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1 Basic Principles of Chemical Force Microscopy

1.1 Chemical Sensitivity in Scanning Probe Microscopy Measurements

Intermolecular forces impact a wide spectrum of problems in condensed phases:
from molecular recognition, self-assembly, and protein folding at the molecular and
nanometer scale, to interfacial fracture, friction, and lubrication at a macroscopic length
scale. Understanding these phenomena, regardless of the length scale, requires fundamen-
tal knowledge of the magnitude and range of underlying weak interactions between basic
chemical functionalities in these systems (Figure 1). While the theoretical description has
long recognized that intermolecular forces are necessarily microscopic in origin, experi-
mental efforts in direct force measurements at the microscopic level have been lagging
behind and have only intensified in the course of the last decade. Atomic force microscopy
(AFM)'? is an ideal tool for probing interactions between various chemical groups, since
it has pico-Newton force sensitivity (i.e., several orders of magnitude better than the weak-
est chemical bond?) and sub-nanometer spatial resolution (i.e., approaching the length of a
chemical bond). These features enable AFM to produce nanometer to micron scale images
of surface topography, adhesion, friction, and compliance, and make it an essential charac-
terization technique for fields ranging from materials science to biology.

As the name implies, intermolecular forces are at the center of the AFM operation.
However, during the routine use of this technique the specific chemical groups on an AFM probe
tip are typically ill-defined. To overcome this inherent limitation of the AFM, Lieber and co-
workers introduced the concept of chemical modification of force probes to make them sensitive
to specific molecular interactions*. By using chemically-functionalized tips, a force microscope
can be transformed into a tool that can (i) quantify forces between different molecular groups,
(i) probe surface free energies on a nanometer scale, (iii) determine pK, values of the surface
acid/base groups locally, and (iv) map the spatial distribution of specific functional groups and
their ionization state. This ability to discriminate between chemically distinct functional groups
has led the Lieber group to name the variation of force microscopy carried out with specifi-
cally functionalized tips “chemical force microscopy” (CEM)*.
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Figure 1. Molecular-scale view of the different examples of condensed phase phenomena illustrating the
importance of intermolecular interactions.
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1.2 Measuring Interaction Forces with an Atomic Force Microscope

A typical force microscope consists of an integrated cantilever-tip assembly interact-
ing with the sample surface, a detector that measures the displacement of the cantilever and
feedback electronics to maintain a constant imaging parameter such as tip-sample separation
or force (Figure 2). The integrated cantilever-tip assemblies can have single or V-shaped
beams® and normal spring constants, k_, in the range of 0.01-100N/m. By far, the most
popular and versatile detection scheme in AFM is optical lever deflection.® In this scheme,
the vertical displacement due to normal forces and lateral twist due to friction of the can-
tilever are measured using a quadrant photodiode, as shown in Figure 2. Force values are
determined from the normal displacement, Az, of the cantilever from its rest position. With
an instrumental sensitivity on the order of 0.1 A, minimal forces in the range of 10-3-10-8 N
(depending on the cantilever stiffness) can be measured. Hence, AFM can in principle measure
molecular interactions ranging from weak van der Waals (<1072 N) to strong covalent (10~
N) bonds.” In practice, the displacement (and corresponding force) sensitivity is limited by
thermally excited cantilever vibrations, optical and electronic noise.'? If the measurements
are conducted in ambient air or liquids, the thermal noise is especially important. For example,
cantilever quality factors drop from 10°-10° in vacuum to 10°-10? in fluids due to hydrody-
namic damping. The thermal noise limited minimal force is then on the order of 1-20pN at
room temperature. Use of specially designed small cantilevers for AFM can push the force
detection threshold to even lower values.'!!?

AFM measures the magnitude of intermolecular interactions by performing a force-
distance measurement, commonly referred to as an F-D curve or simply as a “force curve”
(Figure 3). In these measurements, the deflection of the cantilever is recorded during the sample
approach-withdrawal cycle.! The magnitude of the jump in the retraction trace corresponds to
the adhesion between functional groups on the tip and sample surfaces. The observed deflection
of the cantilever is converted into a force of adhesion using the cantilever spring constant.

The sphere-on-flat tip-sample geometry of the typical AFM force measurement does
not correspond to the interaction between two molecules, as shown in Figure 1. However,
the general features of the interaction potential are the same; that is, the potential has a
minimum and increases nonlinearly from this minimum (Figure 3). If the cantilever were
infinitely stiff, the probe deflection would have simply traced the gradient of the interaction
potential (of course, an infinitely stiff cantilever would not have generated any measurable
deflection, making such an experiment fairly useless). In practice, the molecular force
gradients are higher than the stiffness of the typical cantilevers over a substantial part of
the intermolecular force profile; therefore, most AFM cantilevers experience mechanical
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Figure 2. (A) Schematics of the atomic force microscope. The inset shows a close-up of the inter-
actions of the probe and sample surfaces modified with specific functional groups. (B-D) Possible
configurations of probe tip and sample functionalization. (B) All terminal functionalities bear the same
chemical groups. (C) Active functional groups (red) on the tip are “diluted” with inactive spacer mol-
ecules (grey). (D) Interacting groups are attached to the surfaces of tip and sample through long flexible
polymer tethers.

instabilities during the force curve cycle. Whenever tip-surface force gradient exceeds the
cantilever spring constant, the probe will jump in and out of contact with the sample surface
(Figure 3). The magnitude of the adhesion force, which corresponds to the jump out from
the potential minimum, is measured precisely in these experiments. Several recent develop-
ments have also attempted to use the AFM to map the entire interaction potential (see the
chapter by P. Ashby for a detailed discussion of these efforts).

1.2.1 CFM and Other Force Spectroscopy Techniques

CFM is not unique in its ability to measure interactions between molecules and
molecular assemblies; other techniques such as the surface forces apparatus (SFA)'3, an elastomer
lens-on-plate (or “JKR™) apparatus'*!>, colloidal probe microscope!®!’, interfacial force
microscope'8, and optical tweezers!® have also been successful in probing molecular-scale
forces. Yet AFM-based techniques hold the distinction of being able to probe specific interac-
tions on surfaces /ocally, thus having the ability to combine quantitative intermolecular force
measurements with high-resolution imaging.

1.3 AFM Tip Modification with Chemical Functional Groups

General strategies for modification of the AFM probe tips with different chemical
functionalities are covered extensively in the chapter 7; therefore, we will only briefly touch
upon the basic strategies of probe functionalization for CFM measurements. To probe
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Figure 3. (A) Typical force-vs-Z-piezo displacement curve. At large separations, no force is observed
between tip and sample. At short distances, the van der Waals attraction will pull the tip abruptly into
contact with the sample (jump into contact point). After that, the deflection of the soft cantilever tracks
the movement of the sample (linear compliance regime). Hysteresis in the force between tip and sample
is observed when the tip is withdrawn from the sample. The finite force necessary to pull the tip off
the sample surface corresponds to the adhesive force between functional groups on the surfaces of the
tip and sample. (B) The cycle in (A) is shown as a schematic intermolecular potential between the tip-
sample functional groups. Whenever the force gradient exceeds the cantilever spring constant kxpn.ng the
system becomes mechanically unstable and cantilever jumps occur.

interactions between functional groups in a rationally controlled manner, we need to modify
the probes with well defined molecular layers. The simplest way that this modification can be
accomplished is by using monolayers of amphiphilic molecules chemisorbed on the surface
of the tip. Different types of interactions can then in principle be studied by varying the head
group of the amphiphile.

By far the most well developed approach involves self-assembly of monolayers
(SAMs) of functionalized organic thiols onto the surfaces of Au-coated Si,N, or Si tips.
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Stable, robust, and crystalline monolayers of alkyl thiols or disulfides containing a variety
of terminal groups are a staple of the surface science literature and are readily prepared?’-2°.
Using systems of thiol SAMs on Au, systematic studies have been carried out on the
interactions between basic chemical groups on the probe tip and similarly modified Au
substrates.* 2637 Covalent modification of AFM probes with reactive silanes or through
direct Si-C bond formation has also been reported.'0>-104

1.4 Role of Environment in CFM Experiments: Experiment Design
and Basic Types of Detectable Forces

The environment, in which surfaces interact, plays a crucial role in determining the nature
and the magnitude of measured forces (Figure 4). To probe interactions determined solely by solid
surface free energies (i.e., bare functional groups), we need to measure adhesion forces in vacuum.
These measurements (Figure 4A) would admittedly be the easiest to compare with the available
body of the computational literature; but unfortunately more often than not these measurements
have very little to do with the real systems in which the functional groups are exposed to the ambi-
ent environment or immersed in water or other liquid medium. Force measurements carried out in
ambient air (Figure 4B) are much more relevant to the practical applications, yet they are also much
more difficult to interpret. The major contribution to the interactions in ambient air (and the major
obstacle to consistent data interpretation) comes from capillary forces generated by the meniscus
forming between the AFM probe and sample surfaces (Figure 4C). These forces® 3% 3° are usually 1-2
orders of magnitude higher than specific chemical interactions, and thus they almost always obscure
the relatively small differences in molecular forces between tip and sample functional groups. We
also note that capillary condensation will emphasize the relative degree of wetability (hydrophilic-
ity) and can serve as a basis for discriminating between hydrophobic and hydrophilic groups when

Figure 4. Comparison between force measurements in ultrahigh vacuum, liquids, and ambient air. (A)
Interactions under high vacuum conditions are determined by solid surface free energies. (B) Pulling apart
the surfaces under liquid will result in their solvation upon separation. The magnitude of the adhesion
force is defined by solid-liquid surface free energies. (C) Experiments conducted under ambient conditions
reflect the wettability of the surfaces, since the predominant interaction results from capillary forces.
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imaging under ambient conditions.*® Measurements performed in a dry inert gas atmosphere may
seem an attractive approach to circumventing the limitations imposed by capillary forces;*' how-
ever, researchers should use extreme caution in interpreting the results of these experiments, since
it is difficult to exclude or account for the presence of adsorbed vapor on high energy surfaces.

The only general approach for eliminating the capillary effect is to conduct the experi-
ments in liquid rather than in air.*? In this case adhesion force measurements with both sur-
faces immersed in liquid will reflect the interplay between surface free energies of solvated
functional groups. In addition to introducing the solvation energy components into the overall
energy balance of the system, the presence of tightly-bound solvation layers on the interact-
ing surfaces can introduce effects reminiscent of the collective (“hydrophobic”) interactions,
and further complicate interpretation of the results (the end of this chapter presents a more
detailed discussion of these effects). Understanding fundamental interactions in aqueous
solutions is especially important, since AFM has become a routine technique for probing and
imaging biological systems.*->*

1.5 Making Sure that CFM Experiments Work: Characterization
and Calibration of Force Probes and the Force Microscope

To obtain absolute force values and make direct comparisons between studies requires
knowledge of the cantilever spring constants and the tip radii. Researchers have introduced sev-
eral approaches for experimental calibration of normal spring constants of the AFM cantilevers,
k % yet the thermal resonance method*® has become the dominant technique. Current genera-
tion commercial AFMs make calibration of the individual tips easier than ever by incorporating
automated calibration routines directly into the microscope control software. As the process
variations during mass-fabrication of the AFM cantilevers could introduce up to 50% deviations
in the cantilever spring constants for nominally identical cantilevers, with additional changes in
effective stiffness due to gold coating,’® individual calibration of every cantilever used for force
spectroscopy measurements is imperative. The lateral spring constants k; of cantilevers can also
be determined experimentally™ or derived using the corresponding normal spring constants
through the cantilever geometry.2% 60-62

In addition, the sensitivity of the optical detector, which measures the cantilever
displacement, must be calibrated to obtain absolute forces. The normal (z) sensitivity of the
detector can be readily determined from the linear compliance region of the force curve when
the tip is pushed against a stiff sample (Figure 3A); the literature also contains examples of
noncontact methods.5* % The lateral (xy) sensitivity of the detector in the past was frequently
calibrated from atomic stick-slip friction loops,% although implicit neglect of the lateral stiff-
ness of the contact could introduce a significant error. A more robust, but more involved,
procedure than the use of stick-slip friction loops requires a standard with two different well
defined surface slopes. It is also possible to relate the normal sensitivity of a detector to its
lateral sensitivity.6% 6667

Finally, the tip radius is an important parameter to characterize, since it affects the
contact area between the tip and the sample; that is, the number of molecular contacts. Three
methods for tip characterization have been applied in CFM: 105(i) tip imaging using scan-
ning electron microscopy (SEM), which provides a direct measure of the radius and is the
most common approach; (ii) the “adhesion standard” system (e.g., CH,-H,0-CH,), which
provides the benchmarked work of adhesion to define effective tip radius using measured
adhesion force, known work of adhesion, W5 and a selected contact mechanics model, e.g.,
R = F /(1.57W); (iii) tip shape reconstruction algorithms, which can generate the probe tip
shape from the AFM images of a tip characterizer, such as sharp Si spikes on a flat surface,
atomically sharp features on the (305) face of SrTiO,, colloidal gold clusters, or even random
sharp features on the sample. In at least one test, blind tip shape restoration (method iii)
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produced tip radius values that were in excellent agreements with the estimates from the
direct SEM imaging of the probes (method i).!%

2 Probing Specific Nanoscale Interactions with CFM

A large number of CFM studies of the interactions between different chemical functional
groups covalently linked to tips and samples have appeared since the initial report of CFM.*
26 Tables 1 and 2 present some typical results. Adhesion forces between tips and substrates
modified with SAMs terminating in CF,, CH,, OCH,, CH,Br, OH, COOH, COCH,, CONH,,
and NH, groups have been measured in organic* **** and aqueous solvents,”” and inert dry
atmosphere.’!® Even a quick glance through these tables shows that the notion of determin-
ing a defined bond strength for a particular functional group pair interaction is too simplistic.
Interaction forces measured between the same functionalities in different solvents can differ by
almost an order of magnitude; and, even more troubling, measurements performed by different
research groups using similar probe functionalization in the same solvent sometimes produce
different results. It is clear that the measured interaction force can be influenced by many dif-
ferent parameters. In the following sections we quickly review the observed trends, outline the
experimental factors that influence forces in CFM, and present a detailed discussion of the
basic concepts that are useful in designing and interpreting CFM experiments.

2.1 CFM in Air and in Gas Environments

Several studies of functional group interactions have been carried out in dry gases®!

and are summarized in Table 1. Several qualitative trends are noticeable. The adhesive forces
between tips and samples modified with SAMs that both terminate in nonpolar groups are
small®® or undetectable within the resolution of reported experiment.?! Observed adhesive
forces are also small when one of the SAM surfaces terminates with nonpolar groups and
the other with polar groups. In contrast, when both tip and sample SAM surfaces terminate
with hydrogen bonding groups (Table 1, entries 1, 4-7) significant adhesion is observed. The
relative magnitudes of the adhesive forces are also in accord with the with expected bond
strengths; that is, COOH/NH, > COOH/COOH > NH,/NH,. Note that the use of dried gases
is not sufficient to completely preclude adsorption of water and other species on the surfaces
of SAMs. Hence, to determine unambiguously the magnitudes of the interactions between
bare molecular assemblies, it is necessary to carry out CFM studies under ultrahigh vacuum
conditions, which can ensure clean surfaces.

Table 1. Adhesion Forces Between Functional Groups in Gaseous Environment.

Functional Group Monolayer,

(Tip-Surface) Chain Length Medium Adhesion (nN) Ref.
COOH-COOH thiol SAM, C,, dry Ar 62 31
COOH-CH, thiol SAM, C,, dry Ar =0 31
CH,-CH, thiol SAM, C ¢ dry Ar =0 31
NH,-COOH thiol SAM, C,, dry N, 4.3+04 68
COOH-COOH thiol SAM, C,, dry N, 1.4+0.3 68
NH,-NH, thiol SAM, C,, dry N, 0.7+0.2 68
CH,-CH, thiol SAM, C,, dry N, 0.4+0.2 68
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2.2 CFM in Organic Solvents

Initial CFM experiments carried out in organic solvents focused on probing van der
Waals and hydrogen bonding interactions, while CFM performed in electrolyte solution
assessed hydrophobic and electrostatic forces (Table 2). Representative F-D curves obtained
in ethanol using Au-coated tips and samples that were functionalized with SAMs termi-
nating in either CH, or COOH groups readily reveal the difference between the individual
interactions (Figure 5A). To quantify the differences and uncertainties in the adhesive
interactions between different functional groups, however, it is always necessary to record
multiple force curves for each type of intermolecular interaction and each tip-sample pair.
Histograms of the observed adhesion forces typically exhibit Gaussian distributions (Figure
5B) and yield mean adhesion forces (+ its experimental uncertainty) of 2.3 + 0.8, 1.0 =
0.4, and 0.3 £ 0.2nN for interactions between COOH/COOH, CH,/CH,, and CH,/COOH

Table 2. Interaction strength between AFM tips and samples functionalized with specific
functional groups measured in different solvents.

Probe functionalization

Functionality monolayer Solvent Adhesion (nN) Reference
CH,-CH, Silane, C, EtOH 04+03 29
CH,-CH, Silane, C, EtOH 0.7+0.6 29
CH,-CH, Silane, C,, EtOH 24+12 29
CH,-CH, Silane, C,g EtOH 3523 29
CH,-CH, Thiol, C EtOH 1.0£04 26
CH,-CH, Thiol, C, EtOH 23+ 1.1 33
CF,-CF, Silane, C,, EtOH 154 30
CH,-CF, Silane, C g, C,, EtOH repulsive 30
CH,-CH, Silane, C,g CF,(CF,)CF, 52 30
CF,-CF, Silane, C,, CH,(CH,),CH, 21 30
CH,-CH, Thiol, C,, CH,(CH,),,CH, 0.07 £ 0.05 33
COOH-COOH Thiol, C,, CH,(CH,),,CH, 0.11 +0.02 33
COOH-COOH Thiol, C,, Hexane 0.95 +0.26 101
COOH-CH3 Thiol, C,,, C EtOH 03+02 26
COOH-COOH Thiol, C,, EtOH 23+0.8 26
COOH-COOH Thiol, C,, EtOH 0.27 £ 0.04 33
COOH-COOH Thiol, C,, PrOH 1.37 £0.26 101
CH,OH-CH,OH Thiol, C,, EtOH 0.18 +0.18 33
COOH-COOH Thiol, C,, Water 28+0.2 101
COOH-COOH Thiol, C,, Water, 7.0+0.2 27
COOH-COOH Thiol, C,, pH<5 23+ 1.1 33
COOH-CH,0H Thiol, C,, Water, DI 1.1 +£0.5 27
CH,OH-CH,0H Thiol, C,, Water, pH < 5 1.0£0.2 27
CH,OH-CH,OH Thiol, C,, Water,pH < 5 0.3 +0.05 33
CH,-CH, Thiol, C,q Water, DI 60 +5 27
CH,-CH, Thiol, C,, Water 125+44 33
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Figure 5. Specific interactions between basic chemical functionalities in ethanol. (A) Representative
force vs. distance traces recorded between samples and tips functionalized with simple organic func-
tional groups.* (B) Histograms of adhesion forces recorded between similar tip/sample pairs in repeated
measurements. Solid lines indicate Gaussian fits to the data.?®

groups, respectively. Since the mean values do not overlap, it is possible to differentiate
between these chemically distinct functional groups by measuring the adhesion forces with a
tip that terminates in a defined functionality. The observed trend in the magnitudes of the
adhesive interactions between tip/sample functional groups, i.e., COOH/COOH > CH,/CH,
> CH,/COOH, agrees with the qualitative expectation that interactions between hydrogen
bonding groups (i.e., COOH) will be greater than between non-hydrogen bonding groups
(i.e., CH,).

When the solvent is chemically similar to the tip and sample terminal functional groups (for
example, CH, groups in hexadecane or CH,OH groups in ethanol), the forces required to separate
the tip and surface are small (Table 2). Cross-interactions between immiscible components were
found to be either very small (e.g., CH,/COOH in ethanol) or even repulsive (e.g., CH,/CF, in
ethanol). In contrast, when the solvent is immiscible with the functional groups that terminate the
SAMs on the tip and sample, the adhesive forces are extremely large. Both van der Waals (Table 2
CH, groups in perfluorohexane or CF, groups in hexane) and hydrophobic (Table 2 CH, groups
in water) interactions can be responsible for this latter behavior.

3 Interpretation of CFM Experiments

3.1 Thermodynamic Model: Surface Free Energies and Surface Tension
Components Models

3.1.1 Contact Mechanics Approach to Tip-Surface Contact in CFM

Although force microscopy with sharp probes approaches the limit of point contact,
in practice the number of interacting molecular species in CFM experiments remains on the
order of tens to hundreds. Energies of intermolecular interactions and the number of func-
tional groups contributing to experimentally observed forces can be derived from adhesion
data by considering the contact deformation between the probe and a surface.
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The problem of adhesive contact between the tip of radius R, and sample of local cur-
vatures R, can be treated in terms of elastic contact between a flat surface and a sphere of
effective radius R:

R = (I/R,+1/R,) e))

The sphere deforms due to both repulsive forces (Born repulsion) within the area of
contact and attractive forces near the edge of the contact zone and outside it. The interatomic
distances within the contact zone differ little, and this area can be considered to be a flat circle
of radius a. For repulsive-only interactions (hard-wall potential, Hertz model), the depend-
ence of the contact area size on external load P is well known:

»_ RP
K

2 2\
where K = i ! Vi +]_V2 (3)
3\ E, K

, @

a

is the effective elastic constant of the system (v is the Poisson ratio and E is the Young’s
modulus). Realistic potentials are not straightforward to implement in the models of contact
mechanics, because interaction force depends on the intermolecular separation, in other
words, it is defined by the surface profile of the deformed sphere, which in turn depends on
the interaction force. One can decouple the force-surface profile dependency by assuming that
1) the profile is not changed because of the presence of attractive forces outside the contact
zone, or ii) attractive forces act only within the contact area (zero range forces).

The first option means that the forces are based on the Hertz result and leads to the
DMT (Derjaguin, Muler, and Toporov) model of adhesion:® the radius a, the surface profile,
and the stress distribution are given by Hertz equations with the external load substituted by
the total force P + F , which includes adhesion F,. The force of adhesion can then be related
to the thermodynamic work of adhesion by summing up interactions in the gap between the
surfaces outside the contact zone,

@ == P =P+21W,, F =27aRW,, “)

The work of adhesion for separating the sample and tip gives the balance of interfa-
cial free energies W ., = v,,+Y,;—Y,,- The second choice, implemented in the JKR (Johnson,
Kendall, and Roberts) model™, results in a different stress distribution: compressive in the
center of the contact zone, changing to tensile when approaching the boundary (and zero out-
side the contact circle). The total energy of the system is minimized when the external load P

is substituted by an apparent load P,:

RP,
a =7l P = P+37th32R+\/6erl32RP+(37rW RY E = %nRWm 5)

132

The two models differ substantially in predicted contact area, force of adhesion, and surface
profile. JKR theory predicts a finite radius of contact under zero external load and when surfaces

1/3
67[W1 32R2

_ aO(JKR)
S(JKR) — 41/3

separate: g and ¢ z0.63a0(JKR), respectively. One can

0(JKR) —

estimate the number of molecular contacts in adhesive interactions by dividing the contact
area at pull-off, a, by the area occupied by a single functional group. Corresponding quantities
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27w, R\
for DMT theory are q,,,,,. = (%j and a,,,,, = 0. The estimate of the number of

molecular contacts in the DMT model must consider the range of intermolecular forces z,,.

A self-consistent approach to the contact problem typically requires numerical solu-
tions. Such calculations based on the Lennard-Jones potential showed’! that the DMT and
JKR results correspond to the opposite ends of a spectrum of a non-dimensional parameter
(so-called Tabor elasticity parameter):

13
_[16RW? ©)
" 9 K’z

This parameter asserts the relative importance of the deformation under surface forces:
for @ < 0.1 the DMT model is appropriate, for i > 5 the JKR model applies. Although
the JKR model predicts infinite stresses at the perimeter of the contact zone, whereas DMT
model predicts discontinuous stress, numerical results did not display any abnormal stress
distributions.

To avoid self-consistent calculations based on a specific potential, Maugis derived
an analytical solution to the adhesive contact problem’? by using the Dugdale approximation
that the adhesive stress has a constant value G, (theoretical stress) until a separation h, =
W/c, is reached at radius ¢, whereupon it falls to zero (Figure 6). The net normalized force
is given by (m = c/a):

13=c73—Mz(\/mz—l+m2arccos(l/m)), @)

where parameter A is a measure of the ratio of the elastic deformation to the range of surface
forces and @ and P are the scaled radius of the contact zone and external load:

1/3
RK* _ P
ﬂ:W) =1.16u a= a P= 8)

A=20, [ (ﬂ'WRZ /K)IB TWR

The elasticity parameter A is related to m through:

%/l a’ |:(m2 —2)arccos(1/m)+~/m* — 1] + % Aa
[\/m2 —larccos(l/m)—m+ 1] =1. )

When A is increased, m—1 (i.e., contact forces only, c=a) and the JKR limit is recovered:
P=a’-6a’' =P -,/6P. (10)

When A is decreased, m—eo (i.e., long-ranged forces, c>>a) and the DMT limit is
achieved:

P=a -2 an

The Maugis-Dugdale (MD) model is an accurate representation of the adhesion in the pres-
ence of a liquid meniscus (constant pressure inside the meniscus).
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The choice of a functional form of the contact area dependence on the external load is
crucial to interpretation of the friction forces, which will depend on both the interfacial shear
strength of the contact and its size. The difficulty with MD theory is that it does not easily
lend itself to fitting the experimental data. This issue was addressed by Carpick et al.,”> who
demonstrated that a simple general equation:

23
u :[ah/l—P/FM)) .

1+o

Aoar)

closely approximates Maugis’ solution and can be used to fit experimental data onto a contact
area (friction). Numerical results are then used to obtain the Tabor parameter from the fitting
parameter o (¢t = O corresponds to DMT case, o. = 1 corresponds to JKR case).

The exact value of the numerical coefficient in Equation 4 and 5 for F, (3/2 vs. 2) is
beyond the experimental uncertainty of CFM experiments (widths of adhesion force distribu-
tions plus errors in determination of k and R, see Tables 1 and 2); and both approaches can and
have been used to derive surface free energies from adhesion data. On can construct an “adhe-
sion map” of the applicability of particular models depending on the parameter | and applied
force.” In the CFM, high modulus materials (%100 GPa) and tip radii ~100nm result in 1 < 1;
thus CFM experiments fall into a “transition” zone. Numerical calculations for pu < 0.3
indicate, however, that the compliance of adhesive contact and computed contact radii are
still well represented by the JKR equations. Therefore, it appears that JKR equations give
good predictions even under conditions well outside the expected JKR zone. We note that it
is impossible to place a given system in the respective contact mechanics regime based on the
adhesion force measurement alone, since contact area is not measured independently in CFM.
An estimate of the Tabor elasticity parameter is preferred in this case, although this approach
still needs to make assumptions about effective elastic constant of the monolayer/substrate
system.

3.1.3 Intermolecular Force Components Theory

The sphere-on-flat tip-sample geometry of the AFM does not correspond to the interac-
tion between two atoms or molecules. The Lennard-Jones potential typically used to represent
interaction between molecular species (with minimum energy €):

-7 -13
Fmalec(z) — 12 _(i) +(i) (13)
£/% X %

has to be modified for the CFM geometry to account for multiple intermolecular pairs.
The fundamental 1/z7 law of attraction for dispersion forces between molecules was first
derived by London based on second order perturbation theory. An alternative approach by
Dzyaloshinskii, Lifshitz, and Pitaevskii’ uses quantum field theory to relate van der Waals
(vdW) forces to spectroscopic properties of materials, but produces an analytically useful
result only in the case of vdW pressure between two semi-infinite dielectric slabs separated by
a third medium:

Al
f(Z)Z—aZ—3 (14)

where A is the (non-retarded) Hamaker coefficient, which relates to a detailed dielectric
behavior of the materials through a complete electromagnetic spectrum.
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Figure 6. The Maugis-Dugdale stress distribution is a sum of two terms: the Hertz pressure p,, acting
on the area of radius a, and adhesive tension p, acting on the area confined by radius c.

The two scales (macro and molecular) converge in Hamaker’s approach: from the power
law for intermolecular interactions, F, @ = -C/Z’, the macroscopic van der Waals force
between bodies 1 and 2 with molecular densities p, and p, can be obtained by volume integra-
tion of the pair-wise interactions:

f@)=- ﬂ?éiz}c ,where pp,C=6A/r’ (15)

Thus, London’s result for interactions across vacuum (ot is atomic polarizability)”®:

i h velveZ al a2

Unporee == s (16)

e A v 4V, g
leads to a geometrical mean combining rule for the corresponding Hamaker coefficients
(V.,®V.,» P,=P,) and for the surface free energies in the case of Lifshitz—van der Waals (LW)

forces:

A =E A Ay and 7" =y an

The pull-off forces, as described in the contact mechanics models, depend on
the surface free energies through the thermodynamic work of adhesion. In associating
solvents and for polar surfaces, it is important to take a proper account of both addi-
tive (symmetric) van der Waals interactions and complementary (asymmetric) electron
donor-acceptor interactions (hydrogen bonding). Donor-acceptor or Lewis acid-base
interactions are short-ranged (contact) forces and are not accounted for in London’s or
Lifshitz’s treatments of weak intermolecular forces. These interactions, however, influ-
ence thermodynamic data, and thus must be included in computational models for analy-
sis and prediction of physicochemical properties—for example, in solvation models and
the linear free energy relationship approaches.

Hydrogen bonding interactions operate over the background of the omnipresent disper-
sion forces. While the dispersion forces for dielectrics are often very similar in magnitude, the
hydrogen bonding interaction differentiates various classes of organic functional groups quite
dramatically. One can compare, for example, boiling points of homologous hydrocarbons and
alcohols or adhesion forces between CH,/CH, and COOH/COOH pairs.
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A successful scale of the strength of acid-base interactions was proposed by Fowkes,
van Oss, Chaudhury, and Good (FOCG),”” who recognized the need for having two values
to describe the polar surface tension component: one representing electron accepting and the
other representing electron donating abilities in combining relations. In this model, the total
surface tension of a polar system is separated into van der Waals, ¥V, and Lewis acid, y*; and
Lewis base, Y-, components:

}/lotal = yLW + /yAB (18)
where y*® =2,/y*y". For cross-interactions, the following combing rule applies:
Vo =" v v (19)

and the solid-liquid interfacial tension is then given by:

LW, LW

Yo =o + 70 =2 (W7l e+ )
o o)’ P - 20)
:( Y§y - Yt\‘:v ) +2(\/7’Lv7/w +\/st?/sv
- \/Y;vygv - \/YEVYZV )

The interpretation of adhesion measurements in liquids can be complicated if all
components are involved in acid-base interactions. Although there is no solid fundamental
theoretical basis for applying the geometric mean combining rule for interactions of acid-base
type (unlike for van der Waals interactions), the FOCG model is conceptually simple and can

be applied successfully to rationalize the trends in adhesion forces observed between organic
functional groups of model SAMs or polymer systems in organic liquids.

3.2 Scaling Relationships in CFM Experiments

3.2.1 Experimental Geometry: Surface Roughness
and Probe Size Effects

One of the advantages of using nanoscale point probes in adhesion studies is that they
drastically lower the requirements for the surface quality necessary to achieve molecularly
smooth contact, e.g., the sample does not have to display macroscopic atomically smooth
areas. Quasi-equilibrium pull-off forces predicted by the contact mechanics equations dis-
cussed in the previous sections should be directly proportional to the effective radius defined
by Equation 1. We can immediately recognize, however, that substrate roughness, e.g., local
variations in the substrate radius of curvature will affect the magnitude of adhesion. For
example, analysis of force and topography maps from the AFM measurements on a chemi-
cally homogeneous, hydrophobic sample-silanized etched silicon’® showed an unambiguous
direct correlation between the substrate’s local curvature and the force of adhesion.

The width of the adhesion force distribution (o,) for a HS(CH,),;COOH/
HS(CH,),;COOH pair in ethanol was halved when the polycrystalline Au substrates were
replaced by the single crystalline, annealed Au on mica.” Similar observations® were reported
for the adhesion forces in water (Figure 7) using the same HS(CH,),,CH, terminated tip on
three HS(CH,),,CH, modified substrates: (i) 11-nm sputtered Au film, (ii) 110-nm sputtered
Au film, and (iii) annealed Au(111) on mica. Remarkably, Au substrates presenting large areas
of the (111) face produced the same mean value of adhesion, while the distribution width was
a factor of five smaller. These results suggest that the spread of the local curvature distribution
of the substrate could be a primary factor responsible for the width of adhesion force distribu-
tions for chemically identical tip-sample combinations.
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Figure 7. Histograms of adhesive force mappings using the same CH,-terminated tip on HS(CH,),,CH,

SAMs formed on: (A) 11nm thick sputtered gold, (B) 110nm thlck sputtered gold, (C) 100nm thick
thermally evaporated Au(111) on mica, and (D) same as (A). The sequence of CFM measurements was
(A)-(B)-(C)-(D).*

The most serious practical consequence of varying sample flatness for the interpreta-
tion of the chemical force microscopy results is that the measured distributions almost never
reflect the inherent statistical distribution width for a given chemical functionality. Thus,
statistical treatments of force fluctuations in CFM should be used with caution—a significant
contribution to G, almost always arises from the fluctuations in the tip-sample contact area
due to the differences in local surface curvature.

Scaling of the measured adhesion force values with the size of the contact area and,
correspondingly, with the number of bonds comprising the interactions is generally a compli-
cated topic, especially at high loading rates when the kinetic effects are strong®!. In the quasi-
equilibrium limit, some generalizations are possible on the scaling of the adhesion forces
with the probe size. The relationship between the tip radius, R, and force of adhesion, F,
was probed systematically®? for hydrophobic contacts (CH,/CH,) in water. For tip radii rang-
ing from R = 15nm to R = 125nm, a remarkably good linear correlatlon (Figure 8A) existed
between the measured adhesion forces and the probe radii.

Moreover, when researchers accounted for substrate roughness (radius of curvature
of Au grains) by defining and effective probe radius, the linear fit showed a zero intercept
(Figure 8B), as predicted by the contact mechanics models.’? If we use the value of the
thermodynamic work of adhesion in the CH,-H,0-CH, system of W = 103 mJ/m?, data
in Figure 8 produce a proportionality coefﬁclent of (1 59+0.15)ntW between the pull-off
force and the effective radius. This value is very close to the 1.5tW value predicted by the
JKR model.

One of the possible solutions to mitigating the effects of the surface roughness on the
observed interactions is to use CFM probes of extremely small size. Lieber and co-work-
ers demonstrated an important development in this direction by using chemically-modified
carbon nanotube AFM probes for force measurements.?385 These probes (especially
single-wall carbon nanotube probes) offer a versatile setup for measuring basic chemical

NOY_Chog.indd 111 @ 10/15/2007 8:50:22 PM



112 A. Noy et al.
40 T T T T T T
A
Z 30 _
£
Q
IS
£ 20 — R
— —
9
g 10f .
8-
1 1 1 1 1 1

0 20 40 60 80 100 120 140

40 T T T T T T

. +

Pull-off Force (nN)
N
o
T
1

0 10 20 30 40 50 60 70
Reduced Radius (nm)

Figure 8. (A) Plot of mean pull-off force vs estimated tip radius (circles) for 10 tips. The solid line
shows a linear least squares fit. The vertical error bars represent the standard deviation of the average
pull-oft force while the horizontal error bars are estimated maximum and minimum radius. (B) Plot of
mean pull-oft force vs reduced tip radius, taking into account roughness of the substrate. Reproduced
from reference.?

interactions on a nearly single molecule basis. Unfortunately, the full potential of these
probes has yet to be realized, mostly due to the experimental challenges in the mass pro-
duction of such probes.

3.2.2 Applied Load and Measured Adhesion Values

The main weakness of CFM, as well as all other AFM-based adhesion measurement
techniques, is its inability to obtain an independent measure of the contact area. Frequently, a
tip-sample friction force is assumed to provide a simultaneous measurement of the contact
area on the assumption that friction is proportional to the actual contact area and interfacial
shear stress for corresponding functional group pairs.3

F=1,mta’ (1)

Note that the general relationship between the radius of the area of contact and the
external load (Equation 12) predicts a nonlinear relationship between friction force and
applied load. Surprisingly, most of the reported experimental friction-load curves in chemical
force microscopy showed approximately linear behavior.?® 8- Vezenov et al.*® attributed the
apparent linear shape of these curves to the averaging of multiple single-asperity contacts
that occurs when a friction force is averaged over a path of several micrometers in a typical

NOY_Chog.indd 112 @ 10/15/2007 8:50:23 PM



®

3 Nanoscale Probing of Fundamental Chemical Interactions 113
A
40
Z 30
£
c
o
5 204
w
104
0 T T T T
-40 -20 0 20 40
Applied Load (nN)
B

TU/K2l3 (Pa1/3)

0.0 T T T T
0 10 20 30 40
Lo (NN)

Figure 9. (A) Friction force versus applied load curve (o) for a CH, terminated tip and sample in water.
The shape of the curve is consistent with the nonlinear dependence of the contact area on external load
predicted by the JKR model (fit). (B) Interfacial shear strength, 7, of methyl-methyl contacts in metha-
nol-water mixtures normalized by the elastic constant, K*?, plotted versus the force of adhesion measured
simultaneously. Closed and open symbols represent different experiments.”!

friction measurement. The nonlinear JKR-like behavior was detectable only for relatively blunt
tips when large forces for hydrophobic SAMs in water turned substrate imperfections into
secondary effects (Figure 9A). Nonlinear relationships were also observed between friction
and applied load in methanol-water mixtures using methyl terminated siloxane SAMs on
smooth Si substrates and silicon nitride tips (Figure 9B).** For the same tip-sample pair, the
adhesion increased with higher water content; however, the interfacial shear stress, deter-
mined by fitting to a contact mechanics model, remained constant.

3.2.3 Adhesion and the Surface Free Energy: Systematic Variations
of Adhesion in Mixed Solvent and Mixed SAM Systems

A fruitful strategy to test the scaling relationship between the adhesion forces and the
interfacial free energies predicted by the contact mechanics theories for quasi-equilibrium
unbinding is to use the same tip and sample pair and vary either the solvent composition or
the SAM composition on the probe. This arrangement preserves the geometrical parameters
of the system while varying the interfacial free energies of the interacting system in a smooth
and predictable manner. For example, Vezenov et al. used the same tip-sample pair terminat-
ing in CH, groups to determine adhesion forces in a series of methanol-water mixtures.”!
These measurements produced an unambiguous linear correlation between adhesion forces
and corresponding surface free energy values determined from independent contact angle

NOY_Cho3.indd 113 @ 10/15/2007 8:50:23 PM



114 A. Noy et al.

measurements, thus providing an additional corroboration of the scaling relationships pre-
dicted in such systems by the contact mechanics models (Figure 10).

3.2.4 Mechanical Properties of Sams and Effect of Chain Packing

The degree of packing in the SAM is affected by the anchoring mechanism and defect
density and is generally different for thiolates on Au, trichrolosilanes on Si, and trimethoxysi-
lanes on Si. The tilt angle of alkyl chains with respect to substrate is influenced by the anchor-
ing group density in these SAMs. Thicknesses of these monolayers measured by ellipsometry
(2.2nm, 2.4nm, and 1.9nm, respectively) is consistent with an all-trans conformation and an
expected trend in tilt angles of 30°, 10°, and 40°, respectively. Most important for the CFM
measurements, the orientation of the terminal group is therefore different for these three com-
monly encountered types of the SAMs. Klein and co-workers performed elegant experiments
exploring this degree of freedom in the CFM experiments by measuring adhesion forces between
HS(CH,),,CH,/Au tips and HS(CH,),,CH,, CL,Si(CH,),,CH,, and (CH,0),Si(CH,),,CH, mon-
olayers in water. Adhesion forces were sensitive to SAM internal organization.”> The adhe-
sion results obtained with three different probes, while nominally reflecting methyl-methyl
interactions in water, displayed a trend that paralleled the quality of organization of the SAMs:
adhesion forces ratios were 1/(0.797+0.005)/(0.687+0.006) for HS-, Cl,Si-, and (CH,0),Si-
anchor groups, correspondingly (the error is the standard deviation of the mean for different
tips). Interestingly, the contact angles, measured on the same series of samples, were much less
sensitive to the type of SAMs (111°, 110°, and 108°). Thus, different chain packing and orienta-
tion of the terminal group of the self-assembled monolayer can lead to measurable differences
in the pull-off forces and thus can serve as a sensitive probe of the conformation of the surface
chemical groups. The sensitivity to conformation was also demonstrated by the discrimination
of chiral isomers on the basis of adhesion forces detected in CFM experiments.”* On the other
hand, the use of the work of adhesion of a “reference” system, such as methyl-methyl contacts
in water (W = 103mJ/m?), to determine effective tip radius**°* should be used with caution,
because nominally the same interface can produce a different apparent work of adhesion
depending on the packing of the underlying alkane chain.

3.2.5 Role of the Solvent and Hydrogen Bonding Interactions

Surface free energy arguments explain the magnitudes of adhesion forces measured between
organic functional groups in ethanol. Lieber and co-workers observed®! that adhesion meas-
ured by CFM did not correlate with solvent polarity (dipole moment or dielectric constant) or

100 o

50

Adhesion Force (nN)

Y (MJIIM?)

Figure 10. Adhesion between CH,-terminated tips and samples versus solid-liquid surface free energy
determined from advancing (open symbols) and receding (closed symbols) contact angles for CH,-
terminated SAM (g, = 19.3mJ/m?).”!
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cohesion energy. On the other hand, they found®! that the surface tension component (STC)
theory (Section 3.1.3) is generally useful in explaining CFM data in various solvents.

For CH,-terminated SAMs, the last three terms in Equation 20 are all zero (i.e., Y48 = y*
=1y~ =0), while the van der Waals component Y-V determined from contact angle measurements
with liquid hydrocarbons (19.3mJ/m?) is essentially the same as the corresponding Y-V values for
alcohols and water (21.8, 18.5, and 20.1 mJ/m? for water, MeOH, and EtOH, respectively). Thus,
the first term in Equation 20 is also negligible and the value of the adhesion force between two
methyl surfaces in alcohols (or water) is essentially a measure of the strength of the hydrogen
bonding interaction (in a free energy sense) in liquid alcohol (water):

WCH3/ROH/CH3 =2 yABROH (R =CH,CH,, CH; or H) (22)

Ethanol and methanol have indistinguishable values of surface tension (22.8 and
22.6mJ/m?, respectively) but different hydrogen bonding components (YAE = 2.7 and 4.1 mJ/
m?, respectively), both of which are much smaller than the corresponding value for water
(yAB = 51 mJ/m?). When the same tip and sample are used in the adhesion experiment, forces
between CH; groups in MeOH were consistently 1.5-2 times greater than those in EtOH,
in agreement with the ratio of 1.6 between corresponding yAB values. Clear and Nealey
measured adhesion forces between HS(CH,),,CH, modified Au-coated probes and CH,- and
COOH-terminated siloxane monolayers on Si substrates.”* For a number of solvents (hexade-
cane, ethanol, propanediols, and water), they also found a good agreement between the work
of adhesion for CH,/CH, interface (i) obtained experimentally with CFM, (ii) predicted form
contact angle measurements, and (iii) the values calculated from the STC model.

Ethylene glycol (EG) and dimethylsulfoxide (DMSO) present another example of two
solvents with a similar surface tension (48 and 44 mJ/m?) but quite different adhesion forces
between apolar surfaces. These solvents have significant acid-base components (19 and 8 mJ/
m?, respectively) and dispersion contributions that differ from that of the CH,-terminated
SAM (29 and 36 mJ/m?2, respectively). Adhesive forces between methyl surfaces in EG are
predicted (Equation 20) to be greater than those in DMSO by a factor of 1.8, while experi-
ments yielded a factor of 1.8-2.0 difference.”' These data independently confirm the validity
of the intermolecular force components approach for treating adhesive interactions between
organic groups in liquid medium.

The methanol-water mixture provided a simple way to generate similar solvents that spanned
a large range of hydrogen bonding ability (Y28 =4 to 51 mJ/m?). With a nonpolar SAM, the force
of adhesion increased monotonically in mixed solvents of higher water content; whereas, with
a SAM having a hydrogen bonding component (COOH groups), higher water content led to
decreased adhesion compared to the nonpolar counterpart. Overall, surface tension component
interpretation of the CFM data in solvents showed that competition between hydrogen bonding
within the solvent and hydrogen bonding between surface groups and the solvent provided the
main contribution to adhesion forces between organic functional groups in liquids. Water, with its
exceptional hydrogen bonding properties (both as acceptor and donor), used as a solvent in CFM
measurements will therefore discriminate best between various organic groups.

Liquids that form strong interfacial bonds can display two adhesion minima: (i) one cor-
responding to contact between the groups of the tip and the first solvation shell of the surface
when the maximum load on the tip in contact is small, and (ii) the second, deeper, minimum
corresponding to contact between the tip and the surface groups when the maximum load is
high and the solvation shell is fully penetrated. For OH-OH pair in octanol, the CFM gives
Y. = 0.16mJ/m* and 0.60 mJ/m?, respectively, for the two minima.”

A set of interesting experiments involves COOH and OH groups in both nonpolar and
hydrogen bonding solvents. The acid-base components of surface free energy of these SAMs
are not readily available from contact angle measurements, because most test liquids will
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completely wet such surfaces. The CFM in these systems can potentially provide, along with a
dispersion Y-V component, the values of y* and y~ which together will completely characterize
adhesion between these SAMs and other organic surfaces. For example, STC treatment® of
Woumnpon ad W o cs values (HD is hexadecane) using Equation 20 yields yA®, ~1.1-
1.5mJ/m?. On the other hand, one would obtain Y8, ~ 24.6mJ/m? for the same monolayers
when using values of the work of adhesion W, .00 and W00 o found with CFM in
water. Warszynski et al. argued® that the discrepancy can be resolved if one assumes that in a
combining relationship (Equation 19) one needs to take the values for surface free energy of
solids saturated with the respective liquids. Rearrangement of surface groups in response to dif-
ferent environments is another possible factor responsible for changingthe Y component of the
SAM. In addition, the STC model has been shown to have internal inconsistencies, and CFM
could be a powerful tool to provide estimates of surface tension components directly for each
individual solvent/surface pair. Clearly, the YAP values for high surface energy groups are not
available by other means; in these situations, CFM can be used as an independent method
to construct the respective acid-base scales.

4 Kinetic Effects in CFM Measurements

4.1 Chemical Force Microscopy in the Kinetic Regime

So far we have concentrated on the scaling behaviors described by the thermodynamic
models of chemical force microscopy. Yet, since CFM typically probes the interactions of a very
small number of individual molecular contacts, the thermal fluctuations are still significant, and
thus they should exhibit some elements of the bond rupture kinetics typical for non-equilibrium
forced unbinding of single bonds. These effects are discussed in detail in the other chapters, so
here we provide only a very cursory sketch, mostly for the sake of consistency. If the interacting
system is loaded at a very high rate, such that the bond rupture occurs far from equilibrium, the
applied force would exponentially amplify the kinetic rate of dissociation. As solved by Evans
and Ritchie,” the kinetic equations for the case of linear loading (as encountered in the AFM
experiments) predict that the pull-off force at constant loading rate I is:%7

k, T
foutiorr = - ln(r_fj (23)
Xg I,
Characteristic loading rate r, is defined as:
kT 1

Iy

X E
B 0
T.ex
P p(kBT]

where T, represents the inverse of the diffusion-limited attempt frequency, E,, is the depth of
the energy well, and Xg is the distance to the transition state.

Direct application of this formalism to the CFM experiment presents several significant
challenges. CFM almost always involves the rupture of multiple individual bonds connected
in parallel. Williams and Evans considered the kinetics of the bond rupture in such systems” %
and showed that the kinetics of bond rupture is nontrivial in the general case of uncorrelated
bonds. However, the analysis could be simplified by assuming that all the bonds are corre-
lated, i.e., they share a single reaction coordinate. Then the system could represent a single
“macro-bond” with the total potential equal to the sum of the potentials of individual compo-
nents.” For the serial loading of N identical bonds Williams and Evans obtained the following
expression for the unbinding force:
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Figure 11. Binding forces between COOH-modified probe and sample in ethanol plotted as a function
of loading rate.>* Lines indicate fits according to Equation 25 in the equilibrium and nonequilibrium
unbinding regimes.

0

o = kT | (Lf Nexp(MD (24)

Xg T, k,T

Qualitatively, in the case of such parallel loading of N bonds, the binding force is only
slightly smaller than N times single bond strength (yet the scaling is not exact!). Another impor-
tant feature of this case is that the distance scale of the interactions is unchanged, i.e., the width
of the potential for the “macro-bond” is still equal to the width of the potential for a single bond.
Moreover, the scaling of the bond strength with the loading rate predicted by the kinetic model
for a single bond case is still valid.

Configuration constraints imposed by the rigid self-assembled monolayers provide
an almost ideal parallel loading case; therefore, we can use the CFM measurements in the
kinetic regime to determine the width of the interaction potential. Noy and coworkers** tested
this regime for the interactions of COOH-terminated surfaces (Figure 11) and observed the
behavior predicted by the kinetic analysis. When the tip-sample junction was loaded slowly,
the unbinding force was virtually independent of the loading rate, indicating unbinding in the
equilibrium regime. As the loading rate increased further, the system transitioned to the non-
equilibrium unbinding and started to exhibit a characteristic exponential increase in the bind-
ing force with the loading rate. The measured slope of this increase estimates the distance to
the transition state as 0.6 A for the interactions between COOH functionalities. The distance
to the transition state is significantly shorter than the values typically observed for interactions
between biological macromolecules (see the Chapters 5 and 8), which is reasonable to expect
considering the size difference. Interestingly, this value is comparable to the barrier width per
base pair (0.7A) obtained by Strunz et al. in the DNA unbinding experiments.'® It is tempting
to assign the value obtained in these measurements to the hydrogen bond potential, but, as we
will show in the next section, the real picture is more complicated.

4.2 Probing Entropic Barriers in Nanoscale Adhesion with CFM

As we have discussed in Section 2, solvation plays a very important role in shaping
the interactions between chemically-modified probes and surfaces. The surface tension com-
ponent model provides the quantitative framework for predicting binding forces in the near-
equilibrium regime. However, we can gain a deeper understanding of the origin of such forces
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if we consider the temperature dependence of the tip-sample interaction strength. Noy and
co-workers** % studied the strength of the interactions between several different surfaces as a
function of temperature. Intuitively, we expect the binding force to decrease as the tempera-
ture increases and the thermal fluctuations gain more energy to break the bond. Surprisingly,
the researchers observed (Figure 12) that for interactions between COOH-terminated surfaces
in a polar, hydrogen-bonding solvent the interaction strength increased with the temperature.
This behavior was also present for interactions of other hydrophilic functionalities in polar
solvents. Conversely, when the liquid medium was switched to a nonpolar solvent (hexane)
the temperature trend reversed. The researchers attributed this behavior to the large nega-
tive entropy accompanying ordering of solvent molecules at the interfaces.’® This negative
entropy destabilizes the unbound state and leads to the observed counterintuitive temperature
dependence. Nonpolar solvents do not tend to form ordered layers and thus do not contribute
to these entropic solvation barriers.

The kinetic model outlined in the previous section can provide a quantitative interpreta-
tion of this phenomenological picture. If we separate the energy barrier into enthalpic and
entropic components, £, = AH — TAS, and substitute Equation into Equation we can represent
the temperature dependence of pull-off forces in the following form:

AH AS k,T k, T
et AT L P LT S
)CB .XB XB rf‘L'Dxﬁ

f;mllfoff = (25

The first two terms in Equation 25 describe the enthalpic and the entropic contribu-
tion to the bond strength, and the third term describes the contribution of thermal motion to
the bond strength. In other words, the first two components describe the true energy-barrier
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Figure 12. (A) Binding force as a function of temperature for interactions of COOH-modified probe
and sample in ethanol. Inset shows a binding force histogram at one temperature point. (B) Binding force
as a function of temperature for the interactions of COOH-modified probe and sample in hexane.
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contribution and the (always negative) third component describes the “thermal weakening” of a
bond caused by the thermal fluctuations helping the system to get over the activation barrier.

Equation 25 highlights another bit of nontrivial physics of the behavior of intermolecular
bonds under external load. The third term in Equation 25 (“thermal weakening”) always increases
in magnitude as the temperature increases, leading to the overall decrease in the observed force, in
full agreement with the intuitive picture. Yet the entropic term can lead to either increase or
decrease in the overall interaction force depending on the sign on the entropy change for the
unbinding process. Therefore, for the cases when the energy barrier has a large entropy compo-
nent (i.e., in cases of associating solvents and high surface energy groups), we expect the bond
strength to increase with the temperature. The relative magnitude of the entropic and the kinetic
terms in Equation 25 defines two regimes of bond rupture: (i) thermally-dominated kinetics,
where the kinetic weakening leads to a decrease in the observed bond strength with the increase
in temperature; and (ii) barrier-dominated kinetics, where the entropic term overwhelms the
kinetic term and leads to an increase in interaction strength with the increase in temperature.
Furthermore, Equation 25 also indicates that the entropic regime of unbinding must exist only
over a limited range of temperatures. As the temperature increases, the kinetic term, which
increases as T-InT, will overwhelm the entropic term, which increases only linearly. For the
entropic forces caused by the ordering of the solvent molecules at the surface, this crossover point
simply corresponds to the situation when the thermal motion overwhelms molecular ordering
in the solvent layers in the vicinity of the surface.

5 Conclusions

The chemical force microscopy approach provides several remarkable opportunities
for force spectroscopy of specific intermolecular interactions. First, this technique creates a
nanoscale tool that can address directly the roles that the different chemical functionali-
ties, the nature of the solvent, and environmental variables play in shaping the strength of
intermolecular interactions. Second, CFM studies go beyond the naive notion that intermolecular
interaction strength is determined solely by the nature of the interacting groups, and thus can
be used as a universal tool for chemical identification. Indeed, CFM studies show that the
interaction strength between two chemical species always reflects not only the nature of the
species, but also the context of the environment surrounding these species, and in particular
the solvent medium, which always plays a critical role in shaping intermolecular interactions
in condensed phases.

Despite these complications, practical realizations of chemical force microscopy have
shown tremendous progress towards understanding intermolecular interactions on the molec-
ular level. The studies described in this chapter reveal the central role interfacial free energies
play in determining the magnitudes of the observed adhesion (and friction) forces. Continuum
contact mechanics models also provide a robust framework for quantitative understanding of
the CFM results. We want to emphasize that a quantitative approach to the CFM experiments
is almost always necessary to realize the full potential of the technique. Thus it is imperative
to use the versatile arsenal of calibration and characterization tools that has been developed
for the CFM experiments since the time of the inception of this technique.

Recently, an emerging kinetic view of intermolecular interactions has led to another
paradigm shift for understanding these interactions. The kinetic model shows that the meas-
ured interaction strength depends not only on the energy landscape of the system, but also on
the loading history prior to the bond breakup. This new paradigm refocuses our attention on
the energy landscape as a fundamental characteristic of the interaction. Moreover, force spec-
troscopy approaches derived from the kinetic model allow direct characterization of the potential
energy barrier geometry. These developments are only an indication of the rich opportunities

NOY_Cho3.indd 119 @ 10/15/2007 8:50:25 PM



120 A. Noy et al.

that lie ahead, and chemical force microscopy studies will continue to reveal a true picture of the
energy landscapes in complex chemical and biological systems.
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