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Noncontact mode of atomic force microscopy (nc-AFM) employing a CO-functionalized tip is a very
powerful tool for studying molecular structures. However, interpreting nc-AFM images for nonplanar molecules
can sometimes be problematic. To illustrate and resolve the nature of such problematic systems, we employ
real-space pseudopotentials constructed within density functional theory to simulate nc-AFM images. We
focus on several representative nonplanar organic molecules (pentacene, naphthanthrone, olympicene, and
6-phenylhexa-1,3,5-triynybenzene (PHTB)) on a typical substrate: the Cu (111) surface. This substrate results in
significant distortions in the molecular geometries of pentacene and naphthanthrone. Including these distortions
in simulated nc-AFM imaging notably improves the agreement between the simulated and measured images. In
naphthanthrone, the relatively large interaction between the O atom and the Cu substrate offers a straightforward
explanation for the absence of the C = O bond in the measured image. Nonplanar features such as tilting or
twisting are also apparent in olympicene and PHTB. A “triangular” bright feature associated with the −CH2

group in olympicene appears in simulated and measured nc-AFM images. This feature is directly related to the
tilting angle of the molecule with respect to the Cu substrate. The “defective” benzene ring feature and the faint
ellipsoidal C ≡ C feature in PHTB can be ascribed to its twisted nature. The ability to simulate such subatomic
images in nc-AFM reflects the accuracy and efficiency of calculating quantum forces in real space.
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In 1986, Binnig, Quate, and Gerber invented atomic force
microscopy (AFM) [1]. A primary motivation of their work
was to overcome a limitation of the scanning tunneling mi-
croscopy (STM). Namely, STM works best when the sample
is conducting so that electrons can tunnel into or out of the
sample. This often restricts STM to metals or semiconductors.
In contrast, AFM generates an image by measuring the force
on a probe tip exerted by the sample. Since a conducting
sample is not required, AFM can readily be used to image
ceramics, polymers, plastics and organic materials.

There are several different operation modes of AFM. Here,
we focus on the noncontact mode (nc-AFM), which employs
a probe tip oscillating at a resonant frequency. nc-AFM
is commonly used for characterizing subatomic features on
molecular scale [2–5]. In particular, changes from the resonant
frequency in the oscillating tip are measured as the probe tip
scans the specimen at a constant height (frequency modulation
mode).

In 2009, Gross et al. demonstrated that subatomic resolu-
tion with this nc-AFM mode was possible [6]. They achieved
unprecedented atomic resolution images of pentacene wherein
C-C covalent bonds were clearly resolved. A probe tip func-
tionalized with a CO molecule was a key aspect of their
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nc-AFM setup. Recently, this technique has been used to study
surface microstructures and molecular structures for a variety
of systems [7–33].

Modeling such systems can be difficult. In principle, the
tip, the specimen, and the substrate need to be included.
Theoretical simulations with functionalized tips have been
employed to interpret interesting features in experimental nc-
AFM images [34–47]. Even though nc-AFM with a CO tip has
achieved extraordinary success in terms of molecular identifi-
cation, characterizing nonplanar organic molecules remains a
challenge.

In this paper, we employ a real-space pseudopotential den-
sity functional theory (DFT) [48,49] code, PARSEC [50–55],
to simulate nc-AFM images of the following representative
molecules with a model CO probe tip: (1) pentacene, (2)
naphthanthrone, (3) olympicene, and (4) 6-phenylhexa-1,3,5-
triynylbenzene (PHTB). We choose these molecules owing
to anomalies in the measured nc-AFM images. In particular,
(1) previous simulations for pentacene does not account for
the presence of stretched benzene rings; (2) the C = O bond
in naphthanthrone is not experimentally reproduced; (3) the
−CH2 group in olympicene appears as a bright triangular
feature; and (4) C ≡ C bonds appear quite different when
compared to single and double bonds, i.e., they appear as
fainter bright spots comparing with the brightness of the
“defective” benzene rings.
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FIG. 1. Schematic view of a simulated system: naphthanthrone
molecule at an hcp30° adsorption site on a Cu (111) surface. A CO
tip is placed above the sample molecule. Brown: Cu, blue: C, red: O,
and white: H.

Figure 1 shows a schematic view of our model for nc-AFM
simulation. We model the functionalized tip with only a single
CO molecule as previous studies using CO bonded to a metal
tip apex have shown that this simplification gives accurate
results [34–36].

We generate 2D uniform grids (in the x − y plane) for the
moving CO tip over the sample molecule and compute the
total energy of the tip-sample system (Ets) at each grid point.
We assume the movement of the tip in the frequency modu-
lation nc-AFM is harmonic and the tip oscillation amplitude
is small [56,57] so that the relative frequency shift (� f ) can
be computed from total energy calculations by using finite
differences:

� f = ∂2Ets

∂z2
= E−1 − 2E0 + E1

h2
, (1)

where E−1, E0, and E1 correspond to the total energy of the
tip-sample system at three different heights for each lateral
grid point and h is the separation distance between two
neighboring vertical grid points.

For the total electronic energy calculations performed, we
incorporate Troullier-Martin norm-conserving pseudopoten-
tials [58] and the local density approximation by Ceperley-
Alder (without spin polarization) for the exchange-correlation
functional [59,60]. We solve the Kohn-Sham equation in real
space within a spherical domain. The grid spacing of the
real-space cubic grid (for electronic structure calculations)
is set to be 0.30 a.u. (1 a.u. = 0.5292 Å). The grid size for
rendering the simulated integers in the x − y plane (Fig. 1) is
set to be an integer multiple of the grid spacing.

We optimize the molecular structures imaged in the nc-
AFM simulations. We then fix the atomic geometry of the
samples in AFM simulations as the tip-sample interaction is
not strong at relatively large tip heights (above 5.0 a.u.). For
pentacene and naphthanthrone, we investigate the role of the
substrate on nc-AFM images by relaxing each specimen at
certain adsorption sites on Cu (111) surfaces. We model the
substrate using an 8 × 4 (eight Cu atoms in the direction of
the long axis) and an 8 × 8 four-layered Cu (111) surfaces
supercell for pentacene and naphthanthrone respectively. In
both cases, we fully relax the top two layers. We use a 2D
confined boundary condition, which assumes the system is

FIG. 2. (a) Kekulé structure and a side view of the relaxed (bent)
structure of pentacene. Gray: C, white: H. [(b) and (c)] Simulated
nc-AFM image of pentacene on Cu (111) before (b) and after (c)
structural relaxation. Tip height is 5.8 a.u. and the lateral spring
constant of CO tip is 0.24 N/m. (d) Experimental nc-AFM image
of pentacene on a Cu (111) substrate. The scale bars correspond to
5 a.u. in (b) and (c) and correspond to 9.45 a.u. in (d). (b) is adapted
from Ref. [36]. (d) is adapted from Ref. [6].

periodic along the Cartesian x and y directions, for molecule
on metal surface systems. We consider only the relaxed struc-
tures when simulating the images and directly exclude the
Cu layers when running AFM calculations. We find explicitly
including the substrate has a negligible contribution to AFM
calculations [36].

To minimize the computational load, we employ the frozen
density embedding theory (FDET) [37,61]. With FDET, we
divide the total charge density of a system into two subsys-
tems: (1) tip and (2) sample. FDET calculations for the tip are
performed following a full DFT run of the sample system and
using the Hartree potential, nuclear potential, and the charge
density of the sample system as inputs. This theory accurately
reproduces full-DFT results by adjusting the simulation tip
height by approximately 0.6 a.u. [37].

Our previous work has shown that the flexibility of the CO
molecule with respect to lateral forces can strongly affect the
resulting nc-AFM images [34,37,38]. To account for the tip
relaxation effect, we use a tip tilting correction for the lateral
force proposed by Guo et al. [62,63]. With this correction, we
first compute the lateral forces in x and y directions, �Flat (x, y),
using the total energies of the neighboring lateral grid points
in the middle energy plane by a finite difference method. We
compute the displacement of O atom in x and y directions,
��lat (x, y), by assuming a linear relationship between the lat-
eral force and the lateral displacement:

��lat (x, y) = �Flat (x, y)

kCO
, (2)

where kCO is the lateral spring constant of the CO tip. The
constant kCO is an adjustable empirical parameter which is set
to be different values in our simulations (see Ref. [64] S1 for
more computational details).

Using these theoretical tools, we simulate the images of
the molecular species of interest. For pentacene, we relax the
molecule on the Cu (111) surface starting from an adsorp-
tion geometry proposed by Toyoda et al. [65]. The sideview
in Fig. 2(a) illustrates the bending of the planar pentacene
molecule on the Cu substrate. The terminal rings move
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FIG. 3. (a) Kekulé structure overlaps with the charge density map (red-blue-green scale) at a plane that is 1.2 a.u. above the planar
naphthanthrone molecule. (b) Simulated nc-AFM image of the planar Naphthanthrone molecule before structural relaxation on a Cu (111)
substrate, tip height = 5.4 a.u., tip tilting correction not applied. (c) Experimental nc-AFM image of naphthanthrone on a Cu (111) surface.
[(d)–(f)] Simulated nc-AFM images of naphthanthrone molecule on Cu (111) at (d) fcc30°, (e) hcp30°, and (f) atop30° adsorption sites.
kCO = 0.80 N/m. [(g) and (h)] Top and side views of the relaxed naphthanthrone molecule on a four-layered Cu (111) surface at the atop30°
adsorption site. Brown: Cu, gray: C, red: O, white: H. The scale bars correspond to 9.45 a.u. in (c) and correspond to 5 a.u. in (b) and (d)–(f),
respectively. (c) is adapted from Ref. [67].

upward relative to the molecular center. The molecule also
experiences a slight tilt perpendicular to the long axis. Our
relaxed structure agrees with previous theoretical work [66].
This structural relaxation significantly improves the quality
and accuracy of the simulation in terms of the size of the
rings and the edges as illustrated in Figs. 2(b) and 2(c). For
example, the brightness of the terminating edges is enhanced
by the bent structure. In addition, the slight tilt of the molecule
on the Cu substrate introduces the asymmetry along the long
axis in the simulated image. These features agree well with
the corresponding ones in the experimental image shown in
Fig. 2(d).

For naphthanthrone, we first perform AFM calculations
assuming a planar geometry illustrated in Figs. 3(a) and 3(b),
which does not agree with the experimental image [Fig. 3(c)]
as the C = O bond is visible in our simulation [Fig. 3(b)].
We find the charge density of the C = O bond (at a plane 1.2
a.u. above the molecule) matches that of the carbon-carbon
covalent bonds [Fig. 3(a)]. Typically, a higher charge density
correlates with a brighter spot in a nc-AFM image. However,
the C = O bond is not observed in experiment as illustrated in
Fig. 3(c).

To account for the absence of the C = O bond in the
experimental image, we consider possible interaction between
the specimen and the Cu substrate. We structurally relax the
naphthanthrone molecule at two adsorption sites: (1) fcc30°
and (2) hcp30° which are the experimentally determined
adsorption sites in Ref. [67]. We take the center carbon ring
as the reference ring and use the nomenclature for adsorption
sites as illustrated in Fig. 1 of Ref. [68]. At each site, we
compute the total energy of the system as a function of the ad-
sorption distance while keeping the initial relaxed molecular
structure fixed. We obtain an approximate adsorption distance
of the naphthanthrone molecule by minimizing the total en-
ergy. We then perform full structural relaxation calculations at
each site starting from the corresponding estimated adsorption
distance. Relaxation at both adsorption sites leads to tilted
and bent structures where the O atom pointing toward the Cu
surface (see Ref. [64] S2 for the atomic coordinates of the
relaxed systems). The calculated bent structure agrees with
a previous study on a similar O-containing organic molecule
adsorbed on a Cu (111) surface [69].

Figures 3(d) and 3(e) show the simulated nc-AFM images
of the relaxed naphthanthrone molecule at fcc30° and hcp30°
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FIG. 4. (a) Kekulé structure overlaps with the charge density map (red-blue-green scale) at a plane that is 1.8 a.u. above the planar
olympicene molecule. [(b) and (c)] Simulated nc-AFM images of (b) planar and (c) tilted (by approximately 4° where the −CH2 end points
opposite to the substrate) specimen, tip height = 6.0 a.u., kCO = 0.90 N/m. (d) Experimental nc-AFM image of olympicene on a Cu (111)
surface. (e) and (f) are 3D profiles of the corresponding relative frequency shift values of (b) and (c). The scale bars correspond to 2 a.u. in (b)
and (c) and correspond to 1.89 a.u. in (d). (d) is adapted from Ref. [67].

sites respectively. Our simulation successfully replicates the
absence of the C = O bond in the nc-AFM image, owing
to the attraction between the O atom and the Cu substrate.
Although the essential features of the experimental image are
reproduced, the two bottom carbon rings are partially visible.

In the structural relaxation of naphthanthrone, we noted
that the O atom has a tendency to move toward the nearest fcc
hollow site. Based on this observation, we examined another
adsorption site, atop30° (see Fig. 1 in Ref. [68] for nomencla-
ture), by placing the O atom on an fcc hollow site. We obtain
a similar, but less tilted, structure as shown in Figs. 3(g) and
3(h) after relaxation. The resulting simulated image [Fig. 3(f)]
yields a better agreement with the experimental image as not
only the C = O bond disappears but also the edges of the
four carbon rings are brighter and better defined. One possible
approach to imaging the C = O bond experimentally is to use
a more chemically inactive substrate such as a bilayer NaCl
(100) or a Xe (111) substrates [70].

The experimental nc-AFM image of olympicene [Fig. 4(d)]
shows an interesting triangular bright feature for the −CH2

group. We calculate the charge density above the sp3 hy-
bridized carbon atoms at a plane 1.8 a.u. above the −CH2

group. We find that the density is notably higher than the
rest of the carbon atoms as one of the attached H atoms
points toward the tip. This −CH2 group appears as a bright
circular spot rather than a triangular area in the corresponding
simulated nc-AFM image as shown in Fig. 4(b). A similar
issue with respect to H atom near the tip is discussed in
Refs. [25,33].

We rotate the specimen by an empirical adjusted tilt angle
of approximately 4°, which is similar to the tilt angle in

FIG. 5. (a) Kekulé structure of PHTB. [(b), (c), (e), and (f)] Sim-
ulated nc-AFM image of PHTB before and after moving the triple
bond away from the tip. Tip height is 6.6 a.u. [(b) and (e)] No tip
tilting correction applied. [(c) and (f)] Tip tilting correction applied
with the lateral spring constant kCO = 0.40 N/m. (d) Experimental
nc-AFM image of PHTB on bilayer NaCl on a Cu(111) surface. (g)
Side view of the relaxed PHTB molecule. Gray: C, white: H. The
scale bars correspond to 5 a.u. (d) is adapted from Ref. [24]. (b) and
(c) are from Ref. [34].
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Ref. [71] (the −CH2 end points opposite to the substrate),
to investigate the steric effect on the simulated nc-AFM
images. Figure 4(c) shows that the shape of the bright spot
is much improved to experiment when compared with the
planar molecule. Figures 4(e) and 4(f) respectively illustrate
the 3D profiles of relative frequency shift values of the
planar and the tilted olympicene molecule generated with
a CO-functionalized tip. We find that the planar specimen
generates isolated � f peaks while the tilted geometry washes
out the peaks. This supports a conjecture that the true angle is
between 0° and 4° (based on the size of the triangular area)
when placing on a Cu (111) surface peaks while the tilted
geometry washes out the peaks. This supports a conjecture
that the true angle is between 0° and 4° (based on the size of
the triangular area) when placing on a Cu (111) surface.

With respect to the PHTB molecule, there are two key
features: (1) the triple bonds appear to be fainter than the
singe/double bonds; (2) the benzene rings appear to be de-
fective where only about half of the rings are imaged. We
manually adjust the twisted angles of the two benzene rings to
match the simulated image with the experiment as illustrated
in Fig. 5. We find the triple bonds appear to be fainter when
they are moved away from the tip. The adjusted twisted geom-
etry appears more accurate than previous work [Figs. 5(b) and
5(c)] [34]. When the tip relaxation is considered [Figs. 5(c)
and 5(f)], the appearance of the triple bonds changes from
spheroidal to ellipsoidal. Fig. 5(g) shows a side view of the
twisted structure of PHTB which corresponds to the simulated
images. The twisted benzene rings offer an explanation of
the two defective rings in the nc-AFM images. In addition,

since this experiment was performed on bilayer NaCl which
is a chemically inactive substrate, we expect the interaction
between the specimen and the substrate can be neglected. The
weak interaction is demonstrated by the manual adjustments
of the molecular structure. We treat the substrate as a flat inert
surface. The two terminal benzene rings support the middle
carbon chain. This interpretation helps to explain the invisible
triple bonds in larger long-chain organic molecules [72].

We study four benchmark molecules to reveal the chem-
ical and steric effects on nc-AFM images through quantum
simulations in real space. For pentacene and naphthanthrone,
we find relaxing the molecules on the substrate significantly
improves the accuracy of the nc-AFM simulation. In particu-
lar, we note that the absence of the C = O bond in nc-AFM
naphthanthrone images can be ascribed to the bent structure
of the molecule and the strong attraction between the O
atom and the Cu substrate. For olympicene, we find that the
tilting angle of the molecule has a direct impact on a bright
triangular feature of the −CH2 group. For PHTB, we find that
the twisted nature leads to a fainter triple bond feature and
a defective benzene ring feature. Our work provides a the-
oretical basis for interpreting nc-AFM images for nonplanar
molecules.
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