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The chemical force titration behavior of carboxylic and phosphonic acid-functionalized tips and substrates
has been found to be very strongly dependent on electrolyte concentration. Under low electrolyte concentration
conditions, these force titrations take the form of peaks, which change to monotonic sigmoidal curves with
a concomitant shift to lower pH as the electrolyte concentration of the buffer is increased. The appearance of
a peak in the low electrolyte concentration force titrations is attributed to the formation of strong hydrogen
bonds between neutral and ionized species on the tip and substrate, which is prevented in the case of high
electrolyte concentration by the formation of an electric double layer. There is strong evidence that the measured
pK1/2 (which corresponds to the pH of the bulk solution at which half of the surface groups are ionized) of
these acid groups lies at the position of the peak of the low electrolyte concentration titration curves (carboxylic
acid, pKa ) 8; phosphonic acid, pKa1 ) 4.6, pKa2 ) 8.4) and cannot be measured under high electrolyte
concentration conditionsby this adhesion method. JKR theory of contact mechanics cannot be used to describe
the low electrolyte concentration force titration data of these acid SAMs. The shapes of the force titration
curves are described very well at all electrolyte concentrations by a simple model in which strong ionic and
weak neutral hydrogen bonds contribute to the total adhesion force, which strongly supports our hypothesis.
The results of fitting the force titration data to this model indicate that the strong ionic hydrogen bonds are
on the order of 16 times stronger than a neutral hydrogen bond, which agrees well with theoretical predictions.

Introduction

Intermolecular forces at surfaces on the micro- and nanometer
scale are central to a wide range of biological, chemical, and
physical processes (e.g., heterogeneous catalysis, colloidal
chemistry, adhesives, lubrication, membrane transport, molecular
recognition, cell signaling, and the control of a range of
biochemical processes). Interactions that play a major role in
controlling these phenomena include van der Waals forces,
hydrogen bonding, and electrostatic charge interactions.1

A key feature of the chemistry of surfaces is the difference
in the behavior of ionizable groups resident on those surfaces
compared with their behavior free in solution. Although surface-
specific techniques such as contact angle measurements1 are
able to probe the surface pKa values of ionizable groups, the
measurements are difficult to make if the surfaces are highly
hydrophilic. The actual surface pKa is not obtained by this
technique, as it is the pH of the bulk solution that is, in fact,
being measured. In addition, it would be of significant value in
many applications to be able to map the surface energy, pKa,
and charge with high spatial resolution. The development of
local probe techniques such as atomic force microscopy (AFM)

during the past 10 years has created new possibilities for the
study of interfacial phenomena with resolution close to the
atomic level.

The pioneering work of Ducker et al.2 demonstrated that AFM
could be used to probe the colloidal forces between two surfaces.
In those experiments, the forces between a 7-µm silica sphere
and a flat silica surface were measured by gluing the silica
sphere to an AFM cantilever. The approach curves were
analyzed under varying conditions of solution pH and electrolyte
concentration using the Derjaguin-Landau-Verwey-Over-
beek1,3,4 (DLVO) model of electric double layer forces. More
recently, “chemical force microscopy” (CFM) has been intro-
duced as a new mode of operation in which the AFM tips are
chemically modified to have a specific functionality by the
covalent attachment of a molecular monolayer using thiol self-
assembly.5-11 An extension of this technique, “force titration”,
in which the tip-sample adhesion is monitored as a function
of pH,11-16 can be used to determine and map the pKa of surface-
bound groups with nanometer resolution.

The first examples of chemical force titrations were performed
using carboxylic acid functionalized tips and samples at high
ionic strength by Lieber15 (10-2 M) and at lower ionic strength
by Liu13 (10-4 M). Lieber reported asigmoidal stepin the force
titration curve that yielded an apparent pKa of 5.5, approximately
0.75 pH units higher than the solution value.17 Liu, on the other
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hand, described a force titration curve that took the form of a
single peakat pH 5 that was taken to represent the pKa.

Other methods have been used to determine the surface pKa

of surface-confined carboxylic acid groups. In sharp contrast
to the force titration results, Hu and Bard18 used the method of
Ducker2 under ionic strength conditions intermediate between
the previous two studies (10-3 M) and obtained a surface pKa

of 8, 3.25 units higher than the bulk aqueous value. Also,
Godinez19 used the pH dependence of the cathodic peak current
in a voltammetric measurement at an ionic strength of 10-1 M
to obtain a pKa for this group of 8, and Bain et al.20 have reported
measurements on carboxylic acid SAMs at high ionic strength
that agree with this value. Clearly, there is a significant disparity
in the observed force titration behavior and the measured pKa

of surface-bound carboxylic acids obtained using the various
methods outlined above, and no satisfactory explanation has
been given.

We have encountered widely varying force titration behavior
depending on experimental parameters such as the ionic strength
of the buffer solution and the length of the alkyl spacer unit of
theω-functionalized alkanethiols. To elucidate these incongru-
ities in a field that has recently generated great interest, we have
made a systematic study of the chemical force titrations of
carboxylic and phosphonic acid functional tips and substrates
over a wide range of ionic strengths from∼10-7 to 10-1 M. In
this contribution, we show that the chemical force titration can
take the form of a peak or a step depending on the ionic strength
and that, under high ionic strength, the surface pKa cannot be
correctly obtained using AFM adhesion measurements. Only
under low ionic strength can the surface pKa be obtained, in
which case it occurs at the position of the peak of the force
titration curve.

The model we have used to explain the force titration behavior
incorporates the formation of strong ionic hydrogen bonds
between tip and sample. Normal hydrogen bonds between
neutral species have strengths of 1-3 kcal/mol, but when the
pKa of the two species involved is closely matched, an ionic
hydrogen bond is proposed, and has been measured in some
cases, to be many times stronger (>20 kcal/mol).21-26 For
example, Sekikawa et al. recently used infrared spectroscopy
to study charge-transfer effects in a strongly hydrogen-bonded
potassium salt of a carboxylic acid,27 and the strength of some
ionic carboxylic acid group hydrogen bonds has been calculated
by Meot-Ner et al. to be 28-30 kcal/mol.26 Using a simple
treatment to model our data, we estimate that ionic hydrogen
bonds formed between the tip and sample in our experiments
are on the order of 10-30 times stronger than hydrogen bonds
formed between neutral carboxylic acid SAM surfaces.

Ionic hydrogen bonds are common in charged systems in the
gas phase and in crystals;22-27 however, their existence and
possible role in other systems, such as in the binding pockets
of enzymes, is a highly controversial topic.28-33 Even a small
increase in the dielectric constant from the gas-phase value
greatly reduces the strength of charged hydrogen bonds,21-26

and therefore, they are never observed in aqueous solutions.
However, the phenomenon of solvent ordering between the
AFM tip and sample is well-known,1,10,34-36 and it has been
shown that the tip pushes through these layers and excludes
solvent upon contact.10,34-36 Under these circumstances, the
dielectric constant in the tip-sample interaction volume may
be sufficiently low to permit the formation of the charged
hydrogen bonds in our experiments. To our knowledge, these
data are the first direct measurements of the strength of these
bonds relative to a normal hydrogen bond in such a system.

We believe that our data provide evidence to support the
controversial hypothesis that strong ionic hydrogen bonds can
exist in biological systems, providing water is excluded from
the interaction volume.

Experimental Section

Materials. All solvents used were reagent grade or better
(Sigma-Aldrich, Gillingham, U.K.). Constant-strength ionic
buffer solutions of various pH values were prepared as previ-
ously described using doubly distilled water.15,18 Briefly, two
solutions at ionic strength 0.01 M were initially prepared: KH2-
PO4 (solution A) and Na2HPO4 (solution B). Low ionic strength
solutions (10-4-10-7 M) were made by serial dilutions of A
and B. Very low ionic strength solutions were used in preference
to pure water around pH 7 because of the instability in the pH
of water near the neutral value.37 Low ionic strength buffer
solutions in the pH range 2-5 were prepared from solution A
with the pH adjusted by adding small quantities (∼5-20 µL in
10 mL) of dilute 10-2 M HCl. Low ionic strength buffer
solutions in the intermediate pH range 5-9 were prepared from
mixtures of A and B, with the final composition determining
the pH, and those at high pH were prepared from solution B,
which was adjusted with dilute NaOH. High ionic strength
buffers (10-1 M) were prepared by the addition of 10-1 M KCl
to A and B, and the pH of each solution was determined by
titrating with either dilute HCl, dilute NaOH, or by mixing the
two solutions, A and B, as with the low ionic strength buffers.
It should be noted that, at very low electrolyte concentrations,
it is impossible to keep the ionic strength constant over the pH
range. However, the very low concentration electrolyte used
(∼10-7 M) contains a much lower concentration of buffer ions
in the transition region (pH 5-9) than the high or low ionic
strength solutions, and it is in this region that the effect of the
electrolyte concentration is significant. To maintain accurate pH
measurements, the pH was checked immediately before and after
the experiment.

ω-functionalized alkanethiols were either obtained com-
mercially [16-mercaptohexadecanoic acid, 11-mercaptounde-
canoic acid, 3-mercaptopropanoic acid (Sigma-Aldrich, Gill-
ingham, U.K.)] or synthesized in our laboratories (11-thioundecyl-
1-phosphonic acid).38

Preparation of Chemically Modified Substrates and AFM
Probes. Flat gold substrates were prepared using a template
stripping method39 on silicon. Briefly, a clean silicon wafer
surface (cleaned in water, methanol, and dichloromethane and
blown dry with nitrogen) was coated with 150 nm of gold by
thermal evaporation (Edwards Auto 306) at pressures<2 ×
10-6 mbar. Epo-Tek 377 adhesive (Promatech, Cirencester,
U.K.) was used to bond a clean glass slide to the gold-coated
surface of the silicon wafer. Because no chromium adhesion
layer is used between the silicon and the gold, it is relatively
simple to peel off the silicon wafer after curing the adhesive,
revealing the gold surface that was in intimate contact with the
silicon (surface roughness of approximately 3 nm per square
micron). Commercially available Si3N4 AFM cantilevers (Digital
Instruments, Cambridge, U.K.) were coated with 100 nm of gold
using the same thermal evaporation procedure as above but with
a 10-nm chromium adhesion layer.

The template stripped gold surfaces were immersed in 10-1

M ethanol solutions of the alkanethiol materials and left for at
least 2 h atroom temperature. The gold-coated tips were cleaned
in a similar manner and placed into the alkanethiol solutions
for up to 12 h to ensure complete monolayer formation. After
removal from the solution, both the substrates and tips were
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rinsed with ethanol and distilled water (pH 7) before being
gently blown dry with nitrogen. Tips and substrates were then
stored in a desiccator until use, which was no longer than 12 h
after preparation and generally within 1 h. The quality of the
SAMs was confirmed using contact angle, FTIR, and AFM
measurements.

Adhesion Measurements with AFM.The standard experi-
mental arrangement is shown in Figure 1. A modified tip is
brought into contact with a modified substrate and then retracted.
This approach-contact-retract cycle, or force-distance curve,
is performed as a function of solution pH, and the data are
referred to as a chemical force titration.11-16 Force-distance
curves and measurement of the adhesion forces were performed
on a Molecular Imaging picoSPM (Molecular Imaging, Pheonix,
AZ) controlled by Nanoscope IIIa electronics (Digital Instru-
ments, Santa Barbara, CA) and Nanoscope software v 4.32. All
force-distance curves were obtained under water or buffer
solution in a Teflon fluid cell that was thoroughly cleaned and
rinsed with methanol before use. With the tip and sample in
place, the system was flushed with the appropriate buffer
solution several times before the cell was finally filled and
adhesion measurements were made.

The force-distance curves give the cantilever deflection
versus sample displacement. Cycles of tip approach, contact,
and retraction were recorded at a rate of 2 Hz with az scan
size on the order of 1µm. The point at which the tip separates
from the sample on the retraction curve is known as the pull-
off point. The difference between the pull-off point cantilever
deflection and the point of zero deflection was converted to
the adhesion force between the tip and sample using the
cantilever spring constant, which was obtained from the Fourier
transform of the thermal noise according to the method of Hutter
et al.40 The force constants for the gold-coated cantilevers
determined by this method were on the order of 0.18-0.25 N/m
after metalization. The tip radii were on the order of 50 nm
and were checked with SEM before and after the experiments.
Approximately 100 force-distance curves were obtained for

each pH value at several places on each sample within an area
of about 2500 nm2.

It is important to note that adhesion titrations probe the
interaction of the chemically modified tips and substratesas a
function of thepH of the bulk solution, not the pH at the surface
of the molecular monolayers. The pH at the surface, pHs, is
related to the bulk value, pH∞, by41,42

whereψ is the surface potential,R the ideal gas constant,T the
absolute temperature, andF the Faraday constant. The pKa of
the surface groups, pKa

surf, is related to the degree of ionization
of the surface,â, and the solution pH∞ by38,39

The electrostatic surface potential is not measured by our
adhesion experiments, and therefore, we define a quantity pK1/2

as thesolutionpH∞ at which half of the groups are ionized and

The electrostatic term arising from the pH-ddependent surface
potential is generally on the order of 0.1-0.5 pH units,17 and
therefore, the quantity pK1/2, which is the quantity reported by
most groups,12-16 is a relatively accurate measure of pKa

surf.
SAMs terminated with carboxylic acid groups are known to

form hydrogen bonds in the plane of the monolayer.43-45 This
effect has been shown to produce a shift in the IR-active
carbonyl stretching mode toward lower energy.46 This lateral
hydrogen bonding makes deprotonation of the surface groups
energetically less favorable, and in-plane hydrogen bonding will
therefore affect the position of the surface pKa.47,48 Our
experimental observable, pK1/2, will therefore contain the effect
not only of the surface potential but also of the in-plane
hydrogen bonding; however, the current experiments do not
allow us to quantify these contributions.

Results and Discussion

The Effect of Ionic Strength on the Force Titration Curves
of Carboxylic Acid and Phosphonic Acid Groups.Carboxylic
Acid Functionalized Tip and Substrate.Figure 2 shows the
chemical force titration curves acquired at three ionic strengths
for tip and substrate both modified with 11-mercaptoundecanoic
acid SAM. At very low ionic strength (∼10-7 M), the force
titration takes the form of a single peak of approximately 60
nN centered at pH) 8. At low pH, a finite adhesion force of
∼6 nN is observed, and at pH> 12, almost zero adhesion is
measured. At intermediate (10-4 M) and high (10-1 M) ionic
strengths, the same adhesion forces are observed as at low pH,
but the transition to zero adhesion occurs at pH values much
lower than 12. The force titration peak decreases in size and
shifts to lower pH with increasing ionic strength, until at 10-1

M, no peak is observed, and the force titration curve is sigmoidal
with a midpoint at about pH 5.

The adhesion behavior of the COOH surfaces at the two
extremes of the pH scale is relatively easy to explain.13,15 At
low pH values around pH 2, the carboxylic acid groups on the
tip and substrate will be fully protonated, and the finite adhesion
force can be attributed to the formation of complementary
hydrogen bonds between the two surfaces under all ionic
strength conditions. Hydrogen bonding between neutral groups

Figure 1. Experimental arrangement. An AFM tip and a flat substrate
are coated with gold by thermal evaporation and modified with an
ω-functionalized alkanethiol self-assembled monolayer (SAM). This
monolayer has a headgroup (shown as the solid circles) that provides
the chemical functionality of the two surfaces that are brought into
contact in buffer solution.

pHs ) pH∞ + ψ
2.303RT/F

(1)

log
â

1 - â
) pH∞ + ψ

2.303RT/F
- pKa

surf (2)

log
â

1 - â
) pH∞ - pK1/2 (3)
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is almost unaffected by ionic strength, and an adhesion force
of about 6 nN is measured in each case. At high pH values,
when the surfaces are fully deprotonated, hydrogen bonds cannot
form between the two surfaces, and zero adhesion is measured.
The electrostatic repulsion (between the ionized groups on the
tip and sample in the low ionic strength case and between two
electric double layers under high ionic strength conditions) is
clearly observed in the approach part of the force-distance
curves (data not shown). Because our measurements are made
in the retraction part of the curve and only adhesion forces are
recorded, this repulsive electrostatic interaction is not quantified
in our data. However, the experiments of Hu and Bard,18 for
example, are a direct probe of these long-range electrostatic
forces, which, through calculation of the surface charge and
potential, can be related to the fraction of ionized groups on
the surface and the true surface pKa

surf (eq 2).
When the interaction energy between two SAM-modified

surfaces is considered, it is necessary to include the attractive
van der Waals interaction between the two underlying metal
surfaces, which is related to the Hamaker constants of the metals
used. The van der Waals interaction between a sphere of radius
R at a distanced from a planar substrate is given by1

whereAH is the Hamaker constant. For the gold-gold interac-
tion, the Hamaker constants are quite large and have been
measured to be on the order of 25-40 × 10-20 J in aqueous
solutions.49,50Kane and Mulvaney51 showed that the normalized
adhesion force between a gold-coated tungsten sphere and a
gold-coated substrate in ethanol was approximately 1 mN/m.
However, after the introduction of 11-mercaptoundecanoic acid
and the formation of SAMs on the two surfaces, there was a
large reduction in the dispersion interaction by an order of
magnitude. A similar effect on the approach curves of a silica
sphere and a template-stripped gold surface in de-ionized water
(pH 6.0) was also noted by Hu and Bard.18 In this case, the
dispersion interaction between silica and gold was also drasti-
cally reduced after the gold surface had been modified with
2-mercaptoundecanoic acid, a SAM that provides a much shorter

spacer length. It is therefore assumed in these discussions that
the gold-gold interaction between our modified tip and substrate
will only contribute a small component of the overall adhesion
force because of the long spacer lengths of the SAMs involved.

Previous studies of the pull-off force between SAMs termi-
nated with hydrophobic methyl groups52 have shown that an
increase in electrolyte concentration (NaCl, CaCl2, and Na2-
SO4 were used in this case) from low concentration (10-4 M)
to high concentration (1.5 M) caused an increase in the
magnitude of the adhesion between the hydrophobic surfaces
by as much as 50%. However, the wetting properties of the
SAM, measured by contact angle experiments, were not affected,
and it was concluded that the addition of electrolyte altered some
property other than the affinity of the solvent for the surface.
In that work, it was theorized that the reduction in the chemical
potential of the water by the addition of the electrolyte caused
the increase in pull-off force. In our experiments with hydro-
philic surfaces at intermediate pH, the opposite effect was
observed, i.e., as the electrolyte concentration was increased,
the adhesive forces between tip and sample decreased (from
60 to 0 nN). The effect of osmotic pressure on the adhesion
appears, therefore, to be negligible in our case, and the effects
to be considered are hydrogen-bond formation and cation
binding to the SAM surfaces.

The shape of the force titration curve at high (10-1 M) ionic
strength has been discussed by Lieber.15 The sigmoidal shape
was modeled using the Johnson-Kendall-Roberts (JKR) theory
of contact mechanics.1,53 At high ionic strength, taking into
account the effect of the electric double layer, JKR theory gives
the surface pKa as the pH at which the adhesion force is one-
quarter of the way down the step between the fully protonated
(maximum adhesion) and fully deprotonated (minimum adhe-
sion) states. In the absence of an electric double layer, at very
low ionic strength, JKR theory also predicts a steplike force
titration but with the surface pKa at a point halfway down the
transition between maximum and minimum adhesion forces.
Applying JKR theory to our high ionic strength data gives a
surface pKa of 4.9, in very good agreement with the result
obtained by Lieber15 and close to the value of the pKa for the
carboxyl group free in aqueous solution.17 However, our data
at intermediate (10-4 M) and very low ionic strengths (∼10-7

M) and those of Liu13 at 10-4 M deviate dramatically from the
predictions of JKR theory and exhibit a peak in the force titration
curve that shifts toward higher pH with decreasing ionic
strength. These data bring into question the applicability of JKR
theory for modeling AFM adhesion data, despite the fact that
they appear to fit the high ionic strength data well.

The reason for the failure of JKR theory in these cases is
principally the fact that it is a macroscopic theory of contact
mechanics, not a model of microscopic adhesion. In JKR theory,
the area of contact must be macroscopic (semi-infinite) so that
the interfacial free energy is given by a single parameter,γ,
appropriate for the surface materials. In the micro- or nanoscopic
regime, specific molecular interactions (which do not rule out
the use of JKR theory on macroscopic surfaces, because the
work of adhesion is still correctly defined) make the approach
unreliable. In addition, the measured adhesion between the
modified AFM tip and substrate also depends on other factors
that are very difficult to quantify, such as tip geometry, the
competition between in-plane and out-of-plane interactions, the
degree of solvent exclusion from the tip-sample volume, the
interaction of buffer ions with the modified tips, and deformation
of the molecular monolayer by the contact process. We must
therefore consider a different model that can account for the

Figure 2. Chemical force titration curves for tip and substrate both
modified with 11-mercaptoundecanoic acid SAMs acquired at three
electrolyte concentrations: low electrolyte concentration (∼10-7 M, solid
circles), intermediate electrolyte concentration (10-4 M, open circles),
and high electrolyte concentration (10-1 M, solid triangles). (The curves
have been added only as a guide to the eye.)

F
R

) -
AH

6d2
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increase in adhesion force with increasing pH and the occurrence
of a peak in the titration curve.

COOH SAM surfaces are known to contain significant
degrees of in-plane hydrogen bonding between the carboxylic
acid headgroups.43-45 During the force-distance measurement,
as the tip and sample make contact, it has been suggested that
some of the in-plane hydrogen bonding must be destroyed and
out-of-plane bonds formed between the two surfaces.13 Within
this picture of tip-sample hydrogen bonding, the occurrence
of a peak in the force titration suggests that either (a) stronger
out-of-plane bonds are being formed or (b) more of the normal
out-of-plane bonds are formed as the surface is ionized. If the
latter is true, then, according to our adhesion measurements,
there must be an order of magnitude increase in the number of
groups available for hydrogen bonding between the tip and
sample at the pH corresponding to the peak of the curve than
at low pH. It is difficult to envisage how the conformation of
the SAM surface could be so drastically altered to provide this
10-fold increase in groups available for hydrogen bonding, and
in fact, the chemical force titration of the phosphonic acid SAM
surfaces, discussed below, appears to confirm that the peak does
not arise from an increase in the number of hydrogen bonds
formed.

Phosphonic Acid Functionalized Tip and Substrate.The
synthesis and characterization of a PO(OH)2-terminated SAM
have been described previously, and preliminary discussions of
the force titration were presented.38 Briefly, force titrations were
performed at the two extremes of ionic strength, 10-1 and 10-4

M. Under very low ionic strength conditions (10-4 M, Figure
3a), the force titration curve exhibits two peaks at pH 4.6 and
8.4, corresponding to the ionization of the two hydroxyl groups
of this diprotic acid. Behavior similar to that of the carboxylic
acid SAMs is observed when conditions are changed to high
ionic strength (10-1 M, Figure 3b), where the peaks are replaced
by shoulders with an accompanying shift of the midpoints to
lower pH (4.6 and 7.7, respectively).

Changing the electrolyte concentration, therefore, appears to
have the same effect on the form of the force titration of the
phosphonic acid SAM as was observed for the carboxylic acid
functionality. In the case of this phosphonic acid SAM, one of
the hydroxyl groups lies in the plane of the monolayer and takes
part in intramonolayer hydrogen bonding, and the other lies out
of the plane of the SAM.38 If the peaks in these force titrations
at low ionic strength are due to the formation ofmorehydrogen
bonds (perhaps permitted by a conformational change in the
SAM structure), then we would expect to see a difference
between the two force titration features obtained for the
phosphonic acid SAM. This is because one group is involved
in in-plane hydrogen bonding (as with the carboxylic acid SAM)
and the other lies out of the plane of the monolayer. The number
of out-of-plane groups, which are available for interaction
between the tip and substrate, cannot be increased, and yet the
two groups of this diprotic acid SAM both produce a peak in
the low ionic strength force titration and exhibit exactly the same
response to an increase in the ionic strength. Therefore, we must
conclude that astronger interaction occurs between tip and
substrate as the pH is increased at low ionic strength, which
results in the formation of the observed peaks.

Hydrogen bonds formed between ionized and neutral acid
groups are stronger because of their increased ionic character.21-26

An extreme example is the HCOOH‚‚‚-F hydrogen bond of 60
kcal/mol, compared with a normal “weak” hydrogen bond of a
few kilocalories per mole.54,55 The anionic HCOOH‚‚‚-OOC
is predicted and has been measured in the gas phase to have a

strength of 28-30 kcal/mol.26 Recently, Shan et al.56 investi-
gated hydrogen-bond strengths as a function of the difference
in pKa of the donor and acceptor groups and found that, when
the pKas are matched, the maximum bond strength is achieved.
These short, strong hydrogen bonds only exist in low dielectric
constant media, and small increases in dielectric constant rapidly
reduce their strength;22-26 consequently, one would initially rule
out a possible role in AFM adhesion measurements in aqueous
solution.

However, it has been shown that solvent is expelled from
the interaction volume when the tip and sample are brought
into contact.10,34-36 The hydration force between a conical tip
with a spherical apex and a flat specimen surface at separation
distances on the order of 1 water molecule has been calculated
to be on the order of∼0.5 nN.57 These calculations were
performed for a tip of low radius of curvature (∼4 nm). For
tips with a radius of∼50 nm as used in these experiments, a
hydration force between tip and sample of approximately 4 nN
is calculated at a tip-sample separation corresponding to the
final water layer. The applied force in our experiments is
generally higher than this (>10 nN), and furthermore, tip
asperities may lead to a lower applied force before the last water
layer is removed.57 We can therefore assume that the two SAM
surfaces come into contact, with the displacement of the last
remaining water molecule. (The threshold load for damage to
a SAM has been found to be in the region 300 nN,58 and

Figure 3. Chemical force titration curves for tip and substrate modified
with an 11-thioundecyl-1-phosphonic acid SAMs. (a) Titration per-
formed in high (10-1 M, solid circles) and low (10-7 M, solid squares)
electrolyte concentration solutions and (b) expanded view of the high
electrolyte concentration data.
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therefore, it is highly unlikely that the SAMs are damaged by
our experiments; indeed, there is a very high degree of
reproducibility in the measurements.) The removal of water from
the interaction volume is assisted by the hydrogen-bonding
properties of the COOH headgroups. Meot-ner et al.26 have
shown that, in concentrated solutions, carboxylic acid groups
tend to hydrogen bond to each other and carboxylate anions
with a concomitant displacement of water.

The dielectric constant in the tip-sample interaction region
will therefore be considerably lower than that of bulk water,
perhaps close to the value for a short chain acid or alkyl chain
(propanoic acid,ε ) 3.4; butanoic acid,ε ) 2.98; long alkyl
chains,ε ≈ 1.5), and may well be low enough to permit the
formation of strong ionic hydrogen bonds. We therefore propose
that, as the pH increases and the surface groups ionize, strong
COO-‚‚‚HOOC bonds can form between tip and sample and
that these bonds increase the measured adhesion force, which
leads to a peak in the force titration curve. At the pK1/2, when
half of the groups on the substrate are ionized, the maximum
adhesion force is obtained. Above the pK1/2, the adhesion force
then decreases because, when more than half of the surface
groups are ionized, the number of neutral acid groups available
in the surface, which are required to form the strong hydrogen-
bond pairs, decreases. Our low electrolyte concentration data
indicate that the pK1/2 of the carboxylic acid group is pH 8, in
very good agreement with the pKa

surf values obtained from
approach curve data at 10-1 M by Hu and Bard18 and with the
results of Godinez19 obtained from cyclic voltammetry at 10-1

M.
The effect of changing the ionic strength on the pKa of groups

in solution is typically to shift the value by a small fraction of
1 pH unit. However, the pK1/2 measured by AFM adhesion
appears to be a strong function of electrolyte concentration (the
low electrolyte concentration peak is shifted by 3 units to higher
pH in comparison with the midpoint of the high electrolyte
concentration step). However, we suggest that the step does not
occur at, or near, the pKa

surf. The shift in the peak can be
accounted for by the association of buffer counterions with the
ionized groups in the SAM and the effect this has on the
formation of intra- and intermonolayer COO-‚‚‚HO bonds. As
has been mentioned, neutral COOH SAM surfaces are known
to contain significant degrees of in-plane hydrogen bonding,43-45

and it seems likely that, at low degrees of ionization, the ionized
species also take part in hydrogen bonding within the plane of
the monolayer in the absence of buffer counterions. The
formation of these strong in-plane bonds would make it more
difficult to deprotonate the neutral species that are in-
volved,12,18,59 and thus, the pK1/2 is shifted to higher pH. At
higher electrolyte concentration, these strong in-plane bonds are
prevented from forming by the formation of ion pairs between
the deprotonated acid groups and buffer cations, and the
remaining neutral groups in the surface can be ionized at a lower
pH. In addition, the ionic radii of the buffer cations are
comparable to the hydrogen-bond length,17,21and therefore, only
a small fraction of the SAM surface need be ionized before the
association of buffer ions hinders the formation of out-of-plane
ionic hydrogen bonds between tip and substrate. Thus, the
adhesion force drops rapidly to zero at a pH well below the
actual pKa

surf, increasing the observed shift between the high
and low electrolyte concentration force titration curves.

The surface pK1/2 or the pKa
surf cannot be measured accurately

by applying JKR theory to AFM adhesion force measurements
at any electrolyte concentration, and only in very low electrolyte
concentration conditions can adhesion force data provide an

accurate surface pK1/2 from the position of the peak in the force
titration curve.

The form of the phosphonic acid force titration curves and
their dependence on electrolyte concentration can also be
explained using this framework. Under low electrolyte concen-
tration conditions, the peaks in the curve arise because of the
formation of strong, ionic out-of-plane hydrogen bonds between
neutral and charged species on the tip and substrate. In the high
electrolyte concentration buffer, the formation of an electric
double layer prevents the strong ionic hydrogen bonding both
in the monolayer and between the two monolayers, and the
adhesion force falls monotonically.

The carboxylic acid force titrations shows a shift of 3 pH
units between the peak at low electrolyte concentration and the
midpoint of the step at high electrolyte concentration because
of the formation of strong, in-plane ionic hydrogen bonds that
stabilize the neutral species and increase the pK1/2. In the case
of the phosphonic acid, the peak and step at higher pH are also
shifted with respect to each other (by∼0.7 pH units) for the
same reason, as this hydroxyl group lies in the plane of the
monolayer and is involved in intramonolayer bonding. The
midpoint of the lower pH step and peak occur at the same pH
(∼4.6), which suggests that the pK1/2 of this group is unaffected
by electrolyte concentration, which is in accord with our picture
of this group lying out of the plane of the monolayer and not
forming in-plane hydrogen bonds.

A Simple Model for the Force Titration CurVes of Hydrogen-
Bonding Surfaces.Attempts to model the shape of the low
electrolyte concentration force titration curves using intermono-
layer hydrogen bonding and electrostatic repulsion between two
charged surfaces were completely unsuccessful. However, a very
simple model based on the proposed formation of two types of
hydrogen bond, strong and weak, can be developed. The forces
required to rupture one neutral (weak) and one ionic (strong)
hydrogen bond can be represented byfhb and fHB respectively,
and the ionic bond can be assumed to be stronger by a factor
of m, i.e., fHB ) mfhb. Denoting the fraction of ionized groups
in the surfaces byâ and the total number of groups in the contact
area by 2N (i.e., N on each surface), then the total number of
ionized groups within the contact area is 2âN. The fraction of
these groups that form ionic hydrogen bonds with neutral groups
when the tip and substrate come together is 2â(1 - â), and
assuming that all of these form a bond, then the total number
of strong bonds formed is given by 2Nâ(1 - â). The number
of neutral hydrogen bonds that can be formed is given byN(1
- â)(1 - â) (the factor 2 is missing because these bonds involve
neutral groups on both surfaces). Therefore, the total adhesion
force due to hydrogen-bond formation,FT, can be expressed as
a simple sum of these two interactions

which can be rewritten as

Now, the force titration curves are acquired as a function of
pH∞ of the bulk solution, not as a function ofâ, the degree of
surface ionization. The measured pK1/2 (which is thesolution
pH∞ at which half of the groups are ionized), is related toâ by
eq 3, and so the total adhesion force can be rewritten in terms
of the variableR ) pH∞ - pK1/2 as

FT ) 2N(1 - â)âfHB + N(1 - â)(1 - â)fhb (5)

FT ) Nfhb[2(1 - â)âm + (1 - â)(1 - â)] (6)

FT ) Nfhb[m 2.10R

(1 + 10R)2
+ 1

(1 + 10R)2] (7)
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Although it is possible to make a very good estimate of the
number of carboxylic acid groups in the contact area and the
strength of a single neutral hydrogen bond, there are a number
of important factors that affect the magnitude ofFT that are
very difficult to quantify. For example, these include the effect
of tip geometry and the competition between the formation of
out-of-plane and in-plane hydrogen bonding. In addition, the
rate at which the approach-retract cycle is performed also
affects the total adhesion force measured.60 It is therefore not
possible to plot absolute force versusR accurately, soFT is
normalized toNfhb, and this quantity is plotted in Figure 4.

Although this model is rather crude, it accurately reproduces
the shape of the force titrations and the transition from a peak
to a step by reducing the contribution of the strong ionic
hydrogen bonds. It also yields values ofm ≈ 15-20 when the
low electrolyte concentration experimental data are fit, which
is in excellent agreement with theoretical predictions.21-27

However, the model does not fit the width of the transition at
all well. At low electrolyte concentration, the peak width in
Figure 2 is approximately twice that predicted by the model. It
is well-known that, as the length of the alkyl spacer linking the
carboxylic acid to the gold substrate through the thiol-gold
bond is increased, the alkyl chains pack to form a more
crystalline structure and a more ordered monolayer.9 Shorter
alkyl chains are more fluid, and considerable disorder is present
in short spacer SAMs. In Figure 2, the data have been obtained
from a SAM with an 11-carbon-chain spacer, which would be
expected to produce a SAM with some disorder.9 Therefore, a
possible reason for the observed transition being wider than
predicted by the model is that disorder in the SAM surface
results in a heterogeneity in headgroup environments and,
therefore, a wider distribution of pKa values than would be
expected in a perfectly crystalline, homogeneous monolayer.
To test this hypothesis, we performed a series of experiments

with SAMs of varying alkyl spacer length on tips and substrates
in very low electrolyte concentration solutions.

Chemical force titrations of the carboxylic acid headgroup
were performed using combinations on tip and substrate of alkyl
chains comprising 16, 11, and 3 carbons, namely 16:16, 11:11,
11:3, and 3:3 on tip and sample, respectively. The results are
shown in Figure 5. (The 11:11 data are reproduced from Figure
2.) The force titrations (except for the combination of shortest
spacer length, 3:3) exhibit a single peak centered at about pH
8, independent of chain length. The magnitude of the maximum
adhesion force decreases with decreasing spacer length until
no peak is observed in the case when both tip and substrate are
modified with 3-carbon-chain SAMs. In the case of the 11:11,
11:3, and 3:3 force titrations, the curves in Figure 5 are simply
added as a guide to the eye and are not fit using the model.
The 16:16 carbon spacer SAM force titration is much narrower
than the 11:11 curve, and the width of this transition is
accurately reproduced by our model which was used to fit the
16:16 data in Figure 5. This SAM is more ordered,9 and it
therefore appears that the increase in width of the 11:11 SAM
force titration feature is indeed due to the increased disorder in
this system. The slightly lower peak adhesion force that is
measured in the 16:16 system is also probably due to the more
highly ordered SAM exhibiting higher degrees of in-plane
hydrogen bonding, which competes with the intermonolayer
bonding when the surfaces contact. Using the model to fit 16:
16 carbon spacer carboxylic acid force titration data yields a
pK1/2 of 8 and a value ofm, the factor by which the ionic
hydrogen bonds are stronger than the neutral ones, of 16, which
is in excellent agreement with theoretical predictions and gas-
phase measurements.21-27

The 2-nN adhesion force observed with the shortest carbon
spacer SAMs (3:3), which is independent of pH, arises from
the interaction of two surfaces in which both the hydrophilic,
hydrogen-bonding carboxylic acid headgroups and the hydro-

Figure 4. The total adhesion titration can be modeled as a linear
combination of strong ionic and weak neutral hydrogen bonds. The
theoretical force titrations produced by this model are plotted for
different values ofm, the ratio of the strength of these two bonds, and
normalized to the product of the number of interacting groups and the
strength of a neutral weak hydrogen bond,Nfhb. pH∞ is the pH of the
bulk solution, and pK1/2 is defined as the pH at which half of the surface
groups are ionized (see eq 3). The shape of the low electrolyte
concentration curves are reproduced by values ofm≈ 15-20, whereas
the high electrolyte concentration sigmoidal step is reproduced bym
) 0, i.e., no strong hydrogen bonds formed [caused by the interaction
of buffer ions with the ionized acid groups in the SAMs (see
discussion)].

Figure 5. Chemical force titration curves in very low electrolyte
concentration buffer (10-7 M) for (a) tip and substrate both modified
with 16-mercaptohexadecanoic acid on gold (16:16, open circles), (b)
tip and substrate both modified with 11-mercaptoundecanoic acid on
gold (11:11, solid circles), (c) tip modified with 11-mercaptoundecanoic
acid and substrate modified with 3-mercaptopropanoic acid (11:3, open
squares), and (d) tip and substrate both modified with 3-mercaptopro-
panoic acid (3:3, solid squares). The simple model of Figure 4
reproduces the shape of the titration curves but not the width of any
but the longest alkyl spacer monolayers because of disorder in the
shorter alkyl spacer SAMs. (Curves through the 11:11, 11:3, and 3:3
data are only a guide to the eye, but the 16:16 peak is accurately fit by
eq 6, yielding a value ofm ≈ 16).
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phobic alkyl chains are exposed, i.e., a mixed hydrophilic/
hydrophobic interaction. This was confirmed by performing the
force titration with a more ordered hydrophobic tip and
hydrophilic substrate (an 11-mercaptoundecane tip and an 11-
mercapoundecanoic acid substrate). An identical 2-nN adhesion
force, which was independent of pH, was also observed (data
not shown).

Conclusions

The chemical force titration behavior of carboxylic and
phosphonic acid functionalized tips and substrates has been
found to be very strongly dependent on electrolyte concentration.
The carboxylic acid force titration exhibits a single peak at very
low electrolyte concentration and a sigmoidal curve under high
electrolyte concentration conditions. The formation of a peak
in the force titration at very low electrolyte concentration could
be due to the formation of more hydrogen bonds between tip
and sample with increasing pH or to an increase in the strength
of the interaction. The behavior of the phosphonic acid titration,
which exhibits two peaks in the force titration due to the
presence of two ionizable OH groups, strongly supports the latter
argument. This is because one of the OH groups lies in the
plane of the monolayer, as with the carboxylic acid SAM, but
the other lies out-of-plane. Both of these OH groups show the
transition from a peak to a sigmoidal force titration as the
electrolyte concentration is increased, and therefore, because
one group is out of the plane of the monolayer, it is extemely
unlikely that the number of groups involved in hydrogen
bonding between tip and substrate could be increased.

The appearance of a peak in these force titrations is attributed
to the formation of strong hydrogen bonding between neutral
and ionized species on the tip and substrate, which is prevented
in the case of high electrolyte concentration by the formation
of an electric double layer.

There is strong evidence that the measured pK1/2 (which
corresponds to the pH of the bulk solution when half the surface
groups are ionized) of these acid groups lies at the peak of the
very low electrolyte concentration titration curves (carboxylic
acid, pKa ) 8; phosphonic acid, pKa1 ) 4.6, pKa2 ) 8.4), which
is in good agreement with the pKa

surf measured by other
techniques not involving adhesion or contact. We are forced to
conclude that the pK1/2 cannot be measured under high
electrolyte concentration conditionsby adhesion. A JKR contact
mechanics treatment of the titrations cannot account for the
shape of the low electrolyte concentration data nor does it yield
an accurate value of pK1/2 when applied to the high electrolyte
concentration data. The sigmoidal form of the high electrolyte
concentration data is coincidentally what would be predicted
by JKR theory but is, in fact, due to the electric double layer
preventing the formation of strong, ionic hydrogen bonds
between tip and substrate. This association of ions with ionized
groups in the SAM also has the effect of preventing in-plane
ionic hydrogen bonding, which further serves to push the
sigmoidal midpoint to lower pH in comparison with the peak
under low electrolyte concentration conditions.

The shapes of the force titration curves of the carboxylic and
phosphonic acid SAMs at all electrolyte concentrations are
effectively described by a simple model in which strong ionic
and weak neutral hydrogen bonds contribute to the total adhesion
force. The effect of SAM disorder on the low electrolyte
concentration titration curve has been investigated by using
SAMs with varying alkyl spacer lengths, and it has been
observed that disorder causes the peak to broaden so that the
simple model is unable to fit the transition width in these SAMs.

Well-ordered SAMs with long (16-carbon) alkyl spacers produce
a much narrower force titration peak, which is fit very well by
the model. The results of fitting this SAM force titration data
indicate that the strong ionic hydrogen bonds are on the order
of 16 times stronger than a neutral hydrogen bond, which agrees
well with both theoretical predictions and experimental mea-
surements in the gaseous and solid phases.

To our knowledge, our data are the first example of
measurements of the relative strength of strong hydrogen bonds
in such a system in which the water is expelled from the
interaction volume, thus reducing the local dielectric constant
to a value close to 1, which is necessary for these strong bonds
to form. It has been suggested, and has caused much contro-
versy, that these strong bonds are important in enzyme catalysis
and other biological interactions. Our data suggest that this
hypothesis could be true if water is expelled from the enzyme
active site when the substrate binds.
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