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Probing molecular ordering at a liquid-solid interface with a magnetically
oscillated atomic force microscope
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We have demonstrated the ability of an atomic force microscope operated in the magnetic a/c mode
to determine the layered structure of liquids at interfaces with high accuracy and reproducibility.
Oscillations in surface stiffness were found for octamethylcyclotetrasiloxane~OMCTS! and
mesitylene close to a graphite surface and the period of oscillation allowed us to determine the
molecular packing to sub-Angstrom precision. The Young’s modulus, measured at the peak stiffness
of each layer, decreased exponentially with distance from the interface with a decay length of 8.8
Å for OMCTS and 6.5 Å for mesitylene. ©1998 American Institute of Physics.
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Ordering of the liquid at the interface with a solid is
phenomenon of fundamental importance in fields such
tribology and electrochemistry1 and it has been studied ex
tensively with the surface force apparatus.2,3 This liquid
structuring may also have a profound affect upon the op
tion of an atomic force microscope~AFM!, causing the tip to
hop between different stable configurations in the orde
region of the fluid.4 The AFM has been used to study stru
ture in interfacial water5 and organic liquids.6,7 In contrast to
the surface force apparatus, the AFM suffers from a lack
reproducibility of one surface~the tip! but it has a number o
advantages, among them the ability to produce hi
resolution images of the surface along with high vertical~z!
sensitivity and low mechanical drift. We show here th
highly reproducible and accurate data may be obtained
spite variability in AFM tips.

If the microscope is operated with a probe that is os
lated at an amplitudex0 far from the surface, then, provide
the oscillation frequencyf is far below mechanical reso
nances, the surface stiffness at some distancez from the
surface,S(z), is given by7

S~z!5kS x0

x~z!
21D , ~1!

wherek is the spring constant of the cantilever andx~z! is
the amplitude of the tip oscillation. A number of simp
models permit extraction of quantities such as Youn
modulus from the surface stiffness.8,9

A substantial signal to noise advantage is obtained
A/C mode AFM in fluids if the tip is oscillated by direc
application of a magnetic force7,10–12as opposed to indirec
mechanical excitation with an acoustic transducer.13,14

O’Sheaet al.7 used a magnetically-oscillated tip microsco
to show evidence of up to seven ordered layers of liquid
an interface with graphite. However, the spacing betw
layers of the quasi-spherical molecule studied, octamethy
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clotetrasiloxane~OMCTS!, was substantially smaller~5 Å!
than the known smallest dimension of the molecule~8 Å! so
that an orientation could not be determined. We have
peated these measurements with a microscope designe
stable operation in fluids and show that for both OMCTS a
another small molecule~mesitylene! we obtain data in excel-
lent agreement with known molecular dimensions.

We chose OMCTS @~~CH3!2SiO!4# and mesitylene
@~CH3!3C6H3# because they are relatively rigid and their d
mensions are reasonably well characterized. The ob
spherical model of OMCTS has a major diameter of 1.0–
nm and a minor diameter of 0.7–0.8 nm.15 Ordered layers
have been detected on mica with a period of 0.8 to 1.0
using the surface force apparatus.3 Mesitylene or 1,3,5-
trimethylbenzene molecule has a benzene ring with each2H
at the first, third, and fifth carbon locations replaced by
2CH3 group. Crystal structure data16 show that the ring-to-
ring spacing in stacked layers is 3.6 Å in the solid, and t
the end-to-end length of the molecule along the major axi
a little over 6 Å. OMCTS was obtained from Sigma~St.
Louis, Missouri! and mesitylene was obtained from Alfa Ae
sar~Ward Hill, Massachusetts!. Graphite obtained as highly
oriented pyrolytic graphite~HOPG! was from Advanced Ce-
ramics~Cleveland, Ohio!.

We used a PicoSPM from Molecular Imaging~Phoenix,
Arizona! operated in the magnetic a/c mode~MAC Mode!12

with a Molecular Imaging MAC Mode interface driving
Nanoscope E controller~Digital Instruments, Santa Barbara
CA!. The spring constant of the magnetic cantilevers~Mo-
lecular Imaging! used was typically 0.5 nN/nm. Atomic
force spectra~AFS! were obtained by driving the force inpu
of the nanoscope controller with the demodulated amplitu
signal from the MAC Mode controller and setting the nan
scope to record force curves. The tip oscillation frequen
was between 200 and 500 Hz, far below the mechanical re
nance of the cantilever in fluid~about 28 kHz!.

The fluid cell and cantilever holder were thorough
cleaned before each experiment. OMCTS was stored
desiccator filled with N2 at 4 °C. It was warmed to ambien
6 © 1998 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html.
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temperature before removal. In each experiment graphite
cleaved immediately before being covered by fluid. All e
periments were carried out at room temperature in air. T
characteristics of AFS data presented here did not cha
over hours of measurements in our experiments.

Figures 1~a! and 1~b! are typical force spectra from tw
independent experiments at OMCTS-graphite interfac
They demonstrate the reproducibility of the spectra obtai
with different tips. Both the approaching and the retract
curves were recorded. In Fig. 1~a!, seven layers of OMCTS
molecules at the interface are clearly detected. The ave
spacing between two adjacent layers, which reflects the
of an OMCTS molecule along the direction perpendicular
the layers, was measured to be 8.7 Å for approaching,
7.9 Å for retracting. The difference was due to thermal dr
Seven molecular layers are also detected in the data show
Fig. 1~b!. Thermal drift was less in this case. The avera
spacing between two adjacent layers was 8.2 Å for approa
ing and 8.0 Å for retracting. After analyzing 22 force spec
from three separate experiments, we found that the ave
size of OMCTS molecules along the direction of the orde
layers at the interface was 8.260.3 Å, consistent with the
minor axis of the molecule according to the oblate spher
model of OMCTS15 and considerably smaller than the maj
axis. These results show that the layers stack along the m
axis of the molecules.

Figures 2~a! and 2~b! show two measurements of typic
force spectra at mesitylene-graphite interface. Once ag
the general features of the AFS are seen to be independe
the tip used. Figure 2~a! shows eight molecular layers o
approach and six on retraction, presumably because of

FIG. 1. Two independent measurements of force spectra of the MAC M
AFM at OMCTS-graphite interface. The amplitude of oscillation of t
magnetic cantilever driven by an external magnetic field oscillates in b
approaching~solid line! and retracting~dotted line! curves in the region of a
few nanometers away from the surface due to ordered layers of OM
molecules at the interface. The period of the oscillation, 8.2 Å, precis
reflected the dimension of OMCTS molecules along the direction perp
dicular to the layers.~a! Driving frequency 500 Hz, scan rate 2.8 nm/s.~b!
Driving frequency 200 Hz, scan rate 1.6 nm/s. The arrows on this
subsequent plots correspond to repulsive-force maxima.
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ruption of the fluid structure by the tip. The average peri
of the layers was measured to be 4.2 Å for approaching
4.3 Å for retracting. Figure 2~b! shows fewer layers~six
approaching and five retracting! and slightly higher therma
drift. The average periods for approaching and retract
were 4.7 and 4.1 Å, respectively. After averaging 22 for
spectra in three separate experiments, we found the siz
mesitylene molecules along the direction perpendicular
the ordered layers is 4.560.2 Å. Given the crystal structure
data,16 these results suggest that the mesitylene rings lie
with respect to the graphite surface.

The liquid density profile at liquid-solid interface osci
lates due to the constraint of the solid surface and inte
tions between the surface and the liquid17 and this results in
a corresponding oscillation in the surface stiffness.7 The am-
plitude of oscillation of the tip was set at about 2 Å far from
the surface, and it can be seen that the layering introdu
regions of both positive stiffness~decreased amplitude! and
negative stiffness~increased amplitude!.

The layer spacings varied from the average by
amount that was considerably in excess of the noise.
example, seven consecutive periods in the approaching c
of Fig. 2~a! are 4.0, 4.1, 4.4, 4.2, 4.5, 4.0, and 4.5 Å
measured outward from the graphite surface. These fluc
tions changed from scan to scan, and probably arise f
fluctuations in the interfacial structure, reflecting the flu
nature of these layers.

We looked for evidence of a systematic variation
layer separation with increasing distance from the interfa
For OMCTS, the first pair of peaks were separated by 8
60.14 Å, whereas peaks 6 and 7 were separated by
60.12 Å where the uncertainty is plus or minus one stand
error. Therefore any effect is barely significant. No effe
was observed for mesitylene.

For discrete molecular layers, it is inappropriate to m

e
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S
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d

FIG. 2. Two typical force spectra at mesitylene-graphite interface in b
approaching~solid line! and retracting~dotted line! processes. Up to eigh
layers of mesitylene were observed. The oscillatory period, 4.4 Å, indica
that the ordered mesitylene rings arranged parallel to the graphite sur
Both ~a! and ~b! driving frequency 500 Hz, scan rate 2.4 nm/s.
o AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html.
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the liquid Young’s modulus~compliance! continuously away
from the surface because negative stiffness occurs aro
centers between two neighboring layers. However, it is p
sible to estimate The Young’s modulus at centers of mole
lar layers where the tip senses a local maximum repuls
force. These points are marked with arrows on both Figs
and 2. Note that the amplitude of these minima changes
consistent way from run to run, while the peak positio
corresponding to negative stiffness, do not.

The minima correspond to stable repulsive mechan
contacts, and can be analyzed with a simple model ba
Hertzian elasticity.9 An effective Young’s modulus for the
nth layer,En* ,8 can be obtained from the surface stiffness
the nth layer,Sn , according to9

En* 5ASn
3/6RLn, ~2!

whereR is the radius of the tip andLn is the load on thenth
layer. Ln is calculated fromLn5Dxnk, where Dxn is the
amplitude decrease for thenth layer@see Fig. 1~b!#. Assum-
ing that the radius of curvature of the tip is 30 nm and
spring constant is 0.5 nN/nm~specifications from Park Sci
entific Instruments, Sunnyvale, CA!, the Young’s modulus a
the centers of each ordered molecular layer was calcul
from Eqs.~1! and ~2!. The results are shown in Fig. 3 fo
both OMCTS~circles! and mesitylene~squares!. The best-fit
lines yield decay lengths of 1.07 layers for OMCTS, cor
sponding to 8.8 Å, and 1.48 layers for mesitylene, cor
sponding to 6.5 Å.

In our analysis we have assumed a purely elastic in
action between the tip and the fluid. We expect viscosity
increase dramatically as the liquid takes on solid-l
properties.18 Assuming a harmonic process, we may wr
the time-dependent amplitude of oscillation as

x0~ t !5x08e
ivt, x~z,t !5x8~z!ei @vt1f~z!#, ~3!

wheref(z) is the phase shift due to the viscosity, andx08 and
x8(z) are time-independent parts of the amplitudes. The c
responding surface stiffnessS~z! is complex and can be
separated into realSR(z) and imaginarySI(z) parts,

S~z!5SR~z!1 iS1~z!. ~4!

FIG. 3. The Young’s modulus of OMCTS~circles! and mesitylene~squares!
at centers of ordered layers. The lines are best-fit lines, indicating expo
tial decay of the Young’s modulus with the number of molecular laye
Data from Fig. 1~a! and Fig. 2~a!.
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Equation~1! can then be written as

kx08e
ivt5@SR~z!1 iS1~z!1k#x8~z!ei @vt1f~z!#. ~5!

From which the real parts of the stiffness signal is

SR~z!5kS x08

x8~z!@11sin f~z!tgf~z!#
21D . ~6!

So the effect of a viscously-induced phase shift is a reduc
in the apparent Young’s modulus. A large effect might
manifest as a nonexponential decay in modulus, but we
no evidence for this, implying that the viscous contributi
does not change by a large amount over the distance tha
measurements are made. This may well be a geomet
effect since the contribution to damping provided by the
is infinitesmal compared with that from the remainder of t
cantilever structure.

In conclusion, we have used the AFS mode of the MA
Mode AFM to probe ordered liquid molecules of OMCT
and mesitylene at the graphite surface with sub-angst
vertical resolution. Elastic compliance at the center of ea
layer was found to exponentially decrease versus the num
of layers. Combining with the high lateral resolution featu
of the MAC Mode AFM,19 we believe this study will open a
possible way of precisely identifying properties of molecu
at surfaces and interfaces from solid to liquid.

One of the authors~S.M.L.! acknowledges support from
the NSF~BIR 9513233! and Molecular Imaging Corporation
~TCL96-157C!.
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