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Crystalline structure and squeeze-out dissipation of liquid solvation layers
observed by small-amplitude dynamic AFM
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Using frequency-modulation atomic force microscopy (FM-AFM) at sub-nanometer vibration amplitudes,
we find in the system n-dodecanol/graphite that solvation layers may extend for several nanometers into the
bulk liquid. These layers maintain crystalline order which can be imaged using FM-AFM. The energy dissi-
pation of the vibrating tip can peak sharply upon penetration of molecular layers. The tip shape appears critical

for this effect.
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A notable property of liquid near the liquid-solid interface
is the presence of solvation layers, i.e., ordering of liquid
molecules due to boundary conditions imposed by the solid.
Such layering has been observed via oscillatory solvation
forces when confining the liquid between the substrate and a
solid probe using the surface force apparatus' and atomic
force microscopy (AFM).>?* While solvation forces are rou-
tinely detected via the modulation of the force, the lateral
structure of the solvation shells—beyond the first adsorbed
monolayer—has rarely been directly observed. One excep-
tion are long-chain alkanes adsorbed from solution, for
which a second layer has been imaged using scanning tun-
neling microscopy (STM).* Unfortunately, STM does not
lend itself to imaging of “higher” layers as the tunneling
current decreases exponentially with the thickness of the
confined (nonconductive) liquid. The lamellar structure of a
second solvation layer of hexadecane was imaged recently
using a tuning fork AFM.> There remain open questions
about the structure of higher solvation layers, namely,
whether they exhibit lateral order. These questions will be-
come increasingly important for high-resolution AFM imag-
ing in liquid, in particular, for hydration layers in biological
systems.®’

The development of instrumentation capable of small-
amplitude, frequency-modulated AFM (FM-AFM) (Ref. 8)
in liquid environments’ has dramatically increased the reso-
Iution and sensitivity achievable in AFM studies in liquid.
We apply FM-AFM to a linear alcohol (dodecanol) on an
atomically flat graphite substrate slightly above the bulk
freezing temperature. We find not only spectroscopic evi-
dence of multiple solvation layers, i.e., force oscillations but
also obtain real-space topography images of the alcohol mol-
ecules in higher layers, demonstrating that the solvation lay-
ers in this system have a crystalline structure. Further we
sometimes observe, depending on the condition of the tip,
sharp peaks in the mechanical dissipation just as a solvation
layer is squeezed out of the tip-sample gap.

To achieve the sensitivity necessary for molecular reso-
lution AFM in liquid, a commercial AFM (Molecular Imag-
ing Picoscope) was modified. Changes to the optical beam
deflection sensor include replacement of the standard laser
source with a home-built, rf-modulated diode laser’ and
modification of the focusing optics to achieve a smaller nu-
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merical aperture. Using standard silicon cantilevers (type
NCLR, Nanosensors, Neuchatel, Switzerland and type
ACLA, AppNano, Santa Clara, CA) with a spring constant of
k.~40 N/m, a deflection noise density of <40 fm/yHz in
water was estimated from the thermal noise spectrum.® Ex-
periments were performed at a cantilever vibration peak-to-
peak amplitude of A,,~0.25 nm (0.09 nm rms).

Direct magnetic excitation!” of the cantilever was em-
ployed to eliminate parasitic resonances common with other
excitation schemes. Such parasitic resonances usually result
in gross errors in amplitude and phase determination in dy-
namic AFM methods.!"'?> Commercial silicon cantilevers
(see above) were modified by gluing a spherical magnetic
bead (MQP-S-11-9 isotropic rare-earth magnet powder,
Magnequench, Singapore) to the backside.!* The modified
cantilevers were subsequently magnetized in an external 1 T
field parallel to the cantilever axis. The sample holder plate
was fitted with a low-inductance (=30 wH) ferrite-core so-
lenoid to generate a driving magnetic field from below the
sample with sufficient bandwidth.

With these modifications, clean Lorentzian cantilever
resonance curves were routinely obtained. The elimination of
spurious resonances also allows one to omit a bandpass pre-
selector filter® that would result in additional phase errors.
Due to the added bead mass and hydrodynamic loading, the
cantilever resonance frequencies in liquid are on the order of
fo=50 kHz.

The cantilever resonance was tracked and driven by a
phase-locked loop (PLLpro, RHK Technology, Troy, MI).
The frequency shift can be directly related to conservative
forces acting on the tip. All images were obtained using con-
stant frequency-shift topography feedback. The drive ampli-
tude was regulated to maintain a constant vibration ampli-
tude A,; the drive amplitude therefore corresponds directly
to the dissipation of the cantilever vibration (assuming the
oscillations are harmonic).

The per-cycle energy dissipation E4 at resonance scales
with the driving force Fy (or, for magnetic excitation, the
drive current), Eq* A, F,, independent of frequency. Consid-
ering that the quality factor is Q=27E/E4 (where E is the
steady-state oscillator energy), the dissipation can be deter-
mined from the driving force Fy, and the quality factor Q,
obtained away from the surface,
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FIG. 1. High-resolution topography (bottom) and dissipation
(top) image (20X20 nm?, Af=5.4 kHz, linear scan speed 500
nm/s) of a solvation layer of n-dodecanol on HOPG. Submolecular
features such as the OH headgroups are clearly discernible.
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Freshly cleaved highly ordered pyrolytic graphite (HOPG
SPI-2 grade, SPI supplies, West Chester, PA) was used as a
solid substrate and covered =3 mm deep with n-dodecanol
(puriss. >98.5%, Fluka). The liquid cell was open and not
sealed against ambient. Experiments were performed at
~25 °C, slightly above the dodecanol bulk freezing tem-
perature of =23 °C.

We routinely obtained AFM images of dodecanol mol-
ecules arranging side-by-side in a lamellar pattern. Depend-
ing on the condition of the tip and the chosen frequency-shift
setpoint (typically a few hundred Hz to a few kHz), submo-
lecular features could be resolved in the topography image
(Fig. 1). Similar images of adsorbed monolayers of a wide
range of linear molecules have been extensively studied by
STM.14’15

During the acquisition of the image in Fig. 2, the
frequency-shift setpoint was slowly varied. As the setpoint
changes, the topography changes in discrete steps of
~0.45 nm in the vertical (z) direction, reflecting six succes-
sive solvation layers of dodecanol molecules. The dissipation
image shows similar features, with higher dissipation corre-
sponding to layers closer to the substrate. It is apparent that
imaging is possible for layers up to several nanometers away
from the solid surface.

From the “flattened” image (i.e., after baseline subtrac-
tion), it can be seen that the lateral (x,y) ordering of the
molecules is also maintained up to several nanometers away
from the surface. In other words, the “liquid” molecules ex-
hibit crystalline order in the vicinity of the graphite substrate,
extending for several nanometers into the “bulk” liquid.
Surface-induced crystallization has been predicted by
molecular-dynamics simulations of alkanes,'®~!® but has not
been previously imaged directly. It also has been suggested
that solidification of nanoconfined liquids may be a kinetic
effect dependent on the approach speed of an oscillating
AFM tip.> However, when imaging a layer as in our case, the
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FIG. 2. Simultaneously acquired 100 nm X 25 nm AFM image
data of n-dodecanol on HOPG obtained while varying the
frequency-shift setpoint (a: topography, b: flattened topography, c:
dissipation, and d: flattened dissipation). Note that the scan axes are
shown rotated by 90° compared to the typical AFM image view.
The equidistant jumps in height reflect the tip controlling in six
successive solvation layers. A well-ordered lateral structure is main-
tained throughout the layers. Bottom: topography profile, dissipa-
tion profile, and frequency-shift setpoint along the slow scan axis of
the AFM image.

tip height is essentially fixed and the approach rate is zero
(apart from the submolecular scale vibration of the tip). It is
an open question whether the lateral tip movement during
imaging could contribute, via shear-induced alignment,' to
the observed molecular ordering.

Figure 3 shows the simultaneous frequency shift, dissipa-
tion, and quasistatic cantilever deflection as a function of
relative® tip-sample separation as the tip approaches the sur-
face. Similar data are obtained when the tip is subsequently
retracted. The increase in stiffness and dissipation (effec-
tively, the viscosity) at small separations has been observed
previously.> However, there are several new aspects to note.
First, the ability to image long-range, crystalline order is one
simple definition of a solid.?! Thus, imaging an ordered
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FIG. 3. Simultaneous frequency shift, dissipation, and static
cantilever deflection during a tip approach (approach rate 1 nm/s).
The oscillatory nature of the solvation force is clearly observed in
the frequency shift. The dissipation peaks whenever a molecular
layer is squeezed out. The origin of the separation axis is arbitrary
(Ref. 20).

structure within a solvation layer can be regarded as evi-
dence that the particular layer is solid. Such information can
be correlated with force curve measurements, the only AFM
technique available previously, to address contentious issues
such as the occurrence of confinement-induced phase
transitions'® and whether a confined material is a solid or
liquid.?

It is also worth noting that a sudden onset of layering is
observed at a certain separation (at =3.7 nm in Fig. 3).
There appears to be a distinct phase boundary between the
layered and the unordered liquid state, rather than a gradual
decay of molecular order into the bulk liquid. This observa-
tion may show the predicted transition from liquid to solid
behavior at a specific solvation layer separation'® induced by
the confinement of the liquid between two surfaces. At
present we cannot confirm that images showing crystalline
structure (e.g., Fig. 1) can be taken in the solvation layer(s)
furthest from the surface. This is because constant frequency
imaging, combined with a nonmonotonic force curve, leads
to uncertainty as to which solvation layer the tip is control-
ling within. However, we note that the number of crystalline
layers seen in variable-setpoint topographic imaging (e.g.,
Fig. 2) is comparable to the number of layers found in force
curve experiments (Fig. 3).

Another intriguing observation is the periodic peaking of
the dissipation signal. Nonmonotonic modulation of the dis-
sipation signal can arise as an artifact from phase errors that
lead to mixing of frequency shift and dissipation
signals.'l1222 We rule out this possibility on several grounds:
(i) the clean resonance curves obtained using magnetic can-
tilever actuation minimize the chance of gross phase (tuning)
errors; (ii) the features of the dissipation signal are distinctly
narrower than those of the frequency-shift signal; and (iii)
the dissipation features persist at reduced approach rates (0.5
nm/s) while using very high PLL feedback gain, eliminating
insufficient transient response of the PLL as a cause for ar-
tifacts.
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FIG. 4. Schematic of two different regimes for the dissipation of
vibration energy of an oscillating AFM tip. (a) There is no removal
of solvation layers in the oscillation cycle. Cyclic elastic compres-
sion results in minimal reconfiguration of molecules, giving high
stiffness with low dissipation. (b) A solvation layer is expelled from
the tip-sample gap in the oscillation cycle. Cyclic squeeze out (pen-
etration) and reformation of a layer incurs increased dissipation.
Also, as the molecules give way, the interfacial stiffness is relaxed.

In related work using octamethyltetrasiloxane,? oscillatory
behavior of dynamic stiffness and dissipation was reported to
occur either in phase or antiphase as the separation varied,
and explained as a result of solidification at different tip ap-
proach rates. In our case, the shape of the frequency shift
(i.e., stiffness) and dissipation signals are rather dissimilar
(Fig. 3) and the images show the confined material is crys-
talline even when the tip height is stationary (Fig. 2), calling
for another explanation.

A plausible model for the nonmonotonic dissipation curve
assumes two alternating dissipation mechanisms in the
small-amplitude regime (Fig. 4). In one case [Fig. 4(a)], the
modulation of mechanical stress exerted by the vibrating tip
leads to periodic compression and decompression of the un-
derlying molecular lattice. As the molecular order is main-
tained and no large-scale molecular movement is involved,
this process is dominated by the elastic, low-dissipation re-
sponse characteristic of a crystalline solid. In the second case
[Fig. 4(b)], the compression is increased to the point where
layer penetration occurs. At this point the vibrating tip is
repeatedly expelling and reincorporating molecules within a
solvation layer in every oscillation cycle. This squeeze-out
process?? relaxes the mechanical stress and lowers the effec-
tive sample stiffness sensed by the tip, but results in in-
creased dissipation. Possible dissipation mechanisms include
viscous flow of the displaced molecules as well as mechani-
cally induced breakup (during tip advance) and exothermic
reassembly (during tip retreat) of the molecular layer. This
model is consistent with the frequency-shift data, which in-
dicate reduced dynamic stiffness in the regions of enhanced
dissipation as the molecules “give way,” and by the static
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FIG. 5. Frequency shift and dissipation spectra for an AFM tip
with a secondary-tip asperity. During tip approach, the first asperity
gives rise to oscillatory solvation force features. When approaching
further, the second asperity comes into contact with the solvation
layers, superimposing another set of squeeze-out signatures (ar-
rows) on the spectra.

cantilever deflection, which shows that the low-dissipation
regions coincide with a reduction in stress on the sample,
i.e., layer penetration.

The squeeze out of the solvation layers is generally con-
sidered a collective process involving many molecules, both
for crystalline and liquid layers where some activation vol-
ume is associated with the viscous flow.?36 It is therefore
difficult to relate the dissipation data to individual molecular-
scale events. With this caveat, and neglecting viscous-flow
contributions, one may consider the dissipation of 0.16 eV
~6kgT per cycle measured for the outermost layer as a
rough gauge for the binding energy of a small number of
layered molecules. In this interpretation, the per-molecule
energy is so close to the thermal activation limit that it would
explain the abrupt termination of molecular order away from
the HOPG surface at a phase boundary (Fig. 3). We note that
the data associated with the layers closer to the substrate
cannot be analyzed in the same simple manner. This is be-
cause for the outermost layer only the tip apex is interacting
with the crystalline outer layer, and the dissipation acting on
the rest of the tip in the bulk liquid is constant with distance.
However, as the tip is immersed within the layered region,
more than one specific layer may contribute to the measured
dissipation. So, with the exception of the outermost layer, the
data is probably not a simple reflection of dissipation in a
single layer.

We found that while the molecular structure can be im-
aged routinely (e.g., Fig. 1), the presence of the sharp dissi-
pation features depends to a large extent on the individual
tip. For most tips, the dissipation peaks appeared much
smoother or were not noticeable at all. We also found dissi-
pation peaks could be induced after deliberately blunting one
tip by scanning in contact mode. In a final example, when a
tip apex consists of microasperities of similar height, one
might expect discrete copies of spectral features to be super-
imposed on the smooth background. We observed circum-
stantial evidence of this phenomenon on several occasions.
In Fig. 5 it can be seen how, on approaching the substrate,
the forces on the tip are modulated by the layered structure
of the liquid. As the separation decreases further, a second
microasperity comes into contact with the solvation layers,
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FIG. 6. Topography image (=20X20 nm?) obtained using a
deliberately worn AFM tip. The apparent molecular resolution may
be due to lattice averaging and/or the existence of atomic-scale
asperities.

contributing another oscillatory force component and leading
to an apparent splitting of peaks in the frequency and dissi-
pation spectra.

Note that the bluntness of a tip does not necessarily cor-
relate with the observed lateral image resolution. Molecular
resolution can be retained by the existence of atomic-scale
asperities protruding from the tip apex or, in the case of a
periodic structure as in our case, by averaging over multiple
molecules, i.e., lattice-resolution imaging. For example, Fig.
6 shows an image of a solvation layer taken with the same
tip used for Fig. 5. While the image quality is degraded,
molecular-scale resolution can still be discerned.

Thus it is difficult to directly test our conjecture that
blunter tips influence the appearance of dissipation peaks
because we cannot find the tip shape from the measured im-
ages. We can only infer that the microasperities are the un-
derlying cause of the changes in the dissipation peaks (e.g.,
Fig. 5) from the force curves and the observation that blunt
tips preferentially show such behavior. Even transmission
electron microscopy will not assist greatly as it is very diffi-
cult to image ~1-nm-sized asperities on a tip apex. Never-
theless, the influence of multiple asperities on AFM solvation
force measurements is known, at least qualitatively,27 and for
very blunt tips (radius of curvature >50 nm) microasperities
or irregular tip geometry almost certainly exist.”

The above comments emphasize the significance of the
nanoscale tip shape in AFM.?° We propose that the tip shape
is also critical to the dynamics of solvation layer squeeze out
and may be the underlying cause of the variability and dif-
fering “features” observed in AFM dissipation data. For ex-
ample, oscillations in the dissipation signal have been re-
ported for octamethyltetrasiloxane on HOPG using gold
coated silicon tips® but not for ultrasharp silicon tips” or car-
bon nanotube tips.> Whether tip size effects depend on the
distance over which molecules act cooperatively during
squeeze out? requires further experimentation.

In summary, we have shown that n-dodecanol on HOPG
forms well-ordered, crystalline solvation layers above the
bulk melting point, with a sharp boundary between bulk and
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layered phases. Small-amplitude dynamic AFM is not only
able to image these ordered layers with submolecular reso-
lution, but also identifies two different dissipation regimes
during squeeze out of molecular layers. Finally, we note that
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we observe similar dissipation behavior in n-hexadecane on
HOPG, indicating that the dissipation mechanism may be
applicable to a wider range of layering liquids, although the
effect of tip shape must be considered further.
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