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The adsorption configurations of molecules adsorbed on substrates can significantly affect their physical and chemi-
cal properties. A standing configuration can be difficult to determine by traditional techniques, such as scanning tunneling
microscopy (STM) due to the superposition of electronic states. In this paper, we report the real-space observation of
the standing adsorption configuration of phenylacetylene on Cu (111) by non-contact atomic force microscopy (nc-AFM).
Deposition of phenylacetylene at 25 K shows featureless bright spots in STM images. Using nc-AFM, the line features
representing the C–H and C–C bonds in benzene rings are evident, which implies a standing adsorption configuration. Fur-
ther density functional theory (DFT) calculations reveal multiple optimized adsorption configurations with phenylacetylene
breaking its acetylenic bond and forming C–Cu bond(s) with the underlying copper atoms, and hence stand on the substrate.
By comparing the nc-AFM simulations with the experimental observation, we identify the standing adsorption configura-
tion of phenylacetylene on Cu (111). Our work demonstrates an application of combining nc-AFM measurements and DFT
calculations to the study of standing molecules on substrates, which enriches our knowledge of the adsorption behaviors of
small molecules on solid surfaces at low temperatures.
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1. Introduction
Adsorption configurations can significantly affect the

physical and chemical properties of molecules adsorbed
on substrates, such as self-assembly[1–4] and catalytic
activity.[5–7] Studying the adsorption configurations of
molecules on substrates can not only help us understand
molecule–substrate interactions,[4,8–12] but will also enable us
to tailor molecules’ properties,[13–15] which will ultimately
pave the way for molecular devices.[16–18] Spectroscopies
have been widely used for their ability to distinguish the
electronic structural changes of different adsorption config-
urations of a molecule but can hardly allow any real-space
observation.[19,20] Scanning tunneling microscopy (STM) is
a powerful tool that is widely used to implement the real-
space observation of molecules.[21] However, for standing
molecules, using STM to determine their adsorption configu-
rations can be a great challenge[16,22–26] due to the superposi-
tion of electronic states. Meanwhile, non-contact atomic force
microscopy (nc-AFM) allow the clear imaging of the topmost
chemical bonds in standing molecules[16] due to its ability to

detect atomic force.[27–32] Therefore, unambiguous identifica-
tion of the adsorption configuration of standing molecules can
be achieved by combining nc-AFM with density functional
theory (DFT) calculations.

Phenylacetylene (PA, C8H6) consists of an alkyne group
bonded to a benzene ring. Prior spectroscopic studies showed
that the acetylenic bond in PA has a strong interaction with
a copper surface, hence PA exhibits standing adsorption con-
figuration on copper substrate.[33,34] However, real space ob-
servations have been limited.[35] Here, we report that the real-
space observation and identification of the standing adsorp-
tion configuration of PA on Cu (111) through nc-AFM. STM
measurements yield featureless bright spots after deposition
of PA at 25 K. However, the nc-AFM measurements yield ev-
ident line features representing the chemical bonds, implying
a standing adsorption configuration. With the help of DFT
calculations, several optimized adsorption configurations are
found with PA breaking its acetylenic bond and forming C–
Cu bond(s) with the underlying copper atoms, and hence stand
on substrate. By comparing structural features in nc-AFM
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measurements and corresponding simulations, we identify the
standing adsorption configuration of PA on Cu (111).

2. Methods
2.1. Experimental techniques

Our experiments were accomplished in an ultra-high vac-
uum (UHV) STM/nc-AFM system at liquid helium (LHe)
temperature with the base pressure better than 2×10−10 mbar
(1 bar = 105 Pa). Single-crystal Cu (111) surface was prepared
in a UHV chamber by repeated circles of Ar+ ion sputtering
and subsequent annealing at 660 K for 20 min. Commer-
cial PA molecules (Sigma-Aldrich, 98%) were degassed by
repeated freeze–pump–thaw cycles. The PA was then evap-
orated at room temperature (RT) in gaseous phase onto a clean
Cu (111) surface in situ through a leak valve in UHV chamber
while keeping the Cu (111) substrate under 25 K all the time.
The evaporation pressure was 8.0× 10−10 mbar and evapora-
tion time was controlled between 0.8 s–5 s. The Cu (111) sam-
ple was transferred into STM head and cooled down to LHe
temperature the moment that PA evaporation was finished. All
STM topographic images were acquired in a constant-current
mode. All nc-AFM measurements were performed by using a
commercial qPlus tuning fork sensor in the frequency modu-
lation mode with a CO-terminated Pt/Ir tip.[36] The resonance
frequency was about 27.9 kHz, and stiffness about 1800 N/m.
The imaging heights for all nc-AFM measurements reported
throughout the text referred to the STM tunneling junction
height on a clean Cu (111) substrate. All STM and nc-AFM
images were processed by using the Gwyddion free and open
source software program.

2.2. Computational methods

All of our calculations were carried out within density
functional theory by using Vienna ab initio simulation package
(VASP).[37] The projector augmented wave (PAW) method[38]

was employed. A generalized gradient approximation (GGA)
in the form of Perdew–Burke–Ernzerhof (PBE) was adopted
for the exchange–correlation functional.[39] The electronic
wave functions were expanded in plane waves with a kinetic
energy cutoff of 400 eV. The k-points’ mesh used in the cal-
culations was 1×1×1 due to the large dimension of simula-
tion supercell. The k-points mesh and other parameters were
tested. A slab model was used with three Cu layers serving as
the substrate. The thickness of vacuum layer was larger than
2 nm. All atoms but for those in the bottom Cu layer were fully
relaxed until the residual forces were smaller than 0.1 eV/nm.

To simulate the high-resolution AFM images, we used
a mechanical probe-particle AFM model in which the CO
molecule at the tip was considered as a spherical particle.[40]

The following parameters were used for the probe-particle

model: the effective lateral stiffness of the CO molecule k =

0.5 N·m−1 and the oscillation amplitude Aosc = 0.2 nm. The
molecular structures were obtained from the DFT calculations.

3. Results and discussion
The PA molecules are evaporated onto clean Cu (111)

substrates in gaseous phase for STM and nc-AFM mea-
surements. To improve the STM image resolution and nc-
AFM measurements, carbon monoxide (CO) is dosed onto
Cu (111) substrate at LHe temperature. Figure 1 shows
the STM topographic images of PA evaporated on Cu (111)
substrate at LHe temperature, and a typical monomer and
dimer using a CO functionalized tip.[36] Figure 1(a) shows
a large-scaled STM image, and the PA coverage is about
0.07/nm2. When evaporated onto a clean Cu (111) substrate,
PA molecules are mostly adsorbed as isolated monomers
with a few dimers. Figures 1(b) and 1(c) show a typical
PA monomer and dimer, respectively. The line profile across
the monomer along the blue arrow in Fig. 1(b) and across
the dimer along the red arrow in Fig. 1(c) are shown, re-
spectively, in the upper and lower part of Fig. 1(d), indicat-
ing that the typical STM height of a PA molecule adsorbed
on Cu (111) is about 0.22 nm. Each PA molecule appears
as a bright circular protrusion surrounded by a dimmer pe-
riphery. Judging from its height and symmetry, we can in-
fer that PA molecules adsorbed on Cu (111) have a stand-
ing configuration rather than a flat or tilting configuration.
The STM topography of PA molecules is almost circularly
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Fig. 1. STM imaging of PA on Cu (111) substrate. (a) STM topography of PA
molecules on Cu (111) substrate at LHe temperature. Dashed circles indicate
typical PA monomer and dimer. Scale bar: 3 nm. (b) High-resolution STM
image of PA monomer. Scale bar: 0.5 nm. (c) High-resolution STM image
of PA dimer. Scale bar: 0.5 nm. (d) Line profile across monomer along blue
arrow in panel 1(b) and the dimer along the red arrow in panel 1(c). STM
scanning parameters: VSample =−100 mV and I = 50 pA.
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symmetric without any detailed resolution of the standing ben-
zene ring due to the superposition of electronic states.

Figure 2 shows the AFM measurements of a PA monomer
and dimer on Cu (111) substrate. Figure 2(a) displays the STM
topography of a PA monomer. The molecular structure of PA
is superposed on the top, and the topmost hydrogen atom is
denoted as H1. Figures 2(b)–2(d) show the corresponding nc-
AFM images. At higher imaging heights, we first observe a
bright spot in Fig. 2(b). When the tip gets closer, we can see
a bright line feature marked by red arrow “I” and a vague line
feature marked by red arrow “II” in Fig. 2(c). At even lower
imaging height, another vague line feature appears as marked
by red arrow “III” in Fig. 2(d), and the line features “I” and
“II” appear even brighter. To understand the evolutions of the
nc-AFM images at different imaging heights, we assume that
the PA molecule is standing on the substrate with its acety-
lene bonding to the substrate and the plane of benzene ring
almost vertical to the substrate. Therefore, at the higher imag-

ing height, the topmost hydrogen atom (the H1 in Fig. 2(a))

enters into the distance of force interaction with the tip and

therefore appears as a bright spot in Fig. 2(b). When the tip

gets closer, the topmost C–H bond in PA’s benzene ring starts

to get involved and appears as a bright line feature marked by

red arrow “I”. Meanwhile, one of the C–C bonds connecting

the topmost C atom marked by red arrow “II” shows a vague

line feature. At even lower imaging height, the other C–C

bond connecting the topmost C atom in the benzene ring be-

comes distinct as marked by red arrow “III”. Figure 2(e) shows

the STM topography of a PA dimer, and figures 2(f)–2(h) dis-

play the corresponding nc-AFM images. Similarly, line fea-

tures representing the topmost C–H bonds (Ia, Ib) and the C–C

bonds (IIa, IIb, IIIa, IIIb) are distinct as marked by red arrows

in Fig. 2(h). These results clearly infer an upright benzene

ring and a standing adsorption configuration of PA adsorbed

on Cu (111) substrate.
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Fig. 2. STM and constant-height nc-AFM images of PA monomer and dimer on Cu (111) substrate. (a) STM topography of PA monomer. Molecular
structure of PA is superposed on top, and the topmost hydrogen atom is denoted as H1. (b)–(d) Corresponding nc-AFM images of PA monomer in
Fig. 2(a) at different imaging heights. AFM imaging height refers to tunneling junction height and marked on top right of each AFM image. Red arrows
indicate bright line features of PA monomer. (e) STM topography of PA dimer. (f)–(h) Corresponding nc-AFM images of PA dimer in panel (e) at
different imaging heights. Red arrows indicate the bright line features of PA dimer. STM scanning parameters: VSample = −100 mV and I = 50 pA.
Scale bars: 0.5 nm.

To verify our speculations and obtain the exact adsorp-
tion configuration of PA on Cu (111) substrate, we then carry
out DFT calculations for comparison with nc-AFM measure-
ments. We construct two groups of standing configurations
with PA molecules chemisorbed on the Cu (111) substrate.
The PA molecule in one group sits on the substrate with the
terminal C1 atom bonding to the substrate, while that in the
other group bonds to the substrate with acetylene as shown
in Fig. 3. The adsorption of PA molecules in the first group
involves tautomerization of the ethyne group, with the proton
moving to the C2 position (as shown in Fig. 3(a)) to form a Cu-
bonded phenylvinylidene. We consider two adsorption sites
marked as black balls for group-one molecules and four sites

marked as black dumbbells for group-two molecules as shown
in Fig. 3(b). We finally obtain two configurations shown in
Figs. 3(c) and 3(d). We also calculate the adsorption en-
ergy (Ead) of these two configurations, which is defined as
Ead = Etot −ECu −EPA. The Etot, ECu, and EPA are the en-
ergy values of the relaxed PA–on–Cu (111) system, relaxed
Cu substrate and relaxed PA molecule, respectively. The val-
ues of adsorption energy are -1.272 eV and −1.434 eV for the
configurations in Fig. 3(c) and 3(d), respectively. The styrene
derivative configuration gives a much lower value of adsorp-
tion energy (−1.434 eV) than the phenylvinylidene config-
uration (−1.272 eV), which means that it is more energy-
preferable on Cu (111) substrate.

066801-3
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Fig. 3. DFT optimized adsorption configurations of PA on Cu (111). (a) schematic representation of PA, and two carbon atoms in the acetylenic
bond are denoted as C1 and C2. (b) Initial adsorption positions considered in DFT calculations. The black balls indicate the C1 positions
in phenylvinylidene form, and black dumbbells refer to the C1–C2 bond positions in styrene derivative form. All of the initial adsorption
configurations are optimized into two final configurations as shown in panels (c) and (d). (c) and (d) DFT optimized phenylvinylidene model
and styrene derivative model, respectively.
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Fig. 4. AFM simulations of PA on Cu (111) substrate. (a) Phenylvinylidene model and (b)–(d) its corresponding AFM simulations at different
imaging heights. (e) Styrene derivative model and (f)–(h) its corresponding AFM simulations at different imaging heights. Heights used in
calculations are marked on the top right of each simulated image. Scale bars: 0.5 nm. Insets in panels (f)–(h) used for comparison show
experimental nc-AFM images in Figs. 2(b)–2(d), respectively.

We simulate the nc-AFM images based on these two
configurations. Figures 4(a)–4(d) show the phenylvinylidene
model and the corresponding nc-AFM simulations as the tip
approaches to the surface. In these images, the features that
first appear are two spots with different brightness as shown
in Fig. 4(b), representing the two topmost C–H bonds that
have a slight height difference (referring to the lower panel
in Fig. 3(c)). When the tip gets closer, a bright line feature
emerges and connects the bright spots (Fig. 4(c)), which cor-

responds to the topmost C–C bond in the benzene ring. With
an even smaller imaging height, the feature extends into an
oval, as shown in Fig. 4(d). We note that the features are not
consistent with those of the AFM images in Fig. 2.

Figures 4(e)–4(h) are the styrene derivative model and the
corresponding nc-AFM simulations with decreasing imaging
heights. For comparison, the nc-AFM experimental images
are shown with insets in simulated AFM images in Figs. 4(f)–
4(h), and rotated to the same directions as those in the sim-
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ulations. The topmost C–H bond and the two adjacent C–C
bonds are marked as “I”, “II” and “III” as shown in Fig. 4(e).
In Fig. 4(f), the bright spot feature originates from “I” and dark
halo to the bottom right both fit to each other perfectly in the
experimental and simulated images. At a lower imaging height
in Fig. 4(g), the bright features caused by “I” and “II” both
accord well with the experimental image in the inset, except
for the fact that the shape of the feature “I” is an oval rather
than a line in simulation. When the imaging height further de-
creases in Fig. 4(h), another line feature arises on the left-hand
side, making the simulated image have a three-feature layout
in the same way as in the experimental image, only the feature
“I” is dark. We note that the two differences between experi-
ment and simulation are both related to the topmost C–H bond
(feature “I”). These two differences can be explained as fol-
lows. In the AFM simulations, the PA molecule is fixed, which
makes the C–H bond shadowed by its top hydrogen atom dur-
ing imaging. Therefore, the topmost H atom blocks the fea-
ture of C–H bond and yields the bright oval feature for “I” in
Fig. 4(g). For the same reason, when the tip height decreases
further, the interaction force of the tip with the topmost C–H
bond enters into the deep repulsive regime, which leads it to
appear as a dark feature in Fig. 4(h). However, in experiment,
it is highly possible that the benzene ring is pushed down to
a certain extent by the tip during measurements,[40,41] which
makes it impossible for the topmost C–H bond to enter into
the deep repulsive region and should also be the reason why
we can see three bright line features in experimental images.
Overall, the simulation based on the styrene derivative model
accords well with the nc-AFM images.

4. Conclusions
Using STM and nc-AFM as a powerful tool to verify our

DFT calculated model, we study the adsorption configurations
of PA molecules on Cu (111) substrate at LHe temperature.
STM measurements yield featureless bright spots after deposi-
tion of PA. However, the nc-AFM measurements yield evident
line features representing the chemical bonds, which implies
a standing adsorption configuration. By comparing nc-AFM
results with AFM simulations, we identify the adsorption con-
figuration of PA on Cu (111) as a styrene derivative. Our work
demonstrates an application of combining nc-AFM measure-
ments and DFT calculation to the study of standing molecules
on substrates, which enriches our knowledge of the adsorption
behaviors small molecules on solid surfaces at low tempera-
tures.
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