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Abstract: The rupture forces of individual host-guest complexes between â-cyclodextrin (â-CD) hep-
tathioether monolayers on Au(111) and several surface-confined guests were measured in aqueous medium
by single molecule force spectroscopy using an atomic force microscope. Anilyl, toluidyl, tert-butylphenyl,
and adamantylthiols (0.2-1%) were immobilized in mixed monolayers with 2-mercaptoethanol on gold-
coated AFM tips. For all guests and for all surface coverages, the force-displacement curves measured
between the functionalized tips and monolayers of â-CD exhibited single, as well as multiple, pull-off events.
The histograms of the pull-off forces showed several maxima at equidistant forces, with force quanta
characteristic for each guest of 39 ( 15, 45 ( 15, 89 ( 15, and 102 ( 15 pN, respectively. These force
quanta were independent of the loading rate, indicating that, because of the fast complexation/
decomplexation kinetics, the rupture forces were probed under thermodynamic equilibrium. The force values
followed the same trend as the free binding energy ∆G° measured for model guest compounds in solution
or on â-CD monolayers, as determined by microcalorimetry and surface plasmon resonance measurements,
respectively. A descriptive model was developed to correlate quantitatively the pull-off force values with
the ∆G° of the complexes, based on the evaluation of the energy potential landscape of tip-surface
interaction.

Introduction

Short-range interactions determine phenomena such as adhe-
sion, molecular interactions, and molecular recognition. One of
the first examples of direct measurements of surface interactions
dates back to the surface force apparatus (SFA) developed by
Israelachvili and Tabor in the early 1970s.1 The invention of
the atomic force microscope (AFM),2 well-known for its surface
imaging capability, represented a breakthrough in sensitivity for
force measurements as well. AFM spring constantsk typically
vary between 10-1 and 102 N/m, and cantilever deflections∆z
of 0.1 Å can be detected,3 turning the AFM setup into an ex-
tremely sensitive forceF measurement apparatus,4 with a de-
tection limit between 10-12 and 10-9 N.5 Forces can be estimated

from the measured cantilever deflection according to eq 1.

So-called “chemical force microscopy” (CFM) combines the
resolution available through force microscopy with attractive/
repulsive forces taking place between a functionalized probe
tip and the sample, allowing compositional mapping of surfaces
with different chemical functionalities on the basis of different
adhesion properties.6,7 Furthermore, the possibility to function-
alize individually the tip and surface allows investigation of
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specific combinations of molecular pairs.8 A wide variety of
examples has been reported, ranging from biological systems,9-11

rupture of covalent bonds,12 and chiral discrimination13 to
rupture forces of individual charge-transfer complexes14 and
cation complexation.15

Several studies exist in which the dissociation of molecular
pairs has been theoretically modeled.16-19 Furthermore, several
attempts to correlate the force values measured in single
molecule force spectroscopy with thermodynamic parameters
of molecular recognition or surface adhesion have been
reported.16a,cHowever, studies on molecular unbinding events
and host-guest (HG) complex rupture forces under thermody-
namic equilibrium conditions remain scarce,20,21 while for far-
from-equilibrium systems the unbinding forces are, depending
on the regime, highly loading rate-dependent,22 as demonstrated
by Evans and co-workers.23

Previous studies in our groups have been carried out on the
complexation behavior of ferrocene moieties immobilized on
AFM tips and heptathioetherâ-cyclodextrin (â-CD) self-
assembled monolayers (SAMs) on Au(111).24,25â-CD is a cyclic
oligosaccharide consisting of seven glucose units linked via
R-1-4 glycosidic bonds that is able to form inclusion complexes
with a variety of neutral and charged organic molecules in
aqueous solutions, mainly via hydrophobic interactions.26,27Such

HG systems are characterized by fast complexation/decomplex-
ation kinetics, and thus, the guest moieties decomplex and rebind
spontaneously many times during the recording of an AFM
force-distance curve as long as the tip stays in close proximity
to theâ-CD SAM. Thus, thermodynamic equilibrium, as defined
for our systems including the cantilever, is reached for each
data point of a force-distance curve.

The statistical analysis of the pull-off data for the ferrocene-
â-CD system showed a periodic distribution of forces.24,25 In
accordance with the long timescale of the AFM pull-off
experiments relative to the complexation kinetics and the
thermodynamic equilibrium situation that should result from it,
the force quantum (55( 10 pN) attributed to the single HG
complex rupture force was independent of the number of
available guests, the loading rate, and the length of the spacer
between the guest and the surface.24,25

The work presented in this article is a systematic study of
single HG complex rupture forces betweenâ-CD SAMs and
several guest molecules confined onto the surface of gold-coated
AFM tips by adsorption in mixed SAMs. Four different thiol-
modified guests have been used to vary the HG interaction
strength. The complexation constants for model guest com-
pounds in solution or onâ-CD SAMs have been determined
by isothermal titration calorimetry (ITC) and surface plasmon
resonance (SPR) measurements. The notion of thermodynamic
equilibrium allows us to correlate quantitatively the measured
pull-off force values with the∆G° of the complexes using a
newly developed quantitative model that is based on the
evaluation of the energy potential landscape of the tip-surface
interactions.

Results and Discussion

We have previously reported that the force quantum of 55(
10 pN, attributed to the rupture of a single inclusion complex
of â-CD heptathioether1 (Chart 1A) on Au(111) and the
ferrocenylalkanethiol4 (Chart 1B) immobilized on an AFM tip,
arises from specific HG interactions, as was proven by
systematically leaving out the host or guest from the system
and by competition experiments with a guest in solution.24 This
quantum does not depend on spacer length, loading rate, and
guest concentration on the tip.24,25Four different thiol-modified
guests,2, 3, 5, and6 (Chart 1B), were synthesized to investigate
how changes in the HG motif would affect the rupture force.

The synthesis of adsorbate1 and preparation of SAMs on
gold surfaces have been described elsewhere.28 Compounds2,
3, 5, and6 were synthesized by reacting suitable amines with
5-bromopentanoic acid and followed by substitution of the
bromide for thioacetate and subsequent deprotection. Mixed
SAMs of 0.2% or 1% of these guest thiols with 2-mercaptoeth-
anol on gold substrates and on gold-modified AFM tips were
prepared from 1 mM (total thiol concentration) solutions in
ethanol for 16 h at room temperature.

Figure 1 shows a schematic representation of the supramo-
lecular single molecule force spectroscopy experiment with an
arbitrary surface-confined guest. Force-displacement curves for
guest surface coverages on the tip obtained from 0.2% and 1%
solutions show single, as well as characteristic multiple, pull-
off events, as shown for6 in Figure 2A.
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The measured cantilever deflections corresponding to the pull-
off events were translated into force using the independently
determined AFM cantilever spring constants, which were in the
range 0.05-0.12 N/m. All pull-off forces determined from in-
dividually resolved events were plotted in histograms.29 Fast
Fourier transform (FFT) smoothing30 of the force histograms
for tips functionalized with2, 3, 5, or 6 shows a periodic dis-
tribution of forces, regardless of the bin size, with force quanta
of 39 ( 15, 45( 15, 89( 15, 102( 15 pN, respectively (Fig-
ure 3).31 The loading rate was varied over several orders of mag-
nitude for tips covered with mixed SAMs of 2-mercaptoethanol
containing 1% of guest. In agreement with previous reports,24,25

the quantized force was unaffected by the loading rate for any
of the guests, even for the strongest binding guest6 (Figure
2B).

ITC and SPR measurements were employed to evaluate the
thermodynamics of complex formation in solution and on
surfaces, respectively, between compounds7-11 (Chart 1C),
which function as model systems for compounds2-6, respec-
tively, and â-CD hosts. The solution-binding parameters for
compounds9-11 with nativeâ-CD in solution, determined by

ITC, have been reported previously.28 The same approach was
applied to determine the thermodynamics of the HG complexes
of 7 and 8. SPR measurements were employed to determine
the complexation constants on SAMs of1 only for compounds
9-11, since poor solubility and weak interactions for com-
pounds7 and8 prevented reliable measurements. The experi-
mental data for compounds9-11, obtained by means of the
two independent techniques, show an excellent agreement, as
seen in Table 1. These results are also in agreement with the
observation reported earlier28 that small guest molecules, which
fit into the CD cavity, apparently do not feel the presence of
the alkyl chains of1, leading to identical binding constants in
solution and atâ-CD SAMs. This notion therefore allowed us
to extrapolate the ITC results to the binding parameters on
surfaces of compounds7 and8.

Table 1 summarizes the single HG complex rupture force
values determined for the interaction of SAMs of1 with SAMs
of adsorbates2-6 and the thermodynamic parameters for HG
complexes ofâ-CD with compounds7-11.25 The data clearly
show a correlation of∆G° and unbinding forces. This result,
together with the loading rate independence of the force values,
strongly supports our view of a process occurring under thermo-
dynamic equilibrium. Therefore, these results open the possi-
bility to investigate the relation between rupture forces and ther-
modynamic quantities, such as the Gibbs free energy of binding,
∆G°.

Expanding on the approach proposed by Hansma and co-
workers for measuring interaction potentials,32 Willemsen et al.
demonstrated that the total potential can be derived from the
probability distribution of the tip position by monitoring the
Brownian movement of an AFM tip in a potential well.33 The
total potential consists of the sum of the harmonic cantilever
potential and the tip-surface interaction potential.

Here we describe a model to correlate∆G° and the dissocia-
tion force,Fpull-off, for an individual HG pair. It requires: (i)
the generalization and formalization of the tip-surface interac-
tion, which is governed by the HG interaction and is ap-
proximated here using a Lennard-Jones potential (LJP) descrip-
tion, the well depth of which is the guest-specific parameter,

(29) There appear to be some differences in the probabilities for observing
multiple force quanta, for example, for3 (Figure 3B), which may arise
from: (i) differences in solubilities and adsorptivities of the guest thiols
leading to different guest-mercaptoethanol ratios on the tip than present
in solution, (ii) different degrees of clustering of guests on the tip, rendering
some guest molecules inaccessible for binding, and (iii) variations in tip
geometry and tip-surface contact areas.

(30) The data in the histograms were treated as described in refs 24 and 25.
(31) Noise levels were∼15 pN. Plots of peak position from the histograms

versus peak number yielded straight lines, with the force quantum as the
slope (see also ref 25).

(32) Cleveland, J. P.; Scha¨ffer, T. E.; Hansma, P. K.Phys. ReV. B 1995, 52,
R8692-R8695.

(33) Willemsen, O. H.; Kuipers, L.; Van der Werf, K. O.; De Grooth, B.; Greve,
J. Langmuir2000, 16, 4339-4347.

Chart 1. Chemical Structure of â-CD Adsorbate 1 (A), Guest
Molecules 2-6 Immobilized at AFM Tips (B), and Model Guests
7-11 for HG Binding in Solution and at SAMs of 1 (C)

Figure 1. Schematic representation (not to scale) of AFM-based single
molecule force spectroscopy of ferrocene guest4 immobilized in a hydroxyl-
terminated SAM on an AFM tip and a SAM of1 on Au(111).
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J. AM. CHEM. SOC. 9 VOL. 126, NO. 5, 2004 1579



(ii) a space integration of the HG potential energy to correlate
the LJP well depth to the macroscopic stability constantK and

thus to ∆G°, (iii) a total potential energy description and a
probability distribution for the tip being or not being in contact

Figure 2. Representative force-distance curve for the interaction of a tip covered with a mixed SAM of 1% of6 and 2-mercaptoethanol with a SAM of
1 (A) and loading rate dependence for the same system (B).

Figure 3. Histograms for the interaction of tips coated with 1% of2 (A), 1% of 3 (B), 1% of 5 (C), and 1% of6 (D) and 2-mercaptoethanol with SAMs
of 1 (bin size 8 pN). The solid lines represent the FFT-smoothed histograms.

Table 1. Force Values, Fpull-off, for Guests 2-6 Measured by Force Spectroscopy, Thermodynamic Data at SAMs of 1 for Model
Compounds 9-11 Measured by SPR, and Solution Data for Model Compounds 7-11 with Native â-CD Measured by ITC

AFM SPR ITC

guest model guest
Fpull-off

pN
∆G°

kcal mol-1

∆G°
kcal mol-1

∆H°
kcal mol-1

T∆S° d

kcal mol-1

2 39 ( 15 7 a -2.3 -2.3 0.0
3 45 ( 15 8 a -3.0 -2.7 0.3
4 55 ( 10b 9 -5.4c -5.4c -6.1c -0.7c

5 89 ( 15 10 -6.0c -6.1c -5.2c 0.9c

6 102( 15 11 -6.5c -6.6c -5.9c 0.7c

a Low solubility and weak interactions with the CD SAM do not allow accurate measurements of the thermodynamic parameters for this guest.b From
ref 25. c From ref 28.d T ) 298 K.
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with the sample surface to correlate the LJP well depth to the
(maximum) cantilever deflection at which the pull-off event
occurs and thus toFpull-off, and (iv) a combination of these
correlations to give a theoretical prediction ofFpull-off as a
function of ∆G°.

The model described below applies in principle only to the
interactions existing between one single guest on the tip and
one â-CD cavity on the surface. Multiple, simultaneous pull-
off events were not taken into consideration. In an earlier
study,25 we showed that the multiple binding events cor-
responded to multiple forces of a single event and that the
fraction of single-rupture events (with the same force quanta)
increased upon lowering the amount of guest on the tip.
Therefore, we assumed that an understanding of a single pull-
off event of a single HG pair sufficed to describe the systems
at hand.

In our system, a potential energy description was used to
model the HG system. Molecular dynamics (MD) calculations
were employed to describe the potential energy of the HG
complex for a linear dissociation pathway, i.e., the guest, in
this case ferrocene, was pulled out of the cavity, and driven by
the tip along the symmetry axis of theâ-CD cavity.

The interactions of aâ-CD cavity with a guest can be
described by a potential energy well, the shape of which is
approximated by an LJP (eq 2).

Herez represented the distance from the LJP minimum along
the dissociation pathway,z0 was an offset parameter with a value
of sx62 (ensuring that the well minimum occurred atz ) 0:
ULJP(0) ) -ε and dULJP/dz ) 0), ε was the well depth, ands
determined the width of the well. The MD simulation data for
ferrocene (as a model for guests4 and9) were fitted to the LJP
in a least-squares optimization routine (see Supporting Informa-
tion), while varyingε, s, andz0. The width of the well (s )
7.78 Å), which corresponded well to the depth of the cyclo-
dextrin cavity (8 Å), was the only parameter obtained from the
MD simulations that was used in the theoretical description
described below. Thez0 parameter was an offset parameter only,
and the well depthε was varied for all guests depending onK,
as was obtained by a space integration of the potential energy
as described below. For all other guest motifs employed in this
study, we assumed the same well shape, i.e.,swas kept constant,
while ε was varied to account for changes in∆G°.

A space integration ofULJP(z) allowed us to correlate the
depth of the wellε associated with each HG complex to the
corresponding∆G° value via the complexation constantK. In
a first attempt, a relationship between the HG equilibrium
constantK and the potential energy was applied to simulate
hydrophobic interactions and, thus, molecular recognition.34 This
calculation was based on the space integration ofULJP with a
radial dependence according to eq 3, whereNav was Avogadro’s
number. In our case, the space integration overzg 0 represented
a hemisphere above theâ-CD cavity, whilez e 0 represented
the cavity interior (repulsive interactions of LJP). This integra-
tion may not describe the 3D interaction dependence correctly

since, as stated above, the pull-off trajectory of the guest out of
the cavity can better be assumed to be linear. Therefore, in an
alternative second integration approach, the sampled volume
was restricted to a cylinder defined by the area available for
in-plane movement of the guest in the cavity (ACD ) πr2 with
r ) 2 Å) and the linear trajectory perpendicular to this area
along which the guest dissociated (eq 4).

Employing ∆G° ) -RT lnK led to the following linear
relationships:-∆G° ) 0.93ε - 4.15 and-∆G° ) 0.97ε -
2.79 for the spherical and the cylindrical integrations, respec-
tively, with -∆G° andε in kcal mol-1. The∆G° values of the
HG systems studied here varied between-2.3 and-6.4 kcal
mol-1, as determined from ITC and SPR measurements, and
thusε ranged from-6.6 to-11.4 kcal mol-1 or from -5.3 to
-9.5 kcal mol-1, respectively.

To assess the sensitivity of the geometrical parameterACD

on the integration step, the relationship between-∆G° andε

was derived for two other different values ofr (r ) 1 Å andr
) 4 Å). From the data it can be observed that changes in the
geometrical parameterACD did not affect the slope of the curve
of -∆G° vs ε but only modified the intercept (forr ) 1 Å:
-∆G ) 0.97ε - 3.59, and forr ) 4 Å: -∆G ) 0.97ε -
1.99). Therefore, as an approximation, the value ofr ) 2 Å
was assumed to hold for all the guests.

To combine tip and HG potentials, the LJP needed to be
modified to include the presence of the alkyl spacer with length
L between the guest moiety and the AFM tip. The alkyl chain
was treated as an infinitely flexible linker until the maximum
elongation was reached, although it could not be stretched
beyond its fully elongated conformation. These considerations
resulted in a total potential energy of the complexUcomplex(z)
) ULJP(z + L) for z e -L, Ucomplex(z) ) -ε for -L e z e 0,
andUcomplex(z) ) ULJP(z) for z g 0.

The cantilever potentialUtip was described by a harmonic
potential (eq 5)

where ∆z ) z - z1 was the cantilever deflection andz1

represented the tip position, i.e., the position of the minimum
of the cantilever parabola potential, which was controlled by
the piezo movement.

The total potential energy of the system could now be derived
as the sum of the modified LJP describing the HG complex
and the harmonic potential describing the cantilever potential
(eq 6).

Changes in the tip position were reflected in the total potential
energy curve. Initially, when the piezo was not yet moved and
no cantilever deflection occurred (∆z ) 0, -L < z1 < 0), the
positions of the minima ofUcomplexandUtip coincided, and only
one minimum forUtot was observed (Figure 4A,z1 ) 0).
Retraction of the piezo (in our setup,z1 was recorded in steps
of typically 2 Å)35 was translated into a cantilever deflection

(34) (a) Pangali, C. S.; Rao, M.; Berne, B. J.J. Chem. Phys.1979, 71, 2975-
2981. (b) Jorgensen, W. L.Acc. Chem. Res.1989, 22, 184-189.

ULJP(z) ) 4ε(( s
z + z0

)12
- ( s

z + z0
)6) (2)

K ) 2πNav∫-

+∞
z2 exp[-ULJP(z)/RT] dz (3)

K ) NavACD∫-∞

+∞
exp[-ULJP(z)/RT] dz (4)

Utip(z) ) (1/2)k(z - z1)
2 (5)

Utot(z) ) Ucomplex(z) + Utip(z) (6)
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(∆z > 0) with a shift of the parabola potential minimumz1 to
the right, thus raising the minimum observed atz ) 0 for the
total potential energy curve (Figure 4B). Up to a certain point,
only one minimum existed, called “contact”, in which the tip
stayed in contact with the sample, while the HG complex may
rapidly dissociate and reassociate. It can also be seen in Figure
4 that this “contact” minimum stayed at the same position, i.e.,
at z ) 0, because of the larger stiffness of the complex,36 so
that the observed deflection∆z was equal toz1. Near the point
where a pull-off event takes place, a second minimum, called
“out-of-contact”, appeared and quickly became the predominant
one (Figure 4D). In this minimum, the tip was not in contact
with the surface, and the HG complex was dissociated. In Figure
4B-E, the change in tip positionz1 was simulated by four
sequential energy potential curves, withz1 ) 6, 8, 10, and 12
Å, respectively, corresponding to consecutive data points in a
(simulated) pull-off experiment. The plots show the correspond-
ing changes inUtot and describe the transition from the “contact”
to the “out-of-contact” state as the most energetically favorable
situation.

According to Boltzmann statistics, the relative probabilityp(z)
for the system to exist in situation (z, Utot(z)) is given by eq 7.

In the case when two minima are present, separated by a barrier
which has a maximum atz ) zbar, the probability for the system
to be in the “contact” state,pcontact, is given by eq 8, which is
a function ofz1.

Obviously,pout-of-contactcould be obtained from integrating
p(z) for z > zbar, andpcontact+ pout-of-contact) 1.

Figure 5 showspcontact as a function ofz1 for ε ) 10 kcal
mol-1, as obtained after numerical integration.37 Here it is seen
that pcontact dropped from 1 to 0 in about 4 Å, i.e., typically
within only two data points. The specificz1 value at which this
occurred obviously depended onε, but the shape of the curve
hardly changed. A macroscopic pull-off event thus corresponded
to one data point being in the “contact” state, while for the next
data point the “out-of-contact” state was observed. Thus, the
probability ppull-off to observe such a pull-off event can be
defined as in eq 9.

(35) The measured pull-off forces did not vary for nominal spacings of the data
points between 1 and 10 Å.

(36) The stiffness of the complex as a function ofε is described bykcomplex )
23.81ε [pN Å-1], with ε in kcal mol-1 (see the Supporting Information).

(37) Alternatively, a semianalytical expression can be derived relatingpcontact/
pout-of-contactto the energy difference between the two minima, eliminating
the need for the numerical integration (see the Supporting Information).
Here, the interaction potential at the well of the “contact” minimum is also
fitted to a harmonic potential. This analysis shows that the probability
distribution depends only marginally on the “stiffness” of the complex
(which governs the harmonic interaction potential and which is directly
related to the well widths).

Figure 4. Total energy description:Utip (parabola),Ucomplex (black line), andUtot (gray line). The tip positionz1 from A to E is 0, 6, 8, 10, and 12 Å,
respectively (ε ) 6 kcal mol-1).

Figure 5. Plot of pcontact(black line) andppull-off (gray line) as a function
of z1 (ε ) 10 kcal mol-1).

p(z) ) exp[-Utot(z)/RT] (7)

pcontact)
∫-∞

zbar p(z) dz

∫-∞

∞
p(z) dz

)
∫-∞

zbarexp[-Utot(z)/RT] dz

∫-∞

∞
exp[-Utot(z)/RT] dz

(8)
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The dependence ofppull-off with z1 is shown in Figure 5 as well.
Again, the steep dependence ofppull-off with z1 ensured that the
pull-off event occurred at a specific data point and that no
switching back and forth between the “contact” and the “out-
of-contact” states would be observed in the experimental setup
used here, unless one were to detect data points for relatively
long periods of time at allz1 of a pull-off experiment,38 as was
done and observed recently for another system.33 The curve also
shows thatz1, for which the pull-off was observed, had a certain
distribution (approximately(1.5 Å) for an identical HG
complex probed under identical conditions, corresponding to a
force variability of(10 pN.

Once the maximum pull-off probability was determined, the
corresponding tip deflection∆zmax was converted into the force
exerted by the cantilever according to eq 10, thus determining
the pull-off force value.

From the above-described model, it was possible to derive
the dependence ofppull-off and thus the dependence of the pull-
off force with ε. This dependence appeared to be a square root
dependence (F ) 31.25× xε-1.75; see Figure 6A).

The relationship betweenε and -∆G° described above
allowed us to extend the correlation between energy and force
to the thermodynamics of the HG complex. Figure 6B reports
the derived dependence of pull-off force vs-∆G° for the
spherical and cylindrical integration approaches,F ) 32.60×
x-∆G+2.39 andF ) 31.76× x-∆G+1.03, respectively
(with -∆G° in kcal mol-1 and F in pN). The experimental
values for the five HG complexes investigated are shown as
well.

The theoretically derived square root dependence ofFpull-off

with -∆G° can intuitively be understood from the fact that a
deeper wellε (and thus a linear change in∆G°) can be
compensated by a square root change inz1 and thus in force,
since the potential energy of the cantilever depends quadratically
on deflection.

In Figure 6B, it can be seen that the fit to the experimental
data improved significantly upon changing the integration
volume from a spherical to a cylindrical type (the average rms
difference between the predicted and experimental force values
amounted to 26 pN for the former and 18 pN for the latter),
with changes in both the slope and intercept with they axis of
the two curves and lower energy values for the cylindrical
integration. These results thus suggested that the assumption
of a linear dissociation pathway for a guest linked to, and thus
driven by, the AFM tip described more accurately the events
occurring at the molecular level. It must be noted, however,
that although the fit improved, the change in the integration
volume did not severely affect the corresponding force value.
In Figure 6B, it can be observed as well that both curves
possessed an intercept with thex axis at positive∆G° values.
The model thus predicted a measurable pull-off force for a

molecular species that interacted so weakly with one cyclodex-
trin cavity that the equilibrium complexation constantK was
less than 1.0. For the ferrocene system, we plotted∆G° data
observed for different Fc model compounds (for compound9
∆G° ) -5.4 kcal mol-1, while for ferrocenecarboxylic acid
∆G° ) -4.6 kcal mol-1).39

It is necessary at this point to address a certain number of
factors which could affect the value ofFpull-off. As already stated
above, an intrinsic variability ofFpull-off follows from the
probability distribution ofppull-off. Other sources of deviation
can be related to differences in the dissociation trajectories of
the HG system. Different HG complex geometries could
originate from different orientations of the molecular pairs on
the two surfaces (tip and substrate) or could be related to the
granular structure of the gold layer on the AFM tip as well.
However, as stated above for the two integration methods and
the theoretical curves reported in Figure 6B, different dissocia-
tion pathways probably play a marginal role in determining the
Fpull-off.

As already addressed above, changes in the integration
parametersACD in eq 4 have been shown to affect only the
intercept of the curve of-∆G° vs ε. This is reflected in the
Fpull-off vs -∆G° curve determining a∆G° interval of (0.8
kcal mol-1, which is in the same order of magnitude as the
experimental error. Furthermore, considering the physical
dimensions of the guests and of theâ-CD cavity, a value ofr
) 2 Å represents a reasonable approximation that can be applied
for all different guests.

Conclusions

Using an atomic force microscope, we determined in aqueous
medium the rupture forces of individual HG complexes between
â-cyclodextrin SAMs and several surface-confined guests. The
analysis of the histograms revealed periodic distributions of
forces with loading-rate independent maxima at integer multiples
of a certain force quantum characteristic of each guest. The
observed force quanta were 39( 15, 45( 15, 89( 15, and
102 ( 15 pN, respectively, and were attributed to the rupture
of a single HG complex. These results, in combination with
previous reports, indicated that the HG complex rupture forces
were probed under thermodynamic equilibrium. Microcalorim-
etry and SPR measurements were employed to investigate the
complex formation for model guest compounds in solution and
on â-CD monolayers. The force quanta and the thermodynamic
parameters of the inclusion complexes followed the same trend.
Finally, a descriptive model based on the evaluation of the
energy potential landscape of tip-surface interaction was
developed to correlate quantitatively the pull-off force values
with ∆G°.

Experimental Section

AFM Tip Modification. Standard V-shaped silicon nitride canti-
levers with pyramidal tips (purchased from Digital Instruments (DI),
Santa Barbara, CA) were coated with ca. 2 nm of Ti and ca. 50 nm of
Au by evaporation in high vacuum at SSENS bv (Hengelo, The Neth-
erlands). The tips were functionalized as described previously25 in 1
mM ethanolic solutions containing binary mixtures of 2-mercaptoeth-
anol and a guest adsorbate2, 3, 4, 5, or 6 (0.2 and 1%), for 16 h at r.t.

(38) This is to monitor multiple times the one datapoint that has a probability
pcontact significantly different from either 0 or 1, and therefore switching
between the “contact” and “out-of-contact” states may be observed.

(39) Godı´nez, L. A.; Schwartz, L.; Criss, C. M.; Kaifer, A. E.J. Phys. Chem.
B 1997, 101, 3376-3380.

ppull-off(z1) ) pcontact(z1) × pout-of-contact(z1 + 2))
pcontact(z1) × (1 - pcontact(z1 + 2)) (9)

Fpull-off ) ktip∆zmax (10)
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AFM Measurements and Analysis.The AFM measurements were
carried out on a NanoScope III multimode AFM (DI) utilizing a 10
µm (E) scanner and a DI liquid cell on SAMs of1 on atomically smooth
Au(111).40 The cantilever spring constantsk (in the range of 0.05-
0.12 N/m) of the gold-coated tips were calibrated using the reference
method described by Tortonese and Kirk41 and by the thermal noise
method.42 Force-displacement (f-d) curves were acquired sequentially
in Milli-Q water at different positions on the sample surface. The
loading force was kept below 500 pN, and the loading rate was varied
between 3.5× 103 pN/s and 8.8× 105 pN/s. The quantitative analysis
of the observed individual pull-off events was performed as described
previously.25

Isothermal Titration Calorimetry. Titrations were performed at
25 °C using a Microcal VP-ITC titration microcalorimeter. Sample
solutions were prepared using Milli-Q water. Titrations of guests9,
10, and11were performed by adding aliquots of a 1 mMâ-CD solution
to a 0.1 mM guest solution,28 while 50 mM solutions of compounds7
and8 were titrated toâ-CD solution 5 mM. The titrations were analyzed
using a least squares curve-fitting procedure. Control experiments
involved addition ofâ-CD to water and addition of water to a guest
solution.28

Surface Plasmon Resonance.SPR measurements were performed
in a two-channel vibrating mirror angle scan setup based on the
Kretschmann configuration, described by Lenferink et al.43 Light from
a 2 mW HeNe laser was directed onto a prism surface by means of a
vibrating mirror. The intensity of the light was measured with a large-
area photodiode. This setup allowed determination of changes in
plasmon angle with an accuracy of 0.002°. The gold substrate with the
monolayer was optically matched to the prism using an index matching
oil. A Teflon cell, placed on the monolayer via an O-ring to avoid
leakages, was filled with 800µL of Milli-Q water. After stabilization
of the SPR signal, titrations were performed by removing an amount
of water and adding the same amount of 0.1 mM stock solution of
guest9, 10, or 11.28 Between each addition the cell was thoroughly
washed with Milli-Q water (700µL of water 5 times). SPR measure-
ments were repeated 3 times for each monolayer guest system.

Molecular Dynamics.Coordinates for the nativeâ-CD were derived
from an X-ray structure, and the water molecules were removed. All
calculations were done with Quanta/CHARMm 24.0 and referred to
an unsubstituted ferrocene molecule. The cyclodextrin was charged with

the charge template method, and excess charge was smoothed over
nonpolar carbons and hydrogens. The ferrocene was treated as a rigid
body by having large harmonic potentials applied between all carbon-
iron pairs. The iron atom had a charge of+2 and the two cyclopen-
tadenyl ligands had a charge of-1. The ferrocene was placed
“manually” in the cavity of the cyclodextrin, followed by ABNR
minimization until the root-mean square of the energy gradient was
e0.001 kcal mol-1 Å-1. This complex was placed in the center of a
cubic box of TIP3P water of 30 Å,44 as implemented in CHARMm).
The ferrocene was translated along the quasi 7-fold axis of the
cyclodextrin in steps of 0.5 Å. Overlapping waters were removed (on
the basis of heavy-atom interatomic distances ofe2.3 Å). The positions
of the carbon atoms of the cyclodextrin bearing the CH2OH groups
and the Fe were constrained. Before the MD simulations were run, the
system was minimized by steepest descent for a maximum of 1000
steps or until a root-mean square of the energy gradient ofe1 kcal
mol-1 Å-1 was reached. The system was heated to 300 K in 5 ps,
followed by equilibration of 10 ps, after which the MD (NVE ensemble,
no systematic deviation from 300 K) was run for 100 ps. During the
simulation, the nonbonded list was updated every 20 time steps with a
cutoff of 14 Å. The van der Waals interactions were treated with a
switch function between 10 and 13 Å, whereas the shift function was
applied to the electrostatic interactions (cutoff 13 Å). The time step
was 1 fs, with the SHAKE algorithm placed on the hydrogens.45

Coordinate sets were saved regularly and used for subsequent data
analysis. The interaction energy between the cyclodextrin and ferrocene
was averaged over all data sets.
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Figure 6. (A) Dependence ofFpull-off on ε. (B) Experimental pull-off forces vs-∆G° (∞) and calculated square root functions for spherical (eq 3) (black
solid line) and cylindrical integration (eq 4) (gray solid line). For ferrocene, two-∆G° values are reported with the same force value due to different∆G°
measured for different model compounds (for details, see text).
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