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ABSTRACT: Scanning tunneling microscopy and atomic force microscopy can
provide detailed information about the geometric and electronic structure of molecules
with submolecular spatial resolution. However, an essential capability to realize the full
potential of these techniques for chemical applications is missing from the scanning
probe toolbox: chemical recognition of organic molecules. Here, we show that maps of
the minima of frequency shift—distance curves extracted from 3D data cubes contain
characteristic contrast. A detailed theoretical analysis based on density functional
theory and molecular mechanics shows that these features are characteristic for the
investigated species. Structurally similar but chemically distinct molecules yield
significantly different features. We find that the van der Waals and Pauli interaction,
together with the specific adsorption geometry of a given molecule on the surface,
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accounts for the observed contrast.
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microscopy (AFM) are both capable of imaging molecules

with submolecular resolution.'™ In addition, both
techniques can provide quantitative information: STM on the
electronic structure and AFM on the charge distribution and the
bond orders.”™* Hence, both techniques find increasing use in
the field of chemistry. To realize the full potential of STM and
AFM in studies involving molecules, the ability to identify or
recognize molecules is of great value. STM provides chemical
recognition capabilities via inelastic electron tunneling spectros-
copy via differences in the local density of states and vibration
frequencies of bonds.”~"> Force—distance spectroscopy, com-
bined with density functional theory (DFT) calculations, has
been used to chemically 1dent1fy atoms in surfaces of insulators,
alloys, and semiconductors."*~" In most cases, the origin of the
chemical contrast is due to formation of atom-specific covalent
bonds with the tip. However, submolecular resolution imaging of
molecules requires the use of chemically passivated tips to avoid
an accidental pickup of the molecule of interest. Hence, chemical
recognition of atoms within an organic molecule has to rely on
a different contrast mechanism. Contrast differences in AFM
images over various chemical elements in organic molecules have

S canning tunneling microscopy (STM) and atomic force

The chemical identification procedure for atoms in an alloy
surface'* cannot be transferred to recognize organic molecules
adsorbed on a surface. First, the chemical contrast observed on
surfaces is due to the formation of a (partial) covalent bond
between the reactive metal tip and the atoms under investigation.
This is in direct conflict with the requirement to use chemically
passivated tips. Another complication that hampers direct
chemical identification of atoms in molecules by comparing
frequency shift—distance (Af(z)) spectra is the fact that the van
der Waals (vdW) force varies strongly over a single molecule on a
surface.”’ Hence, Af(z) spectra acquired over identical elements
in a molecule, one at the center and the other at the periphery,
will be significantly different. This is especially important because
for most organic molecules the majority of the atoms reside at
the periphery. However, it is important to realize that chemical
recognition of molecules does not require each atom in a
molecule to be identified separately. Instead, it is sufficient if the
molecule as a whole exhibits some characteristic contrast. Since
the overall magnitude and shape of the potential energy land-
scape experienced by the tip should reflect both the geometry

been observed, indicating that elemental identification may Received: June 2, 2016
be possible.”*** Thus far, chemical recogmtlon with AFM Accepted: August 10, 2016
has mostly relied on structural arguments.” Published: August 10, 2016
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Figure 1. Acquisition and analysis of a 3D Af data cube over a model molecule. (a) Model of 1,5,9-trioxo-13-azatriangulene, which consists
of carbon (black), nitrogen (blue), oxygen (red), and hydrogen (white) atoms. (b,c) Selection of constant height AFM images acquired with a
CO-terminated tip. Indicated heights are with regard to an STM set point of 10 pA at 100 mV. (d) Simultaneously recorded current images.
(e) Af(z) spectra can be extracted from the stack of constant height images shown in (b,c), indicated here by model curves (i.e., the curves shown
here do not represent experimental data). (f) Schematic curves with an offset in the vertical position of the minimum frequency shift, z,,;,, which
may correspond to spectra acquired over different sites in a molecule.

and the chemical composition of the molecule, it may be possible
to chemically recognize molecules on surfaces with AFM.

Here, we present a proof-of-concept study that demonstrates
that maps of the minima of Af(z) curves, that is, maps of z,,;,, (x,)
and of Af,...(x,y), acquired over a molecule exhibit characteristic
contrast. This contrast is reproduced in simulations based on
molecular mechanics (MM) and DFT. We show that the vdW
and Pauli interaction, together with the specific adsorption
geometry of a given molecule on the surface, accounts for the
observed contrast.

RESULTS AND DISCUSSION

We synthesized a planar three-fold rotationally symmetric model
molecule, 1,5,9-trioxo-13-azatriangulene (TOAT) (Figure la),
that contains H, C, N, and O atoms. The planarity eliminates
effects due to vertical corrugation.”* This model molecule was
prepared using an established synthesis scheme.”**°

The 3D Af maps were acquired with CO-terminated tips by
measuring stacks of 100 constant height AFM images with an
interval of 7 pm over TOAT adsorbed on Cu(111). The image at
the smallest tip—sample distance was taken at Az = =140 pm
with respect to an STM set point of I = 10 pA at V=01 V.
A selection from the experimental AFM images is shown in
Figure 1b,c. In addition, Figure 1d shows the corresponding
simultaneously recorded current images. The geometric struc-
ture of the molecule is clearly resolved. We extracted experi-
mental Af(z) spectra over the molecule from the 3D data cube,
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as schematically illustrated in Figure 1b,e, from which we deter-
mined the z,;,(x,y) and Af,;,(x,y) maps.

Before discussing these maps, we briefly discuss the advantage
of acquiring and analyzing a 3D data grid over regular constant
height images. The contrast in constant height AFM images
sensitively depends on the height. However, also the difference in
the contrast between sites can change as a function of tip—sample
distance. For example, consider the two schematic Af(z) curves
shown in Figure 1f. These could correspond to curves acquired
over different sites in the molecule. Constant height images taken
at tip—sample distances A and C will show an inverted contrast.
Furthermore, if an image is taken at tip—sample distance B, the
contrast at the two positions where the curves were acquired is
identical. Since Af(z) curves—and their spatial variation—are
not a priori known, it is impossible to know at which tip—sample
distance to take an image. In contrast, z;,(%,y) and Afi,(x,)
maps provide robust information.

The experimental work is complemented by a theoretical
analysis. First, the adsorption geometry and charge distribution
of TOAT on Cu(111) were calculated using total energy DFT
simulations including vdW interactions. The relaxed geometry of
the molecule on the surface is shown in Figure 2. Details can be
found in the Supporting Information. The DFT results (charge
distribution, adsorption geometry) were used as input for
the MM-based simulation of the full 3D AFM data. The
methods used in this second step have been described in detail
elsewhere.*”” >’ The mechanistic model includes the vdW and
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Figure 2. Fully relaxed atomic structure of TOAT on Cu(111)
obtained from periodic DFT calculations including van der Waals
interactions. (a) Top view. (b) Side view.

Pauli forces, as well as the electrostatic interactions between the
tip and sample. The two main parameters in the mechanistic

model are the lateral stiffness (k) of the probe particle—bulk tip

junction and the effective charge (Q) of the probe particle.
The parameters that provide the best agreement with experi-
mental data were determined by comparing a stack of images
simulated with different values of k and Q with experimental
AFM images acqu1red at different heights above the molecule as
described previously.” The as-determined values are k = 0.24 N/m
and Q = 0.0¢™. These values are in fair agreement with previously
reported values.”””*" We note here that the effective charge of
the CO will depend on how the molecule is adsorbed on the tip
as well as on the chemical composition of the metallic tip apex to
which it is bound. In addition, we added a long-range Af(z)
component, estimated from experimental Af(z) spectra taken on
the bare Cu(111) surface, to enable a direct comparison between
the experimental and theoretical data.

The minima of the experimental and simulated Af(z) curves
were found by fitting a parabola to points up to 1 Hz above the
most negative Af value. Over the lower lying Cu(111) substrate,
the Af(z) spectra did not reach the minimum, which could
therefore not be assigned. Contour plots of the as-determined
values of experimental and simulated z,,(x,y) and Af,.(xy)
maps are plotted in Figure 3a—d. Using the coordinates of
the minimum of the curve to compare experimental data to
simulated images enables us to review detailed information and
small deviations visually. Extracting the location of the minimum
from a Af(z) curve yields information about the effect and
interplay of both repulsive and attractive forces. Alternatively,
one can extract Lennard-Jones fit parameters from Af(z) spectra,
but these are more prone to errors due to tip flexibility, especially
at close distance. At distances where z,;,(x,y) and Af,..(x,) are
located, the lateral relaxation of the probe is still negligible.

The experimental and simulated z,;,(xy) and Af.(xy)
maps, shown in Figure 3, are overall in good agreement. Another
set of maps, acquired with a different CO-terminated tip on
a different molecule, is shown in the Supporting Information.
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Figure 3. (a) Experimental z,;,(x,y) and (b) Af,...(x,y) maps, obtained with a CO-terminated tip. (c) Calculated z,,;,(x,y) and (d) Af,.(%,y)
maps. Theoretical Af,;,(x,y) and z,,;,(x,y) maps are calculated using a lateral stiffness k = 0.24 N/m and an effective charge on the CO tip of

Q=0.0e".
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Figure 4. Study of adsorption orientation of TOAT on Cu(111). (a) STM image of six TOAT molecules and several CO molecules on Cu(111),
acquired with a CO-terminated tip. (b) STM image of an adsorbed TOAT molecule and surrounding CO molecules, acquired with a
CO-terminated tip. The dimensions of the overlaid grid correspond to the atomic configuration of the Cu(111) surface. (c,d) Schematic
representation of a TOAT molecule adsorbed on Cu(111) between rows and along row orientations, respectively. (e) Histogram of relative

angles of adsorbed TOAT molecules.

Above bonds/atoms, z,;,(x,y) is located at larger values of z
compared to other positions (values of z refer to the height above
the molecular plane). This is expected because, at these positions,
repulsive interactions become more important at smaller tip—
sample distances. Hence, the z,;.(x,y) maps resemble the
structure of the molecule, including vertical corrugation within
the molecule. The Af,..(x,y) maps feature more contrast. Above
the benzene rings at the periphery, the minimum of the frequency
shift is less negative (red) compared to the center of the molecule
(blue). This is ascribed to the smaller vdW attraction at the edges.
Note that the experimental maps do not extend as far outward
from the center of the molecule as the simulated maps. Using an
alternative approach, it should be possible to create z,,;,,(x,y) and
Afin(x,y) maps of the entire imaging area.”” Our total energy
calculations indicate a very shallow potential energy with respect
to the vertical distortion of the oxygen atoms. The resulting
uncertainty in the vertical position of the oxygen atoms will affect
the contrast at these positions (see Supporting Information).
The contrast in the experimental Af,.(x,y) map has an
imperfect three-fold symmetry. There can be multiple reasons for
this. To investigate if this imperfect symmetry in the maps is due
to a reduction of the symmetry induced by adsorption on the
surface, we determined the adsorption configurations. We find
that TOAT adsorbs on Cu(111) with two different orientations,
rotated by 30°; see Figure 4. The adsorption configurations of
both species was determined by using coevaporated CO
molecules as markers (CO molecules are known to be adsorbed
on top of Cu atoms™). An example is shown in Figure 4b. An
analysis of multiple molecules consistently shows that in both
configurations the N atom is adsorbed on top of a Cu atom. The
two configurations correspond to molecules with their O atoms
pointing between and along rows of Cu atoms (Figure 4c,d,
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respectively). Both of these adsorption geometries are three-
fold symmetric. The imperfect symmetry in the experimental
Af in(%,y) map is therefore attributed to tip flexibility in congunc-
tion with an asymmetric tip (on the mesoscopic scale).'”****
This is further supported by the fact that maps acquired with a
different CO-terminated tip on a different molecule exhibit a
different symmetry (see Supporting Information).

To further investigate if the observed contrast in the Af ..., (x,y)
and z,;,(x,y) maps are molecule-specific, we take advantage
of the good agreement of the simulated and experimental data.
We calculated Af,;,(x,y) and z,,(x,y) maps with a CO tip for
molecules with a different chemical composition but a similar
structure. Specifically, we replaced the ketone groups by an ether
(TOAT-ether) or a secondary amine (TOAT-amine), or we
replaced the central N with a C (TOAT-C); see Figure Sa—c. In
the latter case, one of the O atoms is changed into a hydroxyl
group (OH) to maintain charge neutrality. Note that these
molecules all have the same skeleton of conjugated carbon rings.
However, each molecule has a distinct contrast in the Af i (%,y)
and z,,;,(x,y) maps, and they are different from the maps of
TOAT shown in Figure 3. Our DFT calculations revealed that
these differences originate from different vdW interactions, as
well as from changes in the atomic relaxation of the molecules
on the surface.”® This is in agreement with the observation of
Schuler et al. that polycyclic aromatic hydrocarbons that have a
different functional group have a different adsorption height.*®

The Af,,(%,y) maps also exhibit clear differences, especially
at the periphery, where the different functional groups are
located. In particular, there is a shift in location and depth of
the well, indicated by green arrows in Figure 5g—i. The calcu-
lated Afpin(xy) of TOAT-C (Figure 4f) contains an asym-
metry caused by the OH group on the periphery. From this
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Figure S. Schematic representations of theoretically investigated molecules, where ketone groups in TOAT are replaced by (a) an ether
(TOAT-ether), (b) a secondary amine (TOAT-amine), (c) the central N with a C (TOAT-C). Calculated z,,;,(x,y) maps for (d) TOAT-ether,
(e) TOAT-amine, (f) TOAT-C. Calculated Af,;,(x,y) maps for (g) TOAT-ether, (h) TOAT-amine, (i) TOAT-C. Theoretical Af,,(x,y) and
Zumin(%,y) are calculated with a lateral stiffness of k = 0.24 N/m and an effective charge on the CO tip of Q = 0.0¢".

comparison, it is evident that Af,.; (x,y) and z,,;,(x,y) maps can
be used to discriminate between molecules.

We now turn our attention to the origin of the characteristic
contrast. Since the simulations without including electrostatic
forces (the effective charge Q on the tip is zero) can reproduce
the experimental observations very well, electrostatic forces
cannot be responsible for the characteristic contrast. Hence, the
vdW and Pauli interaction, together with the specific adsorption
geometry of a given molecule on the surface, must therefore
account for the contrast. At the distance of most negative
frequency shift, that is, at the z corresponding to Af, ., the vdW
component is dominant.

Considering that discussed above, the contrast in the z,;,(x,y)
and Af (%) maps may be blurred for probes with a large
atomic radius (eg, Xe) and/or a significant charge. A larger
probe radius leads to increased interactions with neighboring
atoms, resulting in an averaging effect. Charged tips may not be
suitable since the charge distribution in molecules typically varies
rather slowly, and regions of increased charge density are not
necessarily localized on atoms. We note here that the large
majority of the molecules have a nonhomogeneous charge
distribution.
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To support this interpretation of the contrast mechanism, we
repeated the experiment and simulations with a positively
charged Xe-terminated tip (parameters: Q = +0.3¢” and k = 0.24
N/m).® A selection from the constant height AFM images and
the corresponding I images is shown in Figure 6.

Figure 7 shows the experimental and theoretical z,,;,(x,y) and
Afin(,y) maps extracted from the 3D data. The simulated and
experimental maps show, just like for the CO tip, very good
agreement. However, in contrast to the maps acquired with
CO tips, both Af.i.(xy) and z;,(x,y) maps acquired with
Xe-terminated tips show very little features. Our theoretical
analysis shows that the loss of resolution is driven by both (i) the
large atomic radius of Xe and (ii) the pronounced electro-
static interaction between the charged probe and the molecule.
Because of these two reasons, Xe-terminated tips are less suitable
for chemical recognition of molecules.

The C and N atoms in the center of the molecule have a similar
chemical and geometric environment. In addition, the gradient of
the underlying vdW background is small in the interior of the
molecule. Furthermore, their central location is important to
minimize the influence of tip relaxations (i., bending of the
CO).”* Hence, for this molecule, Af(z) spectra acquired above C
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Figure 6. Selection of images from 3D mapping, recorded with a Xe-terminated tip. (a) Selection of constant height AFM images.
(b) Simultaneously recorded I images. Indicated heights are with regard to STM set point of S00 pA at 200 mV.
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Figure 7. (a) Experimental z,,,,(x,y) and (b) Af;,(%,y) maps, obtained with a Xe-terminated tip. (c) Calculated z,,;,(x,y) and (d) Af,;,(x,y) maps.
Theoretical Af,,(x,y) and z,;,(x,y) are calculated with a lateral stiffness of k = 0.24 N/m and an effective charge on the Xe tip of Q = +0.3¢".

and N in the center can be compared on (almost) equal footing.
Figure 8a shows Af(z) spectra extracted from the same 3D data
set as was used to compile the Af,;.(x,y) and z;,(x,y) maps in
Figure 3. The (x,y) positions approximately correspond to the
location of a N (blue) and three equivalent C (black) atoms,
respectively (see inset). The coordinates of the minimum are
distinctly different for the different atoms: the well above the
central N atom (blue curve) is deeper than that above a C atom
(black curve). The value of z,,;, for both atoms is the same within
experimental error, indicating that they have the same adsorption
height to within a few picometers. This is in good agreement with
the DFT calculations. The differences between the chemically
and geometrically equivalent C atoms are much smaller than
the difference between C and N. The calculated Af(z) spectra
over these atoms are shown in Figure 8b and reproduce the
experimentally observed trend.

To examine the influence of the adsorption site on the Af(z)
curves, spectra were simultaneously acquired above molecules
in both configurations. Figure 8c shows a constant height AFM
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image of two molecules with different adsorption configuration.
As shown in Figure 8d, spectra acquired over equivalent positions
over the two molecules overlap within experimental error. Note
that the trend is the same as observed in the spectra extracted
from the 3D data cube: Af, ;. is significantly more negative for
N than for the neighboring C atoms. This trend should hold
for all tertiary amines (N atom coordinated to three C atoms)
and C atoms that have a similar geometric and chemical
environment (including adsorption height and interaction with
the surface). The absolute values differ between experiments due
to different macroscopic atomic tip clusters, resulting in different
vdW contributions.

CONCLUSION

In summary, we showed that maps of z,;,(x,y) and Af . (%)
acquired with CO-terminated tips have distinct characteristics
that can differentiate between structurally similar molecules on
surfaces. The characteristic contrast in these maps originates
from the vdW interactions between tip and molecule, as well as

DOI: 10.1021/acsnano.6b03644
ACS Nano 2016, 10, 8517—8525


http://dx.doi.org/10.1021/acsnano.6b03644

ACS Nano

4

2 3
z/A

Figure 8. Additional Af(z) spectra over TOAT molecules with CO-terminated tips. (a) Af(z) spectra extracted from the 3D data grid over
selected positions on TOAT, as indicated in the inset. The Af(z) spectra are the average of nine curves of a 3 X 3 pixel area; i.e., each spectrum is
the average of the spectra of the selected pixel and the pixels touching the selected one. (b) Calculated Af(z) spectra extracted over selected
positions on TOAT, as indicated in the inset. (c) Constant height AFM image of two molecules in different orientation, at —130 pm with regard to
the STM set point of 10 pA at 100 mV. Molecule 1 and molecule 2 lie with their peripheral O atoms between and along atomic rows, respectively.
(d) Individual Af(z) spectra acquired above the same atoms as in (a) and (b) over the two molecules in (c), where z = 0 A corresponds to the
imaging height of (c). The z alues of molecule 1 are corrected for z-drift using the following procedure. Immediately prior to the AFM
experiment, an I(z) curve was acquired (with the same oscillation amplitude and bias). These data were used to convert the observed changes in
the tunnel current during the constant height experiment to a change in tip—sample distance. The z-drift between acquisition of the two Af(z)
spectra was 0.35 A.

from the adsorption geometry of the molecule on the surface. STM and AFM Measurements. We used an Omicron Nano-
Since the adsorption height (and its variations within a molecule) technology LT STM/AFM with a commercially available gPlus sensor,
strongly depend on the interaction between the molecule and operating at approximately 4.6 K in ultrahigh vacaum with an average

pressure of 5 X 107'% mbar. A Cu(111) crystal surface was cleaned
with several sputter and anneal cycles before being inserted into the
microscope head. The TOAT molecules were thermally evaporated
onto the cold surface using a Knudsen cell-type evaporator. For STM
imaging, the bias voltage was applied to the sample. The baked qPlus

the substrate, the z,,;,(x,y) and Af,,;,(x,y) maps of a particular
molecule should be substrate-dependent. The trends in z position
and the depth of the minimum are the same for all CO-terminated
tips, while the absolute values differ from tip to tip. Tips employ-

ing larger atoms and/or tips with a significant charge (like Xe) are sensor (3 h at 120 °C) had a quality factor of Q ~ 30 000, a resonance
less suitable for chemical recognition of molecules. frequency of fo = 25 634 Hz, and a peak-to-peak oscillation amplitude

The force resolution required to apply the procedure outlined of <2 A. After the tip approached the surface, it often needed
here is on the order of 1 pN/100 mHz (for a typical qPlus sensor). some preparation to sharpen the apex and ensure stability. This was
This criterion is typically fulfilled in cases where submolecular accomplished with controlled crashes into the copper surface and bias
resolution imaging of molecules has been reported. pulses until the STM resolution was satisfactory. The tip apex was

functionalized with a single CO molecule following the standard method.*
After an appropriate TOAT molecule was located on the surface, the tip

METHODS was left in tunneling contact (I = 10 pA at V= 0.1 V) and allowed to relax
Synthesis of 1,5,9-Trioxo-13-azatriangulene. The synthesis for 12 h to prevent drift and creep. After this time, there was no detectable
reported herein is based on literature procedures.”® For the sake of «- or y-drift. To compensate for z-drift, the STM feedback was turned on
completeness and reproducibility, we describe the procedure and our for 2 s after each constant height AFM image and then turned off again
observations. The first step is the systhesis of tris(ortho-methylbenzoate)- before adjusting the height for the next image. No data analysis procedures
amine (TOMBA). TOMBA was synthesized by refluxing a solution in such as those described in ref 37 were therefore necessary. The AFM was
diphenyl ether of 1:3:2 parts of 2-aminobenzoic acid methyl ester, operated in constant height mode, and AFM images show the frequency
2-iodobenzoic acid methyl ester, and potassium carbonate, respectively, shift (Af) with respect to the resonance frequency.
in the presence of copper and copper(I) iodide, for 16 h at 210 °C under Specific acquisition parameters for the maps presented in this article
nitrogen atmosphere. After purification, the yield was 76%. The purified are as follows. The stack resulting in the maps of Figure 4 consisted of
TOMBA was subsequently used to synthesize TOAT. A solution 100 images, from —140 pm to +553 pm with regard to an STM set point
of TOMBA in 98% H,SO, was heated to 105 °C and kept at that of 10 pA at 100 mV, in steps of 7 pm. The spectra in Figure 8a were
temperature for 24 h. After purification, the yield was 7.2% (46.9 mg). extracted from this stack. The stack resulting in the maps of Figure 7 had
Further details of the synthesis, purification, and spectra can be found in 35 images, from —100 pm to +75 pm with regard to an STM set point of
the Supporting Information.”® 500 pA at 200 mV.
8523 DOI: 10.1021/acsnano.6b03644
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Theoretical Modeling. Simulations were performed using MM
calculations using geometries and charge distributions as determined
from DFT calculations.”®
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