulloff for Au-I contacts (Figure 9) is greater
than the meanFpulloff for Au-I contacts under either ethanol or
hexadecane. Furthermore, the mean pulloff forces are thesame

(22) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.J. Am.
Chem. Soc.1987, 109, 3559.

(23) (a) Yang, H. C.; Aoki, K.; Hong, H.-G.; Sackett, D. D.; Arendt, M.
F.; Yau, S.-L.; Bell, C. M.; Mallouk, T. E.J. Am. Chem. Soc.1993, 115,
11855. (b) Hong, H.-G.; Mallouk, T. E.Langmuir1991, 7, 2362. (c) Lee,
H.; Kepley, L. J.; Hong, H.-G.; Akhter, S.; Mallouk, T. E.J. Phys. Chem.
1988, 92, 2597.

(24) In a control experiment, 5 mM solution of hexanethiol in ethanol
was injected into the fluid cell, resulting in the average adhesion force
between a SAM ofI and an Au-coated AFM tip dropping from∼0.6 nN
to ∼0.1 nN.

(25) (a) Hutt, D. A.; Cooper, E.; Leggett, G. J.J. Phys. Chem. B1998,
102, 174. (b) Hutt, D. A.; Leggett, G. J.J. Phys. Chem. 1996, 100, 6657.
(c) Huang, J.; Hemminger, J. C.J. Am. Chem. Soc. 1993, 115, 3342.

Figure 12. (A) Autocorrelation function for the histogram of rupture
forces shown in Figure 11A. Oscillations have a periodicity of 0.1 nN,
which is emphasized by a single peak in the Fourier Transform (B) of
the autocorrelation function.
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for Au-I and Au-II contacts in water; thereappearsto be no
specific Au-S interaction, contrary to the results in ethanol and
hexadecane. These results point to the important role of the
solvent in detecting specific chemical interactions in microcon-
tact rupture experiments.

The ability to discriminate betweenS-acetate andO-acetate
terminal groups in ethanol or hexadecane, but not in water, can
be rationalized by consideration of substrate-solvent and tip-
solvent interfacial energies and eqs 1-4. Ethanol and hexade-
cane completely wet monolayers ofI and II , whereas water
does not, suggesting that the interfacial energies ofI and II
with ethanol and hexadecane are smaller than with water. We
have estimated these interfacial energies using pulloff force
measurements because determining them from contact angle
measurements was not possible. These pulloff measurements
involve ‘chemically symmetric contacts’ in which the tip is
chemically identical to the substrate, for example, a SAM ofI
on Al-coated tips in contact with a SAM ofI on Al under
ethanol. In this case, the work of adhesion can beapproximated
by Wad ) 2γsubstrate-solvent, becauseγsubstrate-solvent ) γtip-solvent

andγsubstrate-tip ≈ 0.2 In ethanol we observed very little adhesion
between chemically symmetric microcontacts, yieldingγI-ethanol

≈ γII -ethanol ≈ 0.1 mJ/m2 and γAu-ethanol ≈ 0.2 mJ/m2. Using
eq 1, the meanFpulloff in Figure 5a, and a tip radius of∼35 nm
determined by scanning electron microscopy (SEM), we cal-
culateWad ≈ 4.0 mJ/m2 for Au tips in contact with SAMs ofI
under ethanol. Consequently, from eq 2 we findγI-Au ≈ -3.7
mJ/m2. The important result here is thatγI-Au is negatiVe,
meaning there is strong adhesion between Au and the SAM of
I , andγI-Au is a factor of 10 greater than (γAu-ethanol+ γI-ethanol).
Thus, eq 4 holds and the adhesion is primarily due to Au-
SAM I interactions andnot solVent exclusion. We argue below
that this is a necessary condition for detecting discrete bonds.

Similar results are obtained in hexadecane, although the
solvent interfacial energies are larger. We estimateγI-hexadecane

≈ γII -hexadecane≈ 2.2 mJ/m2 andγAu-hexadecane≈ 0.7 mJ/m2.26

From Figure 7A, we determineWad ≈ 7.2 mJ/m2 for an Au-
coated tip (R ≈ 35 nm) in contact with a SAM ofI under
hexadecane. From eq 2, we findγI-Au ≈ -4.3 mJ/m2, in good
agreement with the results in ethanol. Again,γI-Au is negative
and its absolute value is comparable with (γI-hexadecane+
γAu-hexadecane). Surface-solvent interfacial energies with hexa-
decane are higher than those with ethanol, but theγI-Au term
is still the largest individual contributor toWad and consequently
to Fpulloff.

By contrast, we find thatγI-Au is not the dominant term in
Wad for Au contacts to SAMs ofI in water. We estimate that
γI-water andγII -water are∼7 mJ/m2 andγAu-water is ∼5 mJ/m2.
TakingγI-Au ≈ -4.0 mJ/m2 from the ethanol and hexadecane
experiments, we find (γI-water + γAu-water) > |γI-Au| (i.e., eq 3
holds), and adhesion is primarily due to exclusion of water from
the tip-substrate contact. Although specific Au-S interactions
should occur in the Au-I microcontact under water, the rupture
force measurement is not sensitive to them because of the
magnitude of the solvent exclusion effect. Consequently, there
is no discrimination between meanFpulloff for contacts to SAMs
of I or II under water (see Figure 9).

Detection of Discrete Bonds. A key result is that the
histograms in Figures 5A, 7A, and 11A all show a 0.1 nN
periodicity, which is highlighted by the autocorrelations and
Fourier transforms in Figures 6, 8, and 12. Observation of

periodicity in rupture force histograms has been reported
previously and is associated with the detection of discrete
unbinding events in AFM studies of biological interactions.4i,l,n

Because we have established above that the data in Figures 5A,
7A, and 11Amustarise from specific interactions between the
tip and SAMs ofI or III , we ascribe the observed periodicity
to rupture of discrete bonds. Periodicity was not observed in
pulloff data from SAMs ofII or IV in any solvent or from
SAMs of I in water (see Figures 9 and 10). This is expected
because specific interactions of Au probes withII or IV are
not anticipated, and we have argued above that measurements
under water are dominated by solvent exclusion and are not
sensitive to specific interactions.

The chemical identity of the bonds ruptured in Au-I and Au-
III contacts cannot be determined directly, but must be inferred
from the data and energetic considerations. The first important
aspect of the data is that the rupture force histograms for
microcontacts to theS-acetate-terminated SAM (I ) show the
same 0.1 nN periodicity as for contacts to the thiol-terminated
SAM (III ). This implies that the same bonds are ruptured in
both cases. The second important observation is that, as shown
in Figure 4A, there is no time dependence to the measured
rupture force during repeated tip-substrate contacts, making it
unlikely that PO3-MOx bonds or any bonds withinI or III (e.g.,
C-C, C-P, P-O, C-S) are breaking. If PO3-MOx bonds or
any bonds inI or III consistently broke, then upon repeated
tip-substrate contacts the tip would become contaminated with
more and more molecules or molecular fragments from the
monolayer. That would lead to increasingly fewer sites available
on the tip for new Au-S bonds to form, and the average rupture
force would gradually decrease during the span of the experi-
ment, which is not the case.

Thus, from the perspective of the time dependence of our
measurements, the spectrum of possible weak linkages is
narrowed to Au-S and Au-Au bonds. When the tip retracts,
either Au-thiolate linkages break or thiolate-bound Au atoms
are pulled off the tip (cohesive failure), leaving substrate-bound
Au-thiolate complexes. These two possible mechanisms are
shown in Scheme 2. Either mechanism would yield a ‘clean’
Au tip with Au atoms accessible for subsequent bond formation
with S-containing functional groups in consecutive microcon-
tacts. A potential complication with the Au abstraction mech-
anism in Scheme 2B is that Au atoms are left on the surface,
which might block tip binding to the SAM functional groups
in consecutive contacts. However, in typical experiments there
is substantial drift (10 nm/s) of the tip relative to the substrate,
meaning consecutive tip-SAM contacts take place on unreacted
areas of the SAM.27

There is some evidence in the literature that cohesive failure
of the Au tip coating is the correct rupture mechanism.
Wasserman et al. studied the interfacial adhesion of Au films
thermally evaporated ontoS-acetate- and thiol-terminated alkyl-
silane monolayers.28 Upon mechanically peeling the Au films
off the monolayers, XPS analysis showed the presence of both
reducedS atoms andoxidizedAu atoms in a 1:1 ratio on the
SAMs. Although the conditions under which the Au-S bonds
are formed and ruptured in our experiments differ, this previous

(26) We acknowledge that an Au surface immediately becomes covered
with organic contaminants upon exposure to air. The interfacial energies
with Au that we report here reflect this adsorption to a varying degree
depending on the ability of the solvent to dissolve the contaminants.

(27) Experiments with SAMs ofI on Al-coated AFM probes in contact
with Au-coated substrates in ethanol showed an average rupture force of
0.2 nN with no visible force quanta. This is consistent with the Scheme 2b
mechanism, because in this case the tip rapidly becomes covered with
thiolate-complexed Au, effectively blocking formation of new Au/S-acetate
interactions in consecutive microcontacts.

(28) Wasserman, S. R.; Biebuyck, H.; Whitesides, G. M.J. Mater. Res.
1989, 4, 886.
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study supports a mechanism in which an Au-thiolate complex
is abstracted from the Au surface (Scheme 2B).

Energetic arguments also seem to favor the Au abstraction
mechanism. The bond energy associated with the force quantum
we detect can be estimated by multiplying the force (0.1 nN)
by an estimated rupture length (∼1 Å), giving an energy on
the order of 10 kJ/mol. This is more than 10 times smaller than
the reported Au-thiolate bond enthalpy (120 kJ/mol).11 It does
not seem likely that the error in the estimated rupture length
could be large enough to account for such a discrepancy. In
addition, in a previous report workers measured the rupture
strength of an Au-thiolate bond to be 1.4 nN.4a This value is
in good agreement with an estimated rupture force of 2 nN
obtained by dividing the bond energy by 1 Å, and appears to
rule out the possibility that the 0.1 nN weak link in our
experiments is the Au-thiolate bond. The situation is a bit less
clear if one considers that there is undoubtedly a distribution
of bond enthalpies for the Au-thiolate interaction because the
S atom may reside in a variety of sites with different symmetries
on the Au surface; the 120 kJ/mol bond enthalpy corresponds
to the minimum in the Au-S potential and a maximum Au-S
bond strength. Ab initio calculations of the Au-S potential show
that the Au-thiolate bond can be as small as 40 kJ/mol,29

dropping the estimated rupture force to 0.6 nN. However, this
is still large compared with our measured rupture strength of
0.1 nN.

If the Scheme 2A mechanism is excluded based on strength
arguments, the question arises as to whether the Scheme 2B
mechanism is consistent with a bond strength on the order of
10 kJ/mol. The cohesive energy of an Au atom on the (111)
face of an Au crystal ranges from∼180 to 540 kJ/mol depending

on its surface coordination number (3-9).30 However, it is well-
known that chemisorption can weaken surface intermetallic
bonding and the effect can be substantial; for example, binding
of CN- to Au in the presence of oxidizer results in appreciable
etching of Au, which means the Au-Au bond energy must drop
to order kT (2.4 kJ/mol at room temperature).31 In thiolate
adsorption to Au, it is well established that vacancy islands or
pits form in the Au surface.32 A few studies have suggested
that this pitting is caused by partial etching of the Au; these
workers found thiolate-complexed Au in the thiol deposition
solution.33 Even if the Au removed from the surface originated
at step edges or other defects, this observation implies that
thiolate binding can reduce the Au surface cohesion to energies
near kT. Furthermore, a recent ab initio study showed that
surface Au-Au bond lengths increased as much as 20% upon
thiolate adsorption,34 although Au surface cohesive energies
were not reported. In a scanning tunneling microscopy (STM)
study, Stranick et al. concluded that weakening of Au surface
bonding facilitates surface diffusion of Au-alkylthiolate com-
plexes at room temperature.35 It is clear that thiolate adsorption
substantially decreases surface Au bond strengths.

Moreover, weakening of surface bonding can be a function
of coverage. In the adsorption of CO on Pd(100) and K on Rh-
(111), for example, the adsorption enthalpy is two to three times
greaterat initial low coverage than at full coverage.36 In thiolate
adsorption on Au, the weakening of the metallic character is
correlated with the charge transfer that occurs upon adsorption
of the alkylthiol to the Au. For afull-coVeragemonolayer a
charge of 0.4 e- is transferred from the Au to the S.37 However,
it seems likely that density of Au-thiolate bonds in our
microcontacts would correspond to less than full coverage. For
a low-coverage monolayer, where dipole-dipole repulsion
between adjacent Au-thiolate complexes is expected to be
lower, the amount of charge transfer could be greater. That
would result in further weakening of the metallic binding
between the Au-thiolate complex and the surrounding Au
atoms.

Based on these considerations, Au atom abstraction at
energies on the order of 10 kJ/mol seems reasonable, and we
favor Au atom abstraction from the tip (Scheme 2B) over Au-S
bond breakage (Scheme 2A) as the mechanism for microcontact
rupture. Further clarification of this issue can be brought about
by detailed computer simulations of these microcontacts. In
particular, important questions to be addressed include the
effective rupture lengths and energies associated with removal
of surface Au atoms, and how these values correlate with the

(29) Beardmore, K. M.; Kress, J. D.; Grønbech-Jensen, N.; Bishop, A.
R. Chem. Phys. Lett. 1998, 286, 40.

(30) Kittel, C. Introduction to Solid State Physics; John Wiley & Sons:
New York, 1996.

(31) (a) Zamborini, F. P.; Crooks, R. M.Langmuir1997, 13, 122. (b)
Greenwood, N. N.; Earnshaw, A.Chemistry of the Elements; Pergamon
Press: Oxford, 1984.

(32) (a) Dishner, M. H.; Hemminger, J. C.; Feher, F. J.Langmuir1997,
13, 2318. (b) Poirier, G. E.Langmuir1997, 13, 2019. (c) Delamarche, E.;
Michel, B.; Kang, H.; Gerber, Ch.Langmuir1994, 10, 4103. (d) Scho¨nen-
berger, C.; Sondag-Huethorst, J. A. M.; Jorritsma, J.; Fokkink, L. G. J.
Langmuir1994, 10, 611.

(33) (a) Schaaff, T. G.; Whetter, R. L.J. Phys. Chem. B1999, 103, 9394.
(b) Edinger, K.; Grunze, M.; Wo¨ll, Ch. Ber. Bunsen-Ges. Phys. Chem. 1997,
101, 1811. (c) Sondag-Huethorst, J. A. M.; Scho¨nenberger, C.; Fokkink,
L. G. J.J. Phys. Chem. 1994, 98, 6826.

(34) Grönbeck, H.; Curioni, A.; Andreoni, W.J. Am. Chem. Soc. 2000,
122, 3839.
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Scheme 2.Two possible mechanisms for alkyl thiolate
pulloff from an Au surface: (A) Rupture of Au-thiolate
bonds or (B) rupture of thiolate-bound Au atoms from the
surface
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density of step edges and point defects exposed at the Au tip
surface.

As far as we are aware, the detection of periodicity or force
quanta in the rupture force histograms in Figures 5A, 7A, and
11A represents the firstdirect detection of discrete, nonbio-
logical bonds in microcontacts to SAMs. The sensitivity to
discrete forces at the tip-SAM interface was achieved by
keeping the solvent-tip and solvent-SAM interfacial energies
low. This can be a general strategy for detecting discrete bonds
at SAM interfaces, and thus it should be possible to exploit the
chemical flexibility of SAMs to probe directly other discrete
interactions by AFM.

Contact Area, Experimental Precision, Reproducibility.
Inspection of Figures 5A and 7A shows that on average 5-6
bonds are broken in ethanol and 9-10 bonds are broken in
hexadecane. It is interesting to compare these numbers with what
could be expected based on the size of the contact area and the
estimated surface coverage ofI . In the JKR theory, the radius
of the contact area,a, at pulloff is given by,

whereK is the elastic modulus of the tip and the substrate.
However, difficulties arise in applying this formula to micro-
contacts because there is considerable uncertainty inK. In
previous AFM studies, the contribution of the organic mono-
layers toK has been assumed to be negligible, and Young’s
modulus and the Poisson ratio for the metallic coating on the
tip and substrate were used to evaluateK.4c,j As the measured
pulloff force gets smaller, the diameter of the contact area
approaches the thickness of the monolayer and this approxima-
tion for K becomes poor. Thus, eq 5 gives only a rough estimate
of the contact area in the AFM measurements considered here.
UsingK ) 75 GPa38 andR ) 35 nm (by SEM) givesa ) 0.68
nm and an area at pulloff of 1.5 nm2 in ethanol. With a surface
coverage of 3× 10-10 mol/cm2, this corresponds to about 3
molecules in contact with the tip at pulloff. This number is in
reasonable agreement with the data shown in Figure 5A,
although, as expected, the calculation underestimates the contact
area (and thus the number of bonds) because it does not take
into account the deformation of the organic monolayer.

Important inferences also may be drawn from the width of
the distributions in Figures 5, 7, and 9. TheQ factor (Q ) mean/
σ) for these distributions is a measure of experimental precision
and thus quantifies random variations in the microcontact rupture
force caused by surface roughness, changes in tip shape, thermal
energy in the lever, or inertia of the solvent. TheQ factors for
Au-I and Au-II contacts are nearly the same in a given
solvent: in ethanolQI ) 3.2 andQII ) 2.9, in hexadecaneQI

) 2.9 andQII ) 2.8, and in waterQI ) 3.4 andQII ) 3.7. This
implies that the parameters affecting precision are the same in
Au-I and Au-II microcontact rupture experiments and that the
precision is not a function of the presence or absence of specific

Au-S interactions. In our view, the most likely cause of
randomness in our experiments is surface roughness, which
manifests in contact area variations in consecutive rupture
measurements. Thus, we conclude that the contact area varia-
tions are the same for consecutive microcontacts to SAMs ofI
or II , and they are the same because they are predominately
functions of roughness.39

On average, 1 of 10 Au-coated tips used in force measure-
ments on SAMs ofI produced rupture force histograms with
measurable periodicity. The periodicity detected with these
‘good’ tips was 0.10( 0.02 nN for ethanol and hexadecane.
What specific characteristics constitute a good tip are not
completely clear. We speculate that atomic level structure, for
example, the number of step edges, may be crucially important.
The ability of a tip to distinguish between ruptures ofn andn
+ 1 bonds hinges on the same bond breaking every time, which
implies that the surface coordination number and site symmetry
of the extracted Au atom must be consistently the same. This
seems possible if, for example, a high-index face of an Au grain
were exposed at the tip apex so that the step edge density was
high. In addition to the tip’s atomistic structure, its bulk
mechanical integrity is also important to discrete bond detection.
Because the measured rupture force is a sum of specific and
nonspecific interactions, plastic deformation of the tip during
an experiment will wash out periodicity by shifting the average
adhesion due to nonspecific interactions. Thus, detection of
periodicity in the force histograms requires the tip to be
mechanically resilient. Certainly the high fraction (∼90%) of
tips yielding histograms with similar average force but no
apparent periodicity suggests that there are stringent require-
ments for detecting force quanta.

In conclusion, we have demonstrated detection of discrete
chemical bonds in tip-SAM microcontact rupture experiments.
These discrete bonds were apparent as a 0.1 nN force quantum
in the force distributions for hundreds of consecutive micro-
contact ruptures. We have estimated that the associated bond
energy is on the order of 10 kJ/mol and assigned it to the
abstraction of thiolate-complexed Au atoms from the tip surface.
Sensitivity of our measurements to single bond forces was
achieved by making the measurements under solvents that have
low interfacial energies with the SAMs. Detection of discrete
interaction forces at AFM tip-SAM microcontacts is important,
because the chemical versatility of these systems should allow
investigation of the mechanical strength of a variety of chemical
bond types. The mechanical robustness of SAM-metal contacts,
in particular, may be of interest to investigators attempting to
assemble metal-molecule-metal electrical junctions based on
SAMs. Currently we are extending our AFM studies to the
investigation of forces between charge-transfer molecules.
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