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Surface Stress in the Self-Assembly of
Alkanethiols on Gold

Rüdiger Berger,* Emmanuel Delamarche, Hans Peter Lang,
Christoph Gerber, James K. Gimzewski, Ernst Meyer,

Hans-Joachim Güntherodt

Surface stress changes and kinetics were measured in situ during the self-assembly of
alkanethiols on gold by means of a micromechanical sensor. Self-assembly caused
compressive surface stress that closely followed Langmuir-type adsorption kinetics up
to monolayer coverage. The surface stress at monolayer coverage increased linearly with
the length of the alkyl chain of the molecule. These observations were interpreted in terms
of differences in surface potential. This highly sensitive sensor technique has a broad
range of applicability to specific chemical and biological interactions.

Molecular and biomolecular layers are scien-
tifically appealing for a wide range of poten-
tial applications (1, 2). Alkanethiols, which
are known to self-organize into well-ordered,
densely packed films, represent a model mo-
lecular system for controlling surface proper-
ties (3, 4). These self-assembled monolayers
(SAMs) are used in applications such as mi-

crocontact printing (5) and voltametric mi-
crosensors (6), and they have recently been
applied to molecular host-guest recognition
(7).

There is little information available on the
mechanical properties of SAMs, particularly
concerning the nature of surface stress in films
during the formation process, because it is
difficult to follow the structural evolution of
monolayer self-assembly. One recent ap-
proach (8) used scanning tunneling microsco-
py to infer the growth kinetics of alkanethiol
SAMs indirectly from snapshot images ob-
tained at various coverages. Here, we used
micromechanical sensors to gather quantita-
tive data on surface stress changes that devel-
op during the self-assembly process of HS-

R. Berger and H. P. Lang, IBM Research Division, Zürich
Research Laboratory, CH-8803 Rüschlikon, Switzerland,
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(CH2)n21-CH3 for n 5 4, 6, 8, 12, and 14,
where n is the number of carbon atoms in the
alkyl chain (Fig. 1A). Micromechanical sen-
sors are attracting increasing interest in sci-
ence and technology for in situ process con-
trol (9–11) because they feature high sensitiv-
ity, small size, and compatibility with Si mi-
croelectronic fabrication (12).

V-shaped micromechanical silicon nitride
(SiNx) cantilevers with a 20-nm gold receptor
layer evaporated on one side were used as
sensors for gas-phase adsorption of alkanethi-
ols (Fig. 1B). Scanning force microscopy tech-
niques (13) were used to detect sensor deflec-
tions down to the picometer scale. A laser
beam reflected off the cantilever’s apex onto a

quadrant photodiode used as a position-sensi-
tive detector (PSD) indicated sensor displace-
ment. Alkanethiol vapors were generated by
placing a few microliters of alkanethiol in the
center of a glass beaker, which was then
closed by a shutter. After thermal equilibrium
was reached, the shutter was opened, thereby
exposing the sensor to alkanethiol vapor (14).

The sensor deflection, derived from the
PSD voltage, was measured as a function of
time for experiments with alkanethiols of var-
ious chain lengths (Fig. 2A). In all cases, we
observed a strong response in deflection,
which saturated at a permanent value (be-
tween ;50 and 200 nm) corresponding to the
expansion of the receptor side of the sensor
(Fig. 1D). This saturation developed on a
time scale similar to that previously reported
for monolayer formation by chemisorption on
gold (15). In contrast, reference experiments
performed with octane vapor showed no com-
parable response.

Several transduction mechanisms can
contribute to these observations. Thermal
effects are known to produce bendings as a
consequence of the bimetallic effect (10).
Self-assembly of alkanethiols on gold is exo-
thermic, with an enthalpy of adsorption
DE ' 2150 kJ mol21 (16). Hence, chemi-
sorption of a monolayer of alkanethiols on

the sensor’s receptor surface (;1010 mole-
cules) can produce ;25 nJ of heat. The
sensor’s calculated transient bending caused
by the reaction heat has the observed sign
of deflection but is on the order of only 0.5
nm (10); thereafter, thermal effects are neg-
ligible. Nor can the gravimetric deflection
resulting from the molecular loading (cal-
culated to be ;5 pm) account for the ob-
served bending. On the basis of both the
permanent nature of the deflection and its
magnitude, we attribute the response to
surface stress (17–19). Stoney’s formula
(20) relates the sensor curvature radius R to
the surface stress s acting on the sensor,

s 5
Ets2

6R~1 2 n! (1)

where R21 5 3Dz /2L2, L is length, E is
Young’s modulus, n is Poisson’s ratio of the
sensor material, Dz is deflection, and ts is
sensor thickness.

The alkyl chains in the monolayer exhibit
a tilting away from the surface normal to
reduce chain-to-chain separation and to opti-
mize the chains’ attractive intermolecular van
der Waals interaction. We intuitively expect-
ed to observe a tensile surface stress, corre-
sponding to a bending toward the SAM, from
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Fig. 1. (A) Alkanethiols assemble spontaneously
from solution or vapor onto gold. The specific
monolayer component is drawn in a space-filling
model for butanethiol (n 5 4), octanethiol (n 5 8),
and dodecanethiol (n 5 12). (B) Scanning elec-
tron micrograph of the Au-coated SiNx cantilever
showing the sensor’s receptor surface. (C) The
sketch shows a cut perpendicular to the surface
through the sensor layers as used for the self-
assembly process. Coverage of chemisorbed al-
kanethiols on the sensor ut 5 0: The sensor is
covered by adsorbates in air (average thickness
;1 nm), which causes a bending, C1, of the
sensor. (D) ut 5 1: When the sensor is exposed
to alkanethiol vapor, a SAM is formed. This caus-
es a bending, C2, which compresses the under-
lying substrate.
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Fig. 2. (A) Deflection, Dz, and chang-
es in surface stress, Ds, of the sen-
sors are plotted as a function of time
for exposure to alkanethiol and a ref-
erence vapor. Reference experi-
ments consisted of exposing the sen-
sor to vapors of alkanes—molecules
that do not chemisorb on gold—and
showing the background noise. The
reference curve used octane and is
representative of all controls. In the
reference experiment, no deflection
was observed, except for a small sig-
nal attributed to the removal of the
shutter. In contrast, the sensors start-
ed bending immediately after expo-
sure to alkanethiol vapors. We esti-
mate the exposure of the sensor to
butanethiol molecules to be ;1.5 3
1020 molecules cm21 s21 under our
experimental conditions. A faster re-
sponse for lighter alkanethiols, corre-
sponding to their higher vapor pres-
sures, was observed. Each alkane-
thiol curve was fitted by a LM adsorp-
tion isotherm, which determines the
zero point of the stressograms. In our
experiments with butanethiol and oc-
tanethiol, LM fits the entire stress
curve. For dodecanethiol, we found a deviation from the LM beginning above ;80% coverage, indicating a
decrease of the sticking coefficient. From our data, we calculate the average tension st 5 ssattf

21 in a
monolayer of thickness tf to be 0.16 6 0.03 GPa for all five SAMs studied. Before exposure, the sensor
response was recorded in air for ;1 min, which reflected the initial amount of adsorbates of the gold layer from
our laboratory environment. Initial values of deflection before exposure do not influence the LM fitting
procedure. (B) The change in surface stress at saturation coverage obtained for n 5 4, 6, 8, 12, and 14 is
plotted as a function of alkyl chain length. The value of Dssat at n 5 0 reflects the constant surface stress
contribution from sulfur chemisorption, the formation of depressions in the gold, or both.
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this effect. Surprisingly, all the chemisorbed
alkanethiols we investigated caused compres-
sive surface stress during self-assembly. Except
for the initial few seconds of exposure, a Lang-
muir adsorption isotherm model (LM), for
which u } 1 2 exp(2kt), where u is the
coverage, t is the time, and k is the reaction
rate, fits the stress curves (21). LM describes
the coverage dependence of alkanethiol ad-
sorption both in solution (22) and from the
vapor phase (15). Because the stress curves
follow LM characteristics, we can conclude
that the surface stress is proportional to the
number of molecules adsorbed.

The saturated surface stress ssat generat-
ed by SAMs of alkanethiols increased lin-
early with chain length (Fig. 2B). From
these data, we conclude that the compres-
sive surface stress change is directly propor-
tional to alkyl chain length. The molecular
weight of linear alkanethiols is the principal
determinant of the degree of structural or-
der of SAMs on gold (4). In particular,
short-chain monolayers of butanethiol have
pronounced disorder and have been de-
scribed as liquid-like films at room temper-
ature (23). In contrast, SAMs with longer
chains such as dodecanethiol form mono-
layers with a high degree of order. Conse-

quently, our observations indicate that Ds
is insensitive to structural parameters.

In terms of electrostatic interactions, the
apparent dipole moment of the SAM is
considered to contain a contribution from
the Au1-S2 head group and from the S2-
alkyl1 chain. Even at low coverage, the
sulfurs are bound to the gold, and the 2CH3
tail groups tend to emerge at the air-mono-
layer interface (4), providing an average ap-
parent dipole moment. This apparent dipole
moment increases linearly with n (24), re-
sulting in a linear increase of electrostatic
repulsion. Such dipolar repulsive forces in
adsorbate-adsorbant systems are generally
expected to produce surface stresses on the
order of 1023 N m21 (25), which is consis-
tent with the magnitude of our measure-
ments. In particular, the linear relations be-
tween Ds and both u and n are consistent
with an electrostatic model.

Upon careful inspection, the stressograms
display small, monotonic, step-like variations
observable at higher magnification (Fig. 3).
These variations are clearly above the noise
level given by the reference experiment. The
steps are typical for all stress curves performed
with n $ 8, and we tentatively associate them
directly with the self-assembly process. They
may result from local changes of concentra-
tion in the immediate environment of the
sensor (for instance, as a result of turbulence),
which can lead to inhomogeneous chemisorp-
tion rates. In general, inhomogeneities in the
self-assembly process can be detected in situ
and in real time with a surface stress resolu-
tion of 1027 N m21 by means of standard-size
sensors. This corresponds to a change of zepto
(10221) molar quantities in our experiments
on SAMs.

The kinetics of SAM formation display
clearly resolved minima at the beginning of
each chemisorption process. X-ray photo-
electron spectroscopy and second-harmonic
generation studies of self-assembly of al-
kanethiols in solutions have led to the pro-
posal that the initial phase of the reaction
includes the replacement of residual adsor-

bates on the gold surface by chemisorbed
alkanethiols (26). This process was con-
firmed for our samples by means of ellip-
sometry (27). All surface stress curves ex-
cept the reference curve in Fig. 2A reveal
the replacement process as a release of 11 3
1023 to 19 3 1023 N m21 of residual
surface stress (28) during the first ;10 s of
exposure to alkanethiols (Fig. 1C).

This replacement of one molecular layer
by another can be extended to the specific
binding of a molecule to a receptor layer. To
demonstrate this concept, we used SAMs of
v-functionalized alkanethiols as acceptors
for molecular recognition. We studied the
influence of gas-phase hexylamine on mer-
captohexadecanoic acid SAMs (Fig. 4). A
clear decrease in Ds was observed when
hexylamine molecules “docked” onto the
SAMs’ carboxylic end groups. These obser-
vations are in qualitative agreement with a
preliminary report of nonspecific binding of
albumin on SAMs (29).
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The Role of Antibody Concentration and
Avidity in Antiviral Protection
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R. M. Zinkernagel§

Neutralizing antibodies are necessary and sufficient for protection against infection
with vesicular stomatitis virus ( VSV ). The in vitro neutralization capacities and in vivo
protective capacities of a panel of immunoglobulin G monoclonal antibodies to the
glycoprotein of VSV were evaluated. In vitro, neutralizing activity correlated with avidity
and with neutralization rate constant, a measure of on-rate. However, in vivo, pro-
tection was independent of immunoglobulin subclass, avidity, neutralization rate con-
stant, and in vitro neutralizing activity; above a minimal avidity threshold, protection
depended simply on a minimum serum concentration. These two biologically defined
thresholds of antibody specificity offer hope for the development of adoptive therapy
with neutralizing antibodies.

Antibody responses against chemically de-
fined haptens, proteins, and pathogens have
been well characterized, and the properties
of polyclonal sera and monoclonal anti-
bodies (mAbs) specific for these antigens
have been studied in detail in vitro. In-
creased avidities and on-rates of antibodies
have been postulated to provide increased
in vivo effectiveness and protection (1).
However, such a correlation has only rarely
been analyzed for antibodies specific for,
and protective against, infectious agents in
vivo. Low-avidity (105 M–1) opsonizing an-
tibodies can protect against bacteria (2),
and some studies have correlated in vitro

virus neutralization titers with in vivo
protection (3), whereas others have found
no such relation (4). Avidity, on-rate, neu-
tralizing activity, or antibody concentration
have not previously been analyzed with
respect to protective activity in vivo. We
used a panel of mAbs (5–7) and polyclonal
antibodies derived from high-titer second-
ary and hyperimmune responses to test
whether characteristics of antibodies in

vitro can predict protective efficiency in
vivo—that is, whether increased avidity of
immunoglobulin G (IgG) provides protec-
tion at lower serum concentrations.

VSV is a rhabdovirus closely related to
rabies virus. It is highly neurotropic and
may cause neurological disease and death in
mice. Recovery of mice from primary infec-
tions or resistance against reinfection de-
pends on neutralizing IgG antibody re-
sponses; CD81 T cells are not involved,
whereas mice lacking B cells always die (8,
9). The surface envelope of VSV contains
;1200 identical glycoprotein molecules
that form a regular and densely ordered
pattern of spike tips; these tips are the only
sites accessible to neutralizing antibodies
(10). Neutralization of rhabdoviruses is me-
diated by the prevention of docking of the
virus to cellular receptors. This requires a
minimum of 200 to 500 IgG molecules
bound per virion (11). The Fc portions of
antibodies are not crucial for antiviral pro-
tection in vivo or in vitro (8, 12).

We previously described a set of virus-
neutralizing mAbs derived from mice im-
munized with VSV serotype Indiana (VSV-
IND) (6, 7). Virtually all of a collection of
62 mAbs that neutralize VSV bind to a
single antigenic site on VSV-G comprising
three overlapping subsites with avidities
ranging from 2 3 107 M–1 to 9 3 109 M–1
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Fig. 1. Correlation of in
vitro and in vivo parame-
ters of mAbs. (A and B)
Avidity (A) and neutral-
ization rate constant (B)
of mAbs, correlated with
their in vitro neutralizing
capacity. (C to E) Avidity
(C), neutralization rate
constant (D), and in vitro
neutralizing capacity (E)
of the same mAbs did
not correlate with their in
vivo protective concen-
tration (see Table 1). Lin-
ear regression revealed
correlation coefficients r
of 0.86 (A), 0.93 (B), and
,0.4 [(C) to (E)].
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