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ABSTRACT: Achieving high-resolution images using dynamic atomic force
microscopy (AFM) requires understanding how chemical and structural features
of the surface affect image contrast. This understanding is particularly challenging
when imaging samples in water. An initial step is to determine how well-
characterized surface features interact with the AFM tip in wet environments. Here,
we use molecular dynamics simulations of a model AFM tip apex oscillating in water
above self-assembled monolayers (SAMs) with different chain lengths and
functional groups. The amplitude response of the tip is characterized across a
range of vertical distances and amplitude set points. Then relative image contrast is
quantified as the difference of the amplitude response of the tip when it is positioned
directly above a SAM functional group vs positioned between two functional groups.
Differences in contrast between SAMs with different lengths and functional groups
are explained in terms of the vertical deflection of the SAMs due to interactions with
the tip and water during dynamic imaging. The knowledge gained from simulations of these simple model systems may ultimately be
used to guide selection of imaging parameters for more complex surfaces.
KEYWORDS: dynamic atomic force microscopy, image contrast, self-assembled monolayers, solid−liquid interfaces,
molecular dynamics simulation

■ INTRODUCTION
The understanding of solid−liquid interfaces is relevant to
multiple phenomena, including wettability,1 lubrication,2

protein stability,3 pharmaceutical development,4 as well as
electrochemical energy storage/conversion devices such as
batteries,5 supercapacitors,6 and fuel cells.7,8 In situ microscopy
techniques, such as atomic force microscopy (AFM), are widely
used to study these phenomena due their versatility and ability
to image samples in liquid media.9−11 Although the lateral
resolution of AFM in liquid is typically limited to nanometers,
the development of noncontact AFM, that minimizes the
deformation of the tip−sample contact through careful
regulation of tip−sample interactions, has enabled AFM to
achieve subnanometer lateral resolution for some organic thin
films as well as minerals in water.12,13 To resolve subnanometer
scale features, there must be contrast at this length scale, i.e., the
AFM should yield different signals at different surface sites.
However, our understanding of how atomic scale interactions
between the tip apex, the solvent, and the surface ultimately
determine the subnanometer scale image contrast remains very
limited. For instance, it is not entirely clear whether different
chemical functional groups yield different image contrast and, if
they do, what interactions are responsible for that difference.
These questions need to be answered for subnanometer
resolution AFM to serve as a powerful chemical imaging
technique of solid−liquid interfaces.

The primary challenge with understanding contrast mecha-
nisms lies in the difficulty of understanding the interactions
between the tip, water, and sample.14 When samples are
immersed in water, tip−sample, tip−water, and water−sample
forces affect the dynamic response of the cantilever. For
instance, water tends to form hydration layers next to the surface
being imaged, which affects the subnanometer scale imaging15,16

due to several phenomena: confinement of the layers between
tip and sample,17−19 displacement of the layers by the motion of
the tip,20,21 and in some cases, stabilization of the layers by
hydrogen bonding between water and sample.15

One approach to investigating contrast mechanisms in AFM is
molecular dynamics (MD) simulation.14,22,23 MD simulations
capture atomic scale interactions, but are computationally
inexpensive, which allows modeling large and complex systems,
as well as the dynamic aspects of the AFM measurement. For
example, experimental contrast patterns of calcite in water were
reproduced using MD simulations with variable tip−sample
distance and driving amplitude.23 Another material system for
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investigating the subnanometer contrast mechanisms of solid−
liquid interfaces, and the one we focus on here, is alkanethiol
self-assembled monolayers (SAMs). SAMs are widely used in a
variety of technological applications for sensing,24 tribology,25

and biointerfaces,26 but are also ideal model systems due to their
simplicity and tunable chain lengths and functional groups. One
study used MD simulations to investigate how tip interactions
with SAMs at different lateral positions affected image contrast
in vacuum.22 Our previous study simulated AFM on a hydroxyl
terminated SAM and showed that contrast on SAMs in water
strongly depended on interactions with both the sample and the
water.14 Here, we used MD simulations of an AFM tip apex and
SAMs immersed in water to investigate the effect of surface
functional groups and chain length on subnanometer scale
image contrast. We modeled different chain lengths, from 10 to
13 carbons, and three functional groups, methyl (−CH3), amine
(−NH2), and hydroxyl (−OH). Additionally, we simulated the
variation of contrast with many different combinations of tip−
SAM distances and driving amplitudes. The effects of SAM
chain length and functional group were analyzed and the
deflection of the chains during imaging was identified as the key
factor determining image contrast. These results provide insight
into the effect of chemical and structural sample features on the
operating parameters required to achieve subnanometer
resolution in water. The atomic insight into how functional
groups and chain lengths determine contrast presented here can
also be helpful to assess AFM images of other organic samples in
liquid.

■ MODELS AND METHODS
A cross-sectional view of the model is shown in Figure 1a. Twelve
different S(CH2)nX SAMs were modeled, where X is methyl, amine, or
hydroxyl and n is 10, 11, 12, or 13. Illustrations of individual SAM
molecules with different lengths and functional groups are shown in
Figure 1b. The SAMs were placed on an atomically flat Au(111) surface
with dimensions 50 Å × 50 Å in the x- and y-directions. The sulfur
atoms were the head groups of the SAM chains and were placed such

that they formed a ×( 3 3 ) R30 structure on the gold surface. The
AFM tip apex was modeled as diamond in a conical shape; select
simulations were also run with conical silicon tip with a silanol group at
the apex (section S6). The height of the tip was 12 Å, and the radius of
the upper base of the tip was 9 Å. The sharp tip geometry reflects the
assumption that interactions at a few atoms at the end of the tip apex are
the most relevant to atomic contrast.27 The space between the top of
the SAMs and the upper boundary of the simulation box (6 nm) was
filled with water molecules such that the density at 300 K was 0.999 g/
cm3.

We used the OPLS united-atom force field optimized for longer
hydrocarbon chains28 to model the body of the SAM molecules, where
the hydrogen atoms are treated implicitly with their masses added to the
corresponding carbon atom. The terminal functional groups were
modeled using the OPLS all-atom potential29 for more accurate
interactions between the SAMs and the water or tip. The thiol−Au
interactions were modeled using the Morse potential.30,31 The water
molecules were simulated with the SPC/E rigid model.32 The tip was
modeled using the adaptive intermolecular reactive empirical bond
order (AIREBO)33 potential and the embedded atom method
(EAM)34 was employed to model the Au substrate. The Lennard-
Jones potential and the Lorentz−Berthelot mixing rules were used for
all other nonbonded interactions. The tip was treated as a rigid body
and the bottom 10 Å of the Au substrate was kept fixed. Periodic
boundary conditions were set in all dimensions. All the simulations
were run using the LAMMPS package35 in the NVT ensemble at 300 K
with a time step of 0.25 fs. The visualization of structures was performed
using Ovito software.36

Independent simulations were run with the tip positioned at atom
and hollow sites, identified in Figure 1c. The atom site is located directly
above the functional group of a SAM chain and the hollow site
corresponds to the empty space between two adjacent chains. We
choose these two sites because recent studies14,37−39 have shown that
image contrast can be quantified by the difference in the tip’s response
amplitude at these positions. The tip was connected to a virtual atom,
mimicking the cantilever, through a harmonic spring with a stiffness of
40 N/m. This spring constant was used to mimic a stiff cantilever used
in existing subnanometer resolution imaging studies,40 although a
subset of the simulations were also run with a spring constant of 4 N/m
(section S6). A relaxation step that took 1 ns was used to ensure that the

Figure 1. (a) Cross-sectional view of the MD model comprising an Au(111) substrate, SAMs, tip, virtual atom, and water molecules. (b) SAM
molecules with different functional groups and chain lengths used in the models. (c) Close-up snapshots of models shown without the water where the
tip is positioned at an atom or hollow site.
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system reached 300 K. Once the system was relaxed, the virtual atom

was oscillated in the z direction at a frequency of 91 GHz and a set

driving amplitude, causing the tip to oscillate. The center of mass of the

tip motion was recorded every 1 ps. Simulations were run at a range of

Figure 2. (a) Representative plots of tip position vs time at the atom (red) and hollow (black) sites from a simulation of 12C SAMs-NH2 at a tip−
sample distance of 1 Å and driving amplitude of 3 Å. Lines are sinusoidal fits to the simulation data. Contrast is defined as the difference in the response
amplitude of the tip at the atom and hollow sites. (b) Map showing the amplitude of the tip at different lateral positions where color indicates contrast
in units of Å. Red and black arrows identify representative atom and hollow sites, respectively.

Figure 3. Representative contour plots showing the relative contrast for SAMs (a) −CH3 with 11C, (b) −OHwith 11C, (c) −NH2 with 11C, and (d)
−NH2 with 13C. Taller peaks and red color in the contours indicate higher image contrast.
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driving amplitudes from 1 to 6 Å and tip−SAM distances from 0 to 5 Å.
The duration of the production stage was 1.0 ns. Three independent
simulations were run for each SAM, chain length, tip−sample distance,
and driving amplitude.

■ RESULTS AND DISCUSSION
Figure 2a shows representative simulation results where the tip
response to the driving amplitude differs at the atom and hollow
sites. The simulation data was fitted to a sinusoidal function to
obtain the tip response amplitude. Figure 2b shows the fit tip
amplitude response at different lateral positions on the SAMs
surface. The difference between the fit amplitude at the atom
and hollow sites was used to quantify image contrast. We next
calculated relative image contrast as the difference between the
response amplitudes at the atom and hollow sites divided by the
driving amplitude, expressed as a percentage. This quantity gives
the contrast per unit driving amplitude applied. This definition
of contrast is useful for practical applications, particularly for
biological and soft samples for which it is desirable to maximize
contrast with the smallest possible driving amplitude to

minimize the effect of long-range interactions between the tip
and water.41

Simulation results like those in Figure 2a were obtained at a
range of tip−sample distances and driving amplitudes for 12
combinations of SAM terminal groups and chain lengths. From
these, contour plots of the relative contrast, averaged over three
independent simulations, were generated. Representative
examples are shown in Figure 3, and the other eight contour
plots can be found in Figures S1−S3. These figures show relative
contrast on the z-axis plotted against tip−sample distance on the
x-axis and driving amplitude on the y-axis. Generally, relative
contrast is higher at small amplitudes and distances in all cases.
This trend is consistent with what is observed experimentally.
Small values of amplitude are used for subnanometer resolution
imaging because they minimize the effect of the nonlinear long-
range forces and increase the sensitivity to short-range
forces.42,43 Small amplitudes are achieved in practice when
using low-noise stiff cantilevers, like the one modeled here, that
can help suppress thermal noise, allowing detection of small
forces.44

Figure 4. Relative contrast as a function of tip−sample distance at an amplitude of 1 Å for SAM chain lengths of (a) 10C, (b) 11C, (c) 12C, and (d)
13C. The insets show the data plotted vs functional group at a tip−sample distance of 0 Å. The error bars are the standard error of the mean from three
independent simulations.
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To isolate the effect of the functional group, relative contrast is
plotted vs tip−sample distance at a fixed amplitude of 1 Å in
Figure 4, where each plot contains data for thiolate SAMs with
the same chain length but different terminal functional groups.
At small tip−sample distances, where the relative contrast is
highest, the relative contrast follows the order: −NH2 > −OH >

−CH3. This same trend was observed with a smaller spring
constant and different model tip material (section S6).

Then to analyze the trend of chain length, the relative contrast
at an amplitude of 1 Å is replotted in Figure 5 with each plot
corresponding to SAMs with the same terminal functional
groups but different chain lengths. At small tip−sample

Figure 5. Relative contrast as a function of tip−sample distance at an amplitude of 1 Å for functional groups (a) −CH3, (b) −NH2, and (c) −OH. The
insets show the data plotted vs chain length at a tip−sample distance of 0 Å. The error bars are the standard error of the mean from three independent
simulations.

Figure 6. (a) Schematic of the calculation of functional group amplitude used to determine the relative displacement difference of the functional
groups at the atom and hollow sites. (b) Relative contrast vs relative displacement difference for all functional groups and chain lengths at a tip−sample
distance of 0 Å and amplitude of 1 Å.
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distances, we consistently observe the highest contrast for the
13C SAMs and the lowest for the 10C SAMs. However, there
also appear to be odd−even effects that depend on the
functional group. For instance, for the SAMs-OH shown in
Figure 5c, contrast follows the trend 13C > 11C > 12C > 10C,

whereas for the SAMs-NH2 in Figure 5b, the order is 13C > 12C

> 11C > 10C. The trends with respect to chain length were also

observed for the different spring constant and tip material

models (section S6).

Figure 7. (a) Relative contrast vs relative displacement difference averaged over all four chain lengths for each functional group at tip−sample distance
0 Å and driving amplitude 1 Å. Functional group displacement in response to tip oscillation at the atom and hollow sites for (b) 10C, (c) 11C, (d) 12C,
and (e) 13C SAMs.
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To understand the trends with respect to chain length and
functional groups, we calculated various parameters from the
simulations. We calculated the total, SAM, and water potential
energies, as well as the position and local displacement of the
water, when the tip oscillated above an atom or hollow site.
None of these was found to be correlated to the relative contrast
trends. However, trends similar to image contrast were observed
for the deflection of the SAM molecules in response to
interactions with the tip, specifically, the difference between
the vertical displacement of the SAM functional groups when
the tip oscillated at the atom vs the hollow site. To quantify this
displacement, we fitted the motion of the heaviest atom in the
functional group of the SAMs (C for −CH3, N for −NH2, and O
for −OH) to a sinusoidal function, as illustrated schematically in
Figure 6a. The displacement at atom sites was computed from
the amplitude of the heavy atom in the functional group above
which the tip oscillated; for the hollow sites, it was the average of
the amplitudes of the two functional groups on either side of the
position of the tip oscillation. Then the difference between the
functional group amplitudes at the atom site and the hollow site
was divided by driving amplitude to calculate the relative
displacement difference expressed as a percentage.

The correlation between relative contrast and functional
group relative displacement difference is shown in Figure 6b.
Despite the scatter in the data, there is a consistent trend of

contrast increasing with displacement difference, indicating that
a key factor in determining image contrast is the deflection of the
SAM molecules in response to interactions with the tip at the
atom and hollow sites. We analyzed the SAM chain displace-
ment at the atom and hollow sites separately and found that the
atom site displacement was always greater than the hollow site
displacement. Therefore, a large relative displacement difference
for a given case could be attributable to either less displacement
at the hollow site or more displacement at the atom site. From
the results in Figures 4 and 5, we found that relative contrast was
affected by polarity of the functional group, chain length, and
odd−even effects. We analyzed each of these factors in the
context of relative displacement difference at the atom and
hollow sites.

First, as shown in Figure 5, relative contrast follows the order
−NH2 > −OH > −CH3, and the same trend is exhibited by the
relative functional group displacement difference as shown in
Figure 7a. The displacement at the atom and hollow sites is
analyzed separately in Figure 7b−e, which shows that the
difference between the functional groups is larger at the atom
site than the hollow site, indicating the contrast trend is
attributable to interactions at the atom sites. We hypothesize
that this difference is due to water molecules present between
the functional group and tip, which differs for the different
functional groups due to stronger interactions between water

Figure 8. (a) Relative contrast vs relative displacement difference averaged over all three functional groups at each chain length. The averages were
taken at tip−sample distance 0 Å and driving amplitude 1 Å. Functional group displacement in response to tip oscillation at the atom and hollow sites
for SAMs (b) −CH3, (c) −NH2, and (d) −OH. Yellow lines in (c) highlight the difference in displacement between atom and hollow sites.
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molecules and functional groups. A parameter such as solubility
provides an indication of the strength of the interactions
between water and a molecule. The solubility of 10C-NH2 is
0.55 g/L, higher than 0.037 g/L for 10C-OH and 0.009 g/L for
10C-CH3; the same trend is exhibited by SAMs of other lengths
(as long as there are more than six C).45 Solubility is correlated
to the position of the water layer that forms next to the surface
where, as shown in Figure S4, the first water layer was closest to
the functional group for −NH2 and furthest for −CH3.

To understand the effect of water binding on functional group
displacement, we computed the total force in the vertical
direction between the SAMs and the tip and water molecules, at
the atom and hollow sites separately. The largest force was
observed for the SAMs-NH2, as shown in Figure S5, likely due to
the dense water layer closest to these SAMs. Tracking the
number of water molecules confined between tip and sample
showed there was more water at the atom than the hollow sites
(Figure S6), consistent with the larger force difference (Figure
S5) and displacement (Figure 7) at the atom sites. Therefore,
the contrast trend is correlated with interactions between the
functional groups and the water molecules, where a more tightly
binding water layer will increase the force the tip experiences
more at the atom site than the hollow site, thereby increasing the
difference in displacement at these sites and, in turn, tip
amplitude contrast. This explanation is further supported by the
results from simulations with a silanol-terminated silicon tip
(section S6) which had stronger interactions with water than the
diamond which led to more water between the tip and SAM
atom sites and, in turn, higher contrast.

Next, we consider the effect of the length of SAM chain on
contrast. In Figure 5, for all three functional groups, 13C chains
have higher contrast than 10C carbon chains. Figure 8a shows
that the average of the relative displacement differences for the
three functional groups at tip−sample distance 0 Å and
amplitude 1 Å is largest for 13C chains and smallest for 10C
chains, consistent with the contrast trend. We hypothesize that
low contrast is found for short chains because the shorter chain
length leads to weaker interactions between the chains. With
weaker chain packing, the SAMs are more disordered, i.e., more
liquid-like.28,46,47 Specifically, the response of small, liquid-like
chains to tip oscillation is less sensitive to the lateral position of
the tip with respect to the functional group. To test this
hypothesis, we plotted the functional group displacement as a
function of number of carbon in Figure 8b−d. In all cases, the
displacement of the functional group at both the atom and
hollow sites increases with chain length. However, the increase is
not as a dramatic at the hollow sites. As a result, the difference
between the relative displacement of the functional groups at the
atom and that at the hollow sites is smaller for 10C chains than
13C chains, supporting the hypothesis that the liquid-like
behavior of short chains may explain their lower image contrast.

At the smallest tip−sample distances, the effect of chain length
is monotonic for the SAMs-CH3 and SAMs-NH2. However, as
shown in Figure 5c, the contrast for the SAMs-OH follows the
order 10C < 12C < 11C < 13C, indicating an odd−even effect.
Properties of SAMs are known to depend on whether the
number of C atoms is odd or even. For instance, odd−even
configurations have been reported to affect water contact angle1

and change the wettability of the SAMs chain. Other studies
have shown that properties such as the friction coefficient differ
between odd and even SAMs chains.48 Odd−even behavior is
also seen in our results for SAMs-OH, where the difference
between the displacement at the atom and hollow sites is larger

for odd numbers of carbon atoms (yellow lines in Figure 8d).
We hypothesize that even chains have lower contrast because
the displacement at the hollow sites is reduced by the formation
of hydrogen bonds between the functional groups. The
arrangement of the atoms in the −OH functional group in
11C and 12C chain is shown in Figure S7. To quantify hydrogen
bonds in the simulations, we used the geometric criteria based
on bond lengths and angles49 when the tip was far from the
SAMs. The average number of hydrogen bonds per chain in the
even SAMs-OH was 1.6 ± 0.14 and 1.4 ± 0.17 for the 10C and
12C cases, whereas in the odd SAMs-OH, 11C and 13C, it was
0.6 ± 0.19 and 0.3 ± 0.11. The O−H bonds of the hydroxyl
terminal groups of alkanethiolate SAMs with an even number of
carbon atoms in the alkyl chains are more parallel to the surface
than those with an odd number of carbon atoms. Amore parallel
orientation favors interchain hydrogen bonding as shown in
Figure S7. The presence of hydrogen bonds has been reported50

in SAMs with an even number of C atoms and hydrophilic
functional groups. More interchain hydrogen bonding results in
smaller displacement when the tip is between two chains at
hollow sites, while having little effect on displacement at atom
sites. This results in smaller relative displacement difference and
lower contrast for SAMs-OH with even numbers of C atoms.

■ CONCLUSIONS
MD simulations were used to mimic dynamic AFM imaging in
water of model systems of SAMs with four different chain
lengths (10C, 11C, 12C, and 13C) and three functional groups
(methyl, amine, and hydroxyl) to understand how these
variables affect image contrast. Contrast was quantified from
the amplitude response of the tip at atom and hollow sites.
Several combinations of driving amplitude and tip−sample
distance were simulated and, in most cases, high contrast was
observed at small distances and amplitudes. At the highest
contrast conditions, the simulations showed several key trends
that were found to be correlated to the deflection of the
functional groups in response to interactions with the tip and the
water molecules interaction with the functional groups. First,
differences in the interactions between water and SAMs,
quantified by solubility, affected the position of the water layer
adjacent to the SAM surface, which changed the number of
water molecules present between the tip and the sample and
therefore the force experienced by the tip. A greater binding
strength corresponded to more water molecules at atom sites
which led to larger force and displacement difference at atom
and hollow sites, and therefore higher contrast. Second, contrast
generally increased with chain length, and was consistently
higher for 13C chains than 10C chains for any SAM functional
group. This was explained by the liquid-like behavior of shorter
chains that caused their displacement response to the tip to be
similar at hollow and atom sites, thereby decreasing contrast.
Lastly, for the hydrophilic SAMs-OH, odd−even effects were
reported, where chains with even numbers of C atoms had lower
contrast than those with odd numbers of C atoms. This was
explained by stronger interchain hydrogen bonding observed on
even chains that decreased functional group displacement at
hollow sites without affecting atom sites, decreasing contrast.

Broadly, this study showed the direct effect of replacing
functional groups or changing chains lengths on subnanometer
scale image contrast. While this study focused on contrast in
amplitude signals, similar approaches may be developed to
examine contrast in topographical height or frequency shift.
Future studies that explore a more diverse array of functional
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groups may reveal systematic trends that help us understand
how different functional groups yield contrast at the
subnanometer scale and how AFM can be used to discriminate
between different functional groups on the same surface. We
expect that the insights gained from these model systems with
tailored surface functional groups and chain lengths to be
relevant to imaging other soft and organic materials with
subnanometer resolution. Finally, this study demonstrates the
use of MD simulations for characterizing and understanding
image contrast, and shows that MD can be an important tool for
the scientific community to overcome the challenges inherent to
high resolution AFM imaging of soft and organic materials.
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