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The present article describes the preparation and pre-
liminary characterization of a novel phosphate-function-
alized self-assembled monolayer (SAM) and the determi-
nation of the surface ionization states of the phosphate
headgroup in aqueous solutions by chemical force mi-
croscopy (CFM). The phosphate headgroup used was PO-
(OH)2, a diprotic acid. The adhesion force between an
AFM probe and a flat substrate, both of which were
chemically modified with the same phosphate SAM, was
also measured as a function of pH and ionic strength. At
low ionic strength (10-4 M), two peaks were observed in
the force titration curve (adhesion force versus pH) at pH
4.5 and 8.4. The two peaks are positioned 2.4 and 1.2
pH units higher, respectively, than the acid dissociation
constants obtained for the phosphate group free in aque-
ous solution. At high ionic strength (10-1 M), the adhe-
sion forces were reduced by 1 order of magnitude and
the peaks were replaced by shoulders similar to those
previously reported for acid force titrations. On the basis
of JKR theory, the surface pKa values of the phosphate
group in high ionic strength solutions were found to be
4.5 and 7.7, respectively. However, in light of the effects
of ionic strength on the force titration curves, we discuss
the applicability of JKR theory to nanoscopic measure-
ments of adhesion force and surface pKa.

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 chem-
istry, adhesives, lubrication, membrane transport, molecular
recognition, cell signaling, and control of skeletal tissue mineral
growth1-8). The principle interactions that play a role in controlling
these phenomena include van der Waals forces and hydrogen-

bonding and electrostatic charge interactions,1,6,7 and in many
processes these interactions are highly specific. For example, the
work of Fersht5 and Creighton9 has shown that a change in the
ionization state of a single functional group in a biomolecule can
dramatically affect its interaction with neighboring groups and lead
to a major change in its overall structure. Since many biological
processes take place in aqueous media on or near surfaces, the
ability to measure and interpret intermolecular surface interactions
and ionization states under aqueous conditions should contribute
significantly to our understanding of biomolecular structure and
function.

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. While surface-
specific techniques such as contact angle measurements are able
to probe the surface pKa values of ionizable groups,1 they are
unable to map the distribution of such groups over a surface with
anything approaching molecular resolution. However, the develop-
ment of local probe techniques such as atomic force microscopy
(AFM) during the past fifteen years has created new possibilities
for the study of interfacial phenomena close to the atomic level.10

Very recently, “chemical force microscopy” (CFM) has been
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introduced as a new AFM mode of operation in which the AFM
tips are chemically modified to have a specific functionality by
the covalent attachment of a molecular monolayer.6,7,11-13 An
extension of this technique, the “force titration”, in which the tip-
sample interaction is monitored as a function of pH,7,13-20 can be
used to determine and map surface pKa with nanometer resolution.
Critical to the development of the technique is the availability of
well-characterized model surfaces, and therefore, the design and
fabrication of thin molecular films that simulate the chemistry of
biological surfaces is extremely important and is the subject of
this present report.

A particularly important molecular group in biology is the
phosphate group. Phosphates occur at the surface of phosphory-
lated proteins, in nucleic acids, and in cell membranes. Often
phosphorylation or dephosphorylation of proteins is a controlling
factor in the determination of protein conformation. More specif-
ically in sketetal tissue, interactions between extracellular matrixes
and the mineral phase, calcium hydroxyapatite, are thought to
be mediated by phosphate groups.8 These interactions are
considered to be important in both intiating and modulating
skeletal crystal growth.

To investigate the behavior of surface-immobilized phosphate
groups, we have synthesized and prepared self-assembled mono-
layers (SAMs) with a phosphate headgroup. Here we report on
the synthesis and characterization of this novel ω-functionalized
alkanethiol and present CFM force-titration curves for probes
and substrates both modified with the phosphate SAM. In this
way, the surface ionization states of the phosphate headgroup and
the ionic strength dependence of the surface pKa have been
determined.

EXPERIMENTAL SECTION
Solvents used in this study were reagent grade or better, and

in particular, the solvents used in substrate and probe function-
alization were HPLC grade to reduce particulate matter. Ultrapure
water with a resistivity of above 18 MΩ‚cm was used throughout
the experiments. Constant ionic strength phosphate buffer solu-
tions at different pH values were prepared according to methods
reported in the literature.7,21

Synthesis of 11-Thioundecyl-1-phosphonic Acid. We chose
phosphonic acid 1 (Scheme 1) as a target for synthesis because

the alkyl chain is long enough to form regular SAMs on the gold
surface. 11-Bromoundecanol was reacted with benzyl mercaptan
to give the corresponding benzyl thioether 2. Phosphorylation
was then accomplished with phosphorus oxychloride,22 to give,
after partial hydrolysis, phosphonic acid 3. The thiol was then
synthesized by deprotection of the benzyl group using sodium in
liquid ammonia, giving 1 in good yield, and its structure was
confirmed with FAB-MS, 1H NMR and FT-IR.23

Benzyl mercaptan and 11-bromoundecanol were purchased
from Aldrich Chemical Co. Solvents and reagents were used as
received. Flash column chromatography was performed on Merck
silica gel (No. 109385), and TLC was carried out on precoated
plates (silica gel 60 F254, Merck No. 5715). The products were
visualized using UV light or potassium permanganate dip as
appropriate. 1H NMR spectra were acquired using a Bruker 250-
MHz instrument, and chemical shifts are relative to tetramethyl-
silane. Mass spectra were recorded on a VG instrument and
microanalyses were carried out by Warwick Analytical Services.

(i) Preparation of 11-Benzylthioundecanol. Sodium (1.01
g, 43.8 mmol, 1.1 equiv) was added to dry ethanol (40 mL) at 0
°C. Benzyl mercaptan (4.7 mL, 4.94 g, 39.81 mmol, 1 equiv) was
added via syringe, followed by a solution of 11-bromo-1-undecanol
(10 g, 39.81 mmol) in dry ethanol (20 mL), and the reaction
mixture refluxed overnight. The mixture was cooled, poured into
saturated ammonium chloride solution (100 mL), and then
extracted with chloroform (3 × 50 mL). The combined organic
phases were dried with magnesium sulfate and filtered and the
solvent evaporated under reduced pressure to give a yellow oil
which solidified after 1 h at room temperature. The crude product
was dissolved in ether (200 mL) and the white precipitate removed
by filtration. The organic phase was concentrated under reduced
pressure to give the 11-benzylthioundecanol as a yellow solid (9.95
g, 85%).

(ii, iii) Preparation of 11-Benzylthioundecyl-1-phosphonic
Acid. To a stirred solution of phosphorus oxychloride (0.815 mL,
1.34 g, 8.74 mmol, 1.3 equiv) in dry THF (30 mL) at 0 °C was
added triethylamine (1.42 mL, 1.03 g, 10.19 mmol, 1.5 equiv)
dropwise via syringe, and the resultant mixture was stirred for
10 min until a white precipitate appeared. After a further 10 min
stirring, a solution of 11-benzylthioundecanol (1.98 g, 6.72 mmol)
was added to the reaction via dropping funnel over a period of 20
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Scheme 1. Synthesis of
11-Thioundecyl-1-phosphonic Acida

aConditions: (i) BnSH (85%); (ii) POCl3, Et3N THF; (iii) NaHCO3

(aq) (65%); (iv) Na, NH3 (l) (62%).
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min and the resultant mixture allowed to stir for 90 min at room
temperature. The reaction was monitored by TLC, eluting with
10% methanol/chloroform. Saturated aqueous hydrogen carbonate
(60 mL) was added to the reaction and left for 48 h. The mixture
was diluted with water (50 mL) and washed with chloroform (60
mL). The aqueous phase was acidified to pH 1 with 1 M
hydrochloric acid (∼5 mL) and the product extracted with di-
ethyl ether (4 × 50 mL), dried with magnesium sulfate, fil-
tered, and evaporated under reduced pressure to give a yellow
solid. The crude material was purified by flash column chroma-
tography (eluent chloroform to 10% methanol/chloroform) to give
the 11-benzylthioundecyl-1-phosphonic acid as a white solid (1.65
g, 65%).

(iv) Preparation of 11-Thioundecyl-1-phosphonic Acid.
To liquid ammonia (50 mL) in a flask fitted with a dry ice
condenser was added small pieces of sodium (∼1 g, excess)
sufficient to obtain a permanent blue coloration and the solution
cooled to -78 °C. A solution of phosphonic acid 3 (0.5 g, 1.337
mmol) in dry THF (15 mL) was added via syringe, and the reaction
was stirred at low temperature for 1 h and then allowed to warm
to reflux for a further 1 h. The reaction mixture was recooled to
-78 °C and quenched cautiously with wet THF (15 mL). The
reaction was allowed to warm to 0 °C, and the dry ice condenser
was removed after 10 min. Saturated ammonium chloride solution
(15 mL) was added cautiously under nitrogen and the mixture
left to stir for 30 min at room temperature before it was acidified
to pH 1 with 2 M hydrochloric acid (∼15 mL). The product was
extracted into chloroform (3 × 50 mL), dried with magnesium
sulfate, filtered, and evaporated under reduced pressure to yield
the 11-thioundecyl-1-phosphonic acid as a white solid (0.401 g,
62%).

Probe Tips and Substrates. Ultraflat gold-coated silicon
substrates were prepared using the template stripping method.24

A clean silicon wafer surface was coated with 150 nm of gold by
thermal evaporation in an Edwards Auto 306 TMP vacuum
evaporator. A clean glass slide was bonded to the gold-coated
surface of the silicon wafer with EPO-Tek 377 adhesive (Proma-
tech) and cured at 140 °C for 1 h. The silicon wafer was then
peeled away from the glass revealing a gold template of the silicon
surface with a roughness below 3 nm/µm2. The commercial Si3N4

cantilevers (Digital Instruments) were coated with 100 nm of gold
by thermal evaporation following a 10-nm adhesion layer of
chromium.

Substrate and Tip Modification. Monolayers of 11-thioun-
decyl-1-phosphonic acid were formed by immersion of the gold-
coated substrates and tips immediately after preparation in 0.1-
0.5 mM ethanol solution containing the SAM molecules for 2 and
24 h at room temperature, respectively. Upon removal from solu-
tion, the modified tips and substrates were rinsed extensively with
absolute ethanol and finally with distilled water (pH 7) before use.

Chemical Force Microscopy (CFM) and Adhesion Mea-
surements. Adhesion measurements were made with a Molecular
Imaging picoSPM, equipped with a flow cell and controlled by
Nanoscope IIIa electronics (Digital Instruments). Modified tips
were rinsed in ethanol and dried under N2 just prior to mounting
them in the flow cell. All measurements were carried out with a

40 µm × 40 µm scanner and thin, long (200 µm) Si3N4 cantilevers
(DI Instruments) at room temperature. The adhesive interaction
between phosphate SAM modified tips and substrates was
determined by recording force versus displacement curves under
conditions of varying pH in a phosphate buffer.

The force-displacement curve plots the cantilever deflection
(or force when calibrated using the cantilever spring constant)
versus sample displacement. A full cycle of tip approach, contact,
and retraction from the sample is recorded. The point at which
the tip separates from the sample is called the pull-off point. The
pull-off force at the pull-off point corresponds to the adhesion force
between the tip and sample. Average adhesion force values were
determined from at least 100 individual force curves at each pH
value. All force versus displacement curves were captured using
Nanoscope III software and later analyzed on a PC using custom
software.

RESULTS AND DISCUSSION
The degree of order within the phosphate SAMs was deter-

mined by reflection absorption FT-infrared spectroscopy (Bruker
IFS48 RA FT-IR spectrometer equipped with a SPECAC variable-
angle reflection accessory). The spectra of the 11-thioundecyl-1-
phosphonic acid SAM and the same material in a KBr pellet in
the frequency region 3200-2450 cm-1 are shown in Figure 1 a
and b, respectively.

The first feature of note in the SAM spectrum is the absence
of the absorption due to the S-H stretch (ν(S-H)), which, for
an isotropic sample, gives rise to a peak25 around 2539 cm-1. The
disappearance of ν(S-H) is generally attributed to the formation
of the gold-sulfur bond in such systems and is strong evidence
that the SAM molecules are covalently linked to the gold surface
in the manner predicted. The second feature of importance is the
presence of the asymmetric and symmetric CH2 stretching
vibrations observed at the same frequency in both the SAM and

(24) Wagner, P.; Hegner, H.; Guntherodt, H.-J.; Simenza, G. Langmuir 1995,
11, 3867-3875.
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Figure 1. FT-IR spectra of (a) 11-thioundecyl-1-phosphonic acid
SAM and (b) the same material in a KBr pellet.
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KBr pellet at 2923 and 2850 cm-1, respectively.25 Snyder et al.26

demonstrated that the peak positions of CH2 stretching modes
are sensitive indicators of the degree of packing of the polyeth-
ylene chains. In our sample, according to their analyses, the peak
positions imply that the alkyl chains exhibit quite a high packing
density similar to that of a monolayer of decanethiol. The
disappearance of ν(PdO) at 1140 cm-1 in the SAM spectrum
compared with the KBr measurement suggests that the head-
groups form an ordered layer in which the phosphonyl group is
possibly involved in intramonolayer hydrogen bonding. We
tentatively propose a model for the SAM structure in which one
of the hydroxyl groups is in the plane of the SAM and is involved
in in-plane hydrogen bonding with a phosphonyl group, and the
other lies out of the plane of the monolayer. The form of the force
titration curves can be explained well using this model but further
detailed characterization of this novel SAM is required and is
presently underway.

Figure 2 shows the force (deflection) titration curves obtained
using tip and substrate both modified with the phosphonic acid
SAM in buffers of low (10-4 M) (a) and high (10-1 M) (b) ionic
strength. At low ionic strength, the force titration curve consists
of two peaks at pH 4.5 and pH 8.4. However, at higher ionic

strength, the force titration curve takes the form of two monotonic
steps to lower adhesion as the pH is increased.

In the case of the low ionic strength force titration (Figure
2a), the curve can be explained in terms of hydrogen bonding
and electrostatic repulsion as shown in Figure 3.

At the low pH values, uncharged PO(OH)2 groups dominate
both the tip and substrate and the finite adhesion in this region
can be attributed to hydrogen bonding between the two out-of-
plane hydroxyl groups (Figure 3a).7,27 The in-plane groups may
experience some competition between forming intra- and inter-
monolayer hydrogen bonds when the tip contacts the substrate,
but it is likely that the out-of-plane groups dominate the adhesion
at this pH. Large distortions of the SAM structure upon contact
of the two surfaces would lead to exposure of the hydrophobic
alkyl chains. This would lead to strong hydrophobic forces, which
would dominate the interaction of the two surfaces,1 and we do
not observe such an effect. The low-pH peak corresponds to the
ionization of the out-of-plane hydroxyl groups, and the increase
in measured adhesion under low ionic strength conditions is
probably due to the formation of stronger hydrogen bonds
between neutral OH groups and negatively charged O- deproto-
nated species (Figure 3b). We assume that the peak in the
adhesion force in Figure 2a at pH 4.5 corresponds to the point
where 50% of the out-of-plane groups are ionized since this would
be expected to maximize the number of stronger hydrogen bonds
formed between tip and sample. The position of this peak therefore
corresponds to the pKa of the first group. As the pH increases
beyond pH 4.5, more than 50% of the groups become ionized, the
number of out-of-plane OH groups is reduced, and fewer of the
bonds can form. The electrostatic repulsion between the ionized
groups on tip and sample must also contribute to the reduction
in the measured adhesion.

As the pH is increased further, the in-plane OH group is
deprotonated. The rise in measured adhesion must be due to a
few even stronger bonds between neutral groups on one surface

(26) Snyder, R. G.; Maroncelli, M.; Strauss, H. L.; Halknark, C. A. J. Phys. Chem.
1986, 90, 5623-5630.
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9569.

Figure 2. Force titration curve of 11-thioundecyl-1-phosphonic acid
modified tip and substrate in phosphate buffer at ionic strengths: (a)
10-4 and (b) 10-1 M.

Figure 3. Schematic representation of the proposed interactions
of 11-thioundecyl-1-phosphonic acid modified tip and substrate in
10-4 M phosphate buffer at different pH values: (a) 3, (b) 4.5, (c)
and (d) 12.
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and two O- groups (Figure 3c). The magnitude of the second
peak is less than the first due to the fact that fewer such bonds
can be formed but also due to the increased repulsion from two
net negatively charged surfaces. Again it appears reasonable that
the position of the second peak (pH 8.4) is at the pH where 50%
of these groups are ionized and therefore corresponds to the pKa.
Finally, as the pH increases beyond 8.4, the majority of the surface
groups of our phosphate-terminated SAM are ionized (Figure 3d),
leading to a net repulsive force between the tip and sample, and
the adhesion falls toward zero.

When a high ionic strength buffer was used (Figure 2b), the
shape of the force titration curve changed to that of two sigmoidal
step functions, analogous to the shape observed for carboxylic
acid SAMs in high ionic strength buffers.7 The shape of the force
titration curve for phosphate in high ionic strength buffers can
be explained in terms of the effects of the formation of an electric
double layer at the surface of the SAM as the headgroups are
ionized. The adhesion force value at pH <4 can be attributed to
hydrogen bonding between the two neutral phosphate surfaces
and is of similar magnitude at high and low ionic strength. The
formation of electric double layers on the two surfaces under high
ionic strength conditions prevents the formation of hydrogen
bonds between O- and OH groups which we have suggested are
responsible for the peak in the adhesion force at low ionic
strengths. The adhesion force therefore falls as the out-of-plane
hydroxyl groups ionize due to the repulsion between the two
electric double layers and the reduction in number of neutral OH
groups for hydrogen bonding. The formation of the double layer
continues as the second OH group is ionized and the adhesion
falls toward zero.

Previous studies6,7 have used Johnson-Kendall-Roberts (JKR)
theory28 to derive the surface pKa from the high ionic strength
force titration. The adhesion force between the tip and substrate
is given by JKR theory to be

where γs and γt are the surface free energies of the tip and sample
and γst is the interfacial free energy of the two contacting surfaces.
If the tip and sample have the same surface functional groups,
then clearly γst ) 0 and γs ) γt, and it is possible to simplify the
eq 1 by setting γs ) γt ) γ, where γ is the free energy of the
surface in equilibrium with solvent,

The total surface free energy, γ, comprises two components: a
contribution from the ionized groups and one from the neutral
groups in the surface. Equation 2 can therefore be rewritten as,

where â is the fraction of surface groups that are ionized and γB-

and γHB are the surface free energy of completely a deprotonated
and a neutral surface, respectively. When half the surface groups
are ionized, â ) 1/2 and therefore we can define the adhesion force
that corresponds to this value F1/2 as,

According to this model the maximum adhesion force occurs
for two neutral surfaces when hydrogen bonding is at a maximum,
and the minimum adhesion force occurs when both surfaces are
completely ionized and electrostatic repulsion dominates. There-
fore eq 4 can be rewritten,

The pKa of the surfaces is therefore given as halfway between
the maximum and minimum adhesion, i.e., the midpoint of the
step.

Our data therefore suggest that the surface pKas of the two
groups are 4.5 and 7.7. JKR theory does not predict the effect of
the ionic strength on the shape of the force titration or the fact
that the pH of the midpoints of the steps and the positions of the
peaks are not the same. The problem with JKR theory may derive
from the fact that it is a macroscopic theory not a microscopic
one. The area of contact must be macroscopic (semi-infinite) so
that the interfacial free energy is simply given by a single
parameter, γ, appropriate to the surface materials. In the micro-
or nanoscopic regime, several other factors should be taken into
account: (a) the dispersion interactions (Hamaker/Lifshitz)
between tip and sample depend on the geometry of the tip;29 (b)
the sample molecular surface may partly melt and wet the tip;
and (c) specific molecular interactions (which do not rule out the
use of JKR theory on macroscopic surfaces since the work of
adhesion is still correctly defined) could be dependent on tip
geometry and surface roughness.

Further work is necessary and underway using a range of
different SAM headgroups to elucidate this problem.

CONCLUSION
We have reported on the synthesis of a novel phosphonic acid

ω-functionalized alkanethiol and the formation of self-assembled
monolayers on gold. Preliminary characterization suggests that
an ordered monolayer is formed with one of the hydroxyl groups
involved in hydrogen bonding within the monolayer. The ioniza-
tion state of this diprotic acid was determined as a function of
ionic strength by measuring force titration curves using the atomic
force microscope.

In low ionic strength buffers, the ionization of the two hydroxyl
groups results in the presence of two peaks in the force titration
curve at pH values of 4.5 and 8.4, slightly higher than the
measured pKa values for this group free in solution. The peaks in
the adhesion force titration at low ionic strength are tentatively
attributed to increased hydrogen bond strength between ionized
and neutral groups on the tip and substrate and the competition
between hydrogen bonding and electrostatic repulsion of two net
negatively charged surfaces.

At high ionic strength, the attractive interaction between tip
and sample was dramatically reduced by the formation of an

(28) Johnson, K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc. London, A 1971,
324, 301-313.
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923.

Fad ) (3/2)πR(γs + γt - γst) (1)

Fad ) 3πRγ (2)

Fad ) 3πR[(1 - â)γHB + âγB-] (3)

F1/2 ) 3πR‚1
2
(γHB + γB

-) (4)

F1/2 ) (1/2)(Fad(max) + Fad(min)) (5)
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electric double layer and the shape of the force-titration curve
was dramatically altered. If JKR theory is applied at high ionic
strength, then the measured surface pKa values (corresponding
to the force halfway between the neutral and fully deprotonated
states) are close to those measured at low ionic strength. However,
JKR theory does not predict the shape of the force titration curve
under low ionic strength conditions, and further work is necessary
to develop a satisfactory model for the force titration behavior
under these conditions.
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