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Abstract

Understanding how carbon dioxide (CO,) behaves and interacts with surfaces is
paramount for the development of sensors and materials to attempt CO4 mitigation and
catalysis. Here, we combine simultaneous atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) using CO—functionalized probes with density functional
theory (DFT)-based simulations to gain fundamental insight into the behavior of ph-
ysisorbed CO, molecules on a gold (111) surface that also contains one-dimensional
metal-organic chains formed by 1,4-phenylene diisocyanide (PDI) bridged by gold (Au)
adatoms. We resolve the structure of self-assembled CO, islands, both confined between
the PDI-Au chains as well as free-standing on the surface, and reveal a chiral arrange-
ment of CO5 molecules in a windmill-like structure that encloses a standing-up CO,
molecule, and other foreign species existing at the surface. We identify these species
by the comparison of height-dependent AFM and STM imaging with DFT calculated
images, and clarify the origin of the kagome tiling exhibited by this surface system.
Our results show the complementarity of AFM and STM using functionalized probes,
and their potential, when combined with DFT, to explore greenhouse gas molecules at

surface supported model systems.

Introduction

Carbon dioxide (COy) is a linear molecule with two carbon oxygen double bonds (C=0),
which are responsible for its great chemical stability. In its gas form, CO, is transparent to
visible light but strongly absorbs infrared radiation, acting as one of the main greenhouse
gasses. The catalytic transformation,'? capture,® process,* and utilization and removal®
of CO, have attracted considerable attention for the production of liquid fuels®” and the
pursue of a low-carbon economy and net-zero emissions.® Fundamental understanding of
how CO, interacts with surfaces is paramount to attain efficient designs of materials suitable

for CO, catalysis and mitigation. Accurate and direct information about how CO, interacts



with surfaces can be obtained by using carbon monoxide (CO) functionalized scanning probe
microscopy”.1® The deflection of the relatively chemically inert CO at the probe apex has
proven to be key to enhance the resolution of both AFM%!13 and STM, 24 enabling
achieving structural intramolecular imaging,? the visualization of frontier orbitals,!! the

26-28

determination of bond order potentials,?® charge distributions, as well as to track and

control chemical reactions, 3 boosting the field of on-surface synthesis.?!

An interesting surface system to study the behavior of CO, is the one composed by
the low temperature condensation of COy in the presence of one-dimensional metal-organic
chains formed by 1,4-phenylene diisocyanide (PDI) bridged by gold (Au) adatoms.3236 For
a relatively large dosing of CO, on a surface containing PDI-Au chains, a great variety of
ordered structures initially related to the high-pressure CO, face-centered rhombic phase
—rather than to the common cubic “dry ice” phase— have been identified using STM.3%3
STM revealed the presence of both rhombic and hexagonal structures within CO, islands
that grow close to the PDI-Au chains.3%3% In the areas with sparse PDI-Au chains, domains
of hexagonal defects of unknown nature with a kagome tiling that penetrates the rhombic
structures were reported. >3 In this work, we provide a new perspective on this surface sys-
tem by studying it with a combination of STM and AFM with CO-functionalized probes.®
The intramolecular resolution offered by these techniques allows us to determine the molecu-
lar structure of the self-assembled CO, islands and to identify an arrangement of physisorbed
CO, molecules that relates to the intrinsic defects of the surface system. The simultaneous
application of AFM and STM, both in the experiments and the simulations, enables us to
address the nature of structures that would have been unresolved by using only one of these

techniques.



Results and discussion

The room-temperature deposition of a small amount of PDI molecules (Figure la) on an
atomically clean surface of a Au(111) single crystal produces dispersed PDI-Au chains3?34
that nucleate from the lower part of a step edge towards the terraces (Figure Sla). STM
topographic imaging presents the PDI-Au chains as bright strings formed by round and oval
beads (Figures 1b and Sla). If CO, is dosed after cooling down the sample to 4.8 K, the CO,
molecules decorate the PDI-Au chains (Figures 1b and Sla).3" In topographic STM images,
the CO, molecules appear as round protrusions close to the chains (Figure Sla) or around
CO molecules (Figures S3 and S4). The interaction of the CO, molecules with the PDI-Au
chains is limited to the first (in some locations to the second) line of molecules (Figure 1c),
from which the CO, starts to grow following its native adsorption structure on the Au(111)
surface forming of an apparent rhombic periodicity of protrusions (see the rhombic lattices in
Figure 1c).3¢ Nucleation of CO, at different positions along the chains (Figure S1) produces
patches of different translational domains (Figure 1g).

AFM imaging of the surface with CO-functionalized probes displays sub-molecular res-
olution on the PDI, as well as on the CO, molecules (Figure 1d). The toroidal shape of
the phenylene group of the PDI and the isocyanide (N=C) groups connecting to the Au
adatoms®® are clearly visible (Figures 1d and 1g). The AFM shows that the CO, molecules
arrange in a herringbone pattern (Figure 1d). Similar to the AFM imaging of water networks
on metal surfaces,? the CO probe seems to sense the position of the oxygen atoms, giving
rise to the two lobes of the dumbbell-like shape exhibited by the CO, molecules(Figure 1d).
Since the AFM senses atomic arrangements® rather than the electronic structure,® slight
variations in the height of identical atomic species are immediately detected.*! Our AFM
data indicate that the CO5 molecules lie flat and parallel to the surface, following the topog-
raphy of the underlying substrate, as a modulation of the images induced by the herringbone
reconstruction of the Au(111) surface is observed in both the STM and the AFM signals

(Figures 1f, S2 and S3).



Defective areas are found between domains of CO, molecules. In these areas, some CO,
molecules present a triangular arrangement (white triangles in Figure 1c). There are three
types of defects populating the layer of CO5 between the PDI-Au chains. Voids can be found
between the COy domains as well as at the frontiers with the PDI-Au chains (green arrows
in Figure 1f). They are characterized by no apparent signal either in STM or AFM.

Single and double lines of defects appear between the COy domains (orange arrows in
Figure 1f). In the STM images, these defects are perceived as depressions (Figures 1f and 1g),
and they are forming the kagome tiling reported for this surface system.3%3¢ The AFM
contrast for these defects considerably varies with the probe-surface separation. A strong
attractive interaction is detected at distances where there is barely contrast over the PDI or
the CO4 molecules (Figure le). A repulsive interaction is sensed at distances at which the
interaction over the PDI and the CO, layer starts to be attractive (Figure 1f). At distances
where the onset of the repulsive interaction over the PDI and the CO, layer is observed,
the contrast over the defects is strongly repulsive (Figure 1g). These defects are also found
individually distributed between smaller domains of COy molecules, as it is shown in the
upper part of the AFM images displayed in Figures le to 1g.

Finally, another defect that is found between the CO, domains is indicated by yellow
arrows in Figure 1f. This defect appears as a vacancy in the STM signal, and it is practically
invisible to the AFM (Figures le and 1f). Only upon scanning at very close distances the
defect enclosed by the CO5 molecules is revealed (Figure 1g). From control experiments we
have done without PDI molecules (see FiguresS3 and S4), this type of behavior would be
associated with a CO molecule trapped in the CO, layer.

Excluding the voids, the defects detected in the COs layers seem to be trapped inside
hexagonal structures (Figures 1c and 1h), which are related to the CO, molecules displaying
a triangular arrangement in Figure lc. When scanning close enough to the surface using
a probe functionalized with a CO molecule,” the deflection of the CO along the bonds of

the molecules enhances the STM contrast.!>!82% This effect can be appreciated in the image



displayed in Figure 1h: the STM signal over the COs is no longer homogeneously round (as
in Figure le) but it exhibits a brighter region that coincides with the orientation of the CO,
molecule in the AFM image (Figures 1h and 1g). The bond-resolved STM signal of the CO4
molecules surrounding the defects indicates that the CO4 seems to arrange in a windmall-like
configuration (Figure 1h).

The CO; structures and defects described in Figure 1 are not intrinsic to the confinement
of the CO, molecules between the PDI-Au chains, but they are inherent to the behavior of
the CO5 on the surface, as they are also observed at islands of CO5 molecules nucleated at
the middle of the Au(111) terraces upon the presence of a relatively high-concentration of
CO at the surface (Figures S1 and S3 to S5). Figure 2 displays a selection of frames from
a series of simultaneously acquired constant height STM and AFM images recorded over
a total of 68 pm distance variation in steps of 4 pm over an island of COy molecules on
the Au(111) surface. This island was found on a sample in which PDI molecules were also
present (Figure S1), and it was specially chosen because it contains the three types of defects
(labelled as P, S and A in Figure 2d) also observed at the confined CO, layers between PDI-
Au chains. The AFM measurements over this island confirm the molecular arrangement of
the windmill-like structure (see Figures 2¢ and 2g) predicted by bond-resolved STM imaging
that enclose the defects observed at the CO, layer (Figure 1h).

At the starting distance of the series, the AFM signal mainly corresponds to a long-range
van der Waals interaction, which produces a faint contrast difference between the CO, island
and the gold surface (Figure 2a). Already at this separation, similarly to the image in the
Figure le, the P defect shows a strong attractive force signal that becomes repulsive by
approaching the probe towards the surface (Figures 2b and 1f), and develops into a pinhole
when further reducing the gap (Figures 2c and 2d). The appearance of a pinhole and the
increase of contrast over the surrounding CO, molecules forming the windmill-like structure
suggest a significant deflection of the CO molecule at the probe or a considerable mobility

of the P defect. The STM signal for the P defect evolves from a faint contrast similar to the



CO4 molecules of the island (see movie at the Supporting Information) to a total depletion
of tunneling current (Figures 1g and 2f) at the closest approach.

The S defect appears as a vacancy in the STM images (see movie at the Supporting
Information and Figure le). Only at the closest approach some contrast is observed inside the
windmill-like structure of CO, enclosing it (Figure 1h and Figure 2f). In the AFM images, the
S defect is seen as a blurry hexagonal spot up to distances at which the CO, forming the island
starts to be resolved (Figure 2b), and it develops into a clear round shape of size comparable
to the surrounding CO, molecules, but with a slightly lower signal (Figures 1g, 2c and 2d).
This contrast difference indicates that the species inside the windmill-like structure either
interacts less with the probe than the CO4 layer or that it is located below the plane defined
by the CO5 molecules.

The A defect appears in the STM images as a bright spot (see movie at the Supporting
Information) that dominates the signal detected over the whole island for shorter separations
(Figure 2e). The AFM signal over the A defect initially resembles that of an S defect
(Figures 2b), but it develops into a strong attractive interaction force perceived as a dark
spot (Figure 2d) located at the position where the tunneling current is maximum (Figure 2e).

The behavior of the P defect in the AFM images is that of an object protruding from
the surface well above the plane formed by the CO, layer, yet the conductivity through this
object should be low enough to resemble a vacancy in the STM images. A hypothesis that
embraces these attributes is a CO, molecule standing up on the Au(111) surface confined
within the windmill-like structure. From control experiments we performed dosing with CO,
and CO molecule in the absence of PDI molecules on the surface (Figures S3 and S4), the S
defect should correspond to a CO molecule surrounded by a windmill-like structure of CO,
molecules. The A defect could correspond to a gold adatom confined by CO, molecules in
a windmill-like configuration, as the underlying position of this defect is an elbow of the
Au(111) herringbone reconstruction; a well-known surface spot for the nucleation of metallic

adatoms.*? The lower resistivity and closer position to the surface of a gold adatom with



respect to the COy molecules would account for the high tunneling current signal and the
attractive force detected on the defect.

We used DFT calculations to optimize the structures observed and corroborate the nature
of the defects, considering a windmill arrangement as a baseline for the latter, as suggested
by the experiments. The charge density, electrostatic potential, and wave functions result-

4344 including the

ing from these calculations are used to simulate AFM and STM images,
relaxation of the CO at the probe and proper tunneling channels (see Methods), that can
be directly compared with the experimental counterparts.

The geometry of the herringbone pattern of CO, is shown in Figure 3a. The unit cell
of the herringbone order —gray orthorhombic cell in Figure 3a— has one molecule tilted to
the right ~58° from the horizontal axis, and another molecule symmetrically tilted to the
left. Our DFT simulations confirmed the stability of the herringbone pattern of CO, on the
Au(111) surface (Figure S7), and the associated theoretical AFM images further support
the experimental AFM data (see Methods and Figures S8 and S9). In the presence of an
open space, a CO, molecule can place itself close by to two CO, molecules of the unit cell,
forming an equilateral triangular subunit (Figure 3b), for which the repulsion between the
oxygen atoms of the three molecules is balanced. These formations are observed in the
experiments, see the triangular structures in Figures 1c, 2h and 2g. The local arrangement
of three triangular subunits produces a windmill-like structure that naturally generates a
free space between the molecules (Figure 3c). Although an empty windmill structure has
not been observed in the experiments, our DFT calculations confirm that this formation is
stable on the Au(111) surface (Figure 3d). A gold adatom confined inside a windmill sits
on a hollow-hcp site, 150 pm below the CO, molecular layer layer and 190 pm above the
unreconstructed Au(111) surface (Figure 3e). A standing CO, adsorbs vertically with an O
atom sitting between a hollow-hcp and a top site 290 pm above the surface, with its top O
atom protruding ~ 190 pm from the molecular layer, and sustaining a small tilt of ~ 10°

(Figure 3f). A CO molecule also adsorbs vertically with the C atom 210 pm above an Au



top site, and the O atom 10 pm below the CO, molecular layer (Figure 3g).

Figures 4a to 4d show AFM images of the atomic configurations obtained from DFT,
calculated for separations between the oxygen atom of the CO molecule at the probe and
the CO, molecular plane of 357 pm, 326 pm, 311 pm, and 280 pm. In Figures 4e to 4h,
calculated STM images at 311 pm separation are presented. The rows of images labelled as
relaxed and static, include and obviate, respectively, the relaxation of the CO molecule at the
probe. The rows of images considering the tunneling through both the 50 and the 27* orbitals
(represented by the s and the p,, p, orbital channels, see Methods) of the CO molecule at
the probe are labelled as sp-channel. The comparison with images considering only the s—
channel for the calculation of the tunneling current (rows labelled as s—channel) shows that
both channels contribute significantly and are necessary to explain the observed experimental
contrast. The empty space enclosed by the windmill shows values for the calculated AFM and
STM images close to the ones obtained over the gold substrate. A less attractive AFM force
inside the windmill is due to the interaction of the CO molecule at the probe with the oxygen
atoms of the surrounding CO, molecules (the ovals in Figures 3d and 4a to4d highlight one of
these molecules). The AFM signal over the planar CO, is stronger over the oxygens than the
carbon atom. While the Pauli repulsion is similar for both species, the carbon has a larger
electrostatic attraction (Figures 4a to 4d). For large probe-surface distances, the charge
density is dominated by the oxygen atoms. At a separation of ~326 pm, the short-range
repulsion over the carbon atoms overcomes the electrostatic attraction, developing into a faint
feature that connects the two oxygen atoms of the CO,. At closer distances, the short-range
repulsion dominates the contrast, and the relaxation of the CO probe becomes significant.
In particular, the probe relaxation lowers the signal measured over the oxygens, resulting in
an image that displays each CO, molecule as a homogenous rod. This contrast evolution can
be clearly seen over the CO, molecules composing the windmills in the experimental AFM
images of Figures 2c and 2d, as well as in the theoretical simulations (Figure S9).

The STM images (Figures 4e to 4h) are dominated by a molecular state that extends



along the bonds of the CO,, displaying it as an oval centered on the carbon atom. At small
probe-layer separations, a repulsive interaction with the oxygen atoms of the CO, molecules
deflects the CO at the probe, reducing the STM contrast over the oxygen atoms. This
effect transforms the oval STM signal at large separations to a sharp-edged feature along the
long molecular axes at the closest approach —compare Figures 4e and 4g (static) with Figs
4f and 4h (relaxed). The contrast mechanism for both STM and AFM images is identical
for the planar CO, forming the molecular layer between the PDI-Au chains.

The gold adatom (Figure 3b) presents a similar behavior in the AFM signal as for an
empty windmill (Figures 4a to 4d). The onset of a Pauli repulsion with the inner oxygen
atoms of the windmill is the origin of the blurred AFM contrast observed at far enough
separations (Figure 2b). The characteristic signature of the gold adatom is a strong STM
signal (Figures 4e to 4h) for all the separations explored (Figure S11), as it helps the electronic
states of the substrate to extend out through the CO5 molecular plane.

Since the standing CO, inside the windmill protrudes from the molecular plane, a strong
repulsive AFM contrast is already obtained at distances where no significant signal is detected
on the molecular layer (Figure 4a). This contrast disappears at closer probe-layer separations
(Figures 4c and 4d) because of the small oscillation amplitude used. Simulations show that
the standing CO, has a dimmer contrast for smaller amplitudes (Figure S10), consistent
with the ~75 pm amplitude used in the experiments. This effect comes from a change in
interaction force mainly due to the deflection of the CO molecule at the probe.*® Further
DFT simulations of a CO probe (attached to a copper dimer) approaching the standing CO,
in the windmill show that the CO deflects ~15° while the CO, tilts only ~2° when reducing
the separation from 300 pm to 270 pm. The relaxation of the CO molecule at the probe
is also responsible for a STM signal over the standing CO, as low as for the gold substrate
(images labelled as (relazed) in Figures 4f and 4h). If the tilting of the CO molecule at
the probe is not taken into account, the STM images show the trapped CO, as a bright

spot (images labelled as (static) in Figures 4e and 4g), which is also the appearance for
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separations at which the CO molecule at the probe does not significantly relax.

The calculated AFM signal over a CO molecule inside a windmill (Figures 4a to 4d)
resembles the one over a free CO on a metal substrate, 647 but the confinement imposed by
the surrounding CO, molecules prevents its relaxation, making the AFM contrast sharper
upon reducing the probe-layer distance. As in the Au adatom case, the initial blurred
contrast (Figure 2b) is due to the interaction with the inner oxygen atoms of the windmill.
At closer distances (below 326 pm, Figures 4b to 4d), a white spot in the center of the
windmill reveals the presence of a repulsive interaction between the two oxygen atoms, one
at the adsorbed CO molecule and the other at the approaching CO with the probe. The
STM images of the enclosed CO molecule come from states spreading out from the gold
surface more than that of the CO, molecular layer. These images present the CO as a fully
symmetric faint spot at the center of the windmill, consistent with a molecular adsorption
in a vertical configuration. Far from the surface, the STM contrast over the CO is weaker
than the one over the planar CO, because of the lower position of the CO with respect to
the molecular layer, but the difference in contrast reduces at closer separations due to the
deflection of the CO molecule at the probe (Figure S11).

The resemblance of the experimental and calculated features in both the AFM and the
STM images (Figure 5) allows us to unambiguously identify the defects trapped inside wind-
mill structures at the CO, layers as a gold adatom (defect A in Figure 2d), a standing up
CO, molecule (defect P in Figure 2d and orange arrows in Figure 1f) and a CO molecule
(defect S in Figure 2d and yellow arrows in Figure 1f).

Considering the clear experimental evidence of the presence of windmill structures at the
CO, layers, we attempted to generate them through DFT calculations. Initially, we tried
large commensurate periodic structures of CO, molecules on the unreconstructed Au(111)
surface (including up to 50 molecules in the unit cell), but this planar herringbone configura-
tion of CO, was unstable under the creation of a vacancy by removing one molecule from the

structure. We then considered an island of planar CO, molecules adsorbed on the unrecon-
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structed Au(111) surface (see Figure S7 for a discussion of the geometrical details and the
stability of all of these structures). However, neither the removal of one CO, molecule of the
layer, nor the introduction of a gold adatom or a standing CO, molecule or a CO molecule
inside the created vacancy, resulted in a stable structure with the chiral pattern observed
for the windmill. These results, together with dynamic processes observed during the ex-
periments (see Figure S5) provide clear evidence of the formation of the windmills during
the growth of the CO, layer. In particular, consecutive STM images in Figures S5b and S5c
capture the real-time formation of a windmill-like structure around a CO molecule in a CO,
island.

The analysis of the molecular arrangement of both the monolayer of CO, molecules
trapped between PDI-Au chains (Figure 1c¢) and the island on the terrace (Figures 2f and 2g)
offers insights on the windmill formation. The planar CO, molecules are weakly bound to
the surface and, due to intermolecular interactions, they tend to order under a rhombic
pattern with a herringbone arrangement, which is the native structure of CO5 adsorbed on
the Au(111) surface (see FiguresS2 and S3). Under the presence of adsorbates, such as a
gold adatom of a CO molecule, the triangular structure depicted in Figure 3b is formed
by accommodating CO, molecules to the sides of the unit cell of the herringbone structure
around the adsorbate (see FigureS5). Thus, these triangular structures are often found at
the edges of the CO, islands (Figures 2f and 2g).

Triangular arrangements giving rise to lines and double lines of windmill structures
(aligned white hexagons in Figures 6a and 6b) are commonly found at the confluence be-
tween herringbone molecular domains (Figures lc, 2f and 2g). These domain boundaries are
formed by the growth of CO, domains at different nucleation points on the gold terraces or
along the PDI-Au chains. Details of the molecular arrangement of such domain boundaries
are shown in Figures 6¢ and 6d. Lines of windmills containing standing CO, molecules result
from the confluence of two domains translated by half of the short lattice parameter and a

quarter of the long lattice parameter of the rhombic unit cell (Figure 6¢). Domains displaced
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only in the direction of the long lattice parameter can form a boundary with two rows of
windmills, as depicted in Figure 6d. It is straightforward to note that the CO, molecules at
the corners of the cells of the domains (highlighted with arrows in Figures 6¢ and 6d) have
moved and rotated to form a triangular arrangement to optimize the interaction with the
neighboring molecules. Building on the defect identification (Figures 4 and 5), the strong
repulsive interaction detected at the center of the windmills in the AFM image (Figure 6b)
indicates that they contain standing CO, molecules. The molecules at the corners of the
unit cell of the domains highlighted with a circle in Figures 6¢ and 6d become the CO,
molecules standing up at the center of the windmills enclosed by the white hexagons. The
nearby windmills observed in Figures 6a and 6b have a similar origin, and they also contain
standing CO, molecules, except two of them that contain a CO molecule (hexagons without
a bright feature in 6b). Although both defects have a very similar STM contrast (Figure 6a),
AFM clearly discriminates between them, highlighting the need to combine both signals to
achieve complete identification. These CO molecules are incorporated in the domains of CO,
molecules because a small amount of CO was also dosed on the surface to functionalize the
probe (see Methods). CO, can diffuse on the surface upon dosage and nucleate around the
CO (see FigureS5). We have shown that the standing CO, molecules populating these rows
of windmills are imaged as dark spots in the STM signal (Figures 1g, 2f and 5b). The conflu-
ence of domains and the formation of linear arrangements of windmill structures containing

vertical CO, molecules are the origin behind the Kagome tiling reported by Feng et al.35-36

Conclusion

We have shown how the combination of simultaneous AFM and STM imaging using CO-
functionalized probes® with DFT-based simulation tools for both techniques provide a com-

prehensive description of the ordered structures and defects found in CO, layers confined
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between PDI-Au chains and islands found at the terraces of the Au(111) surface. CO-
functionalization of the probe? increases the resolution and enables the determination of the
orientation of individual CO, molecules and the visualization of complex structures around
defects. The native adsorption configuration of CO, on the Au(111) surface is in the form
of a planar molecular layer following a rhombic lattice displaying a herringbone pattern that
is controlled by intermolecular interactions. This characteristic, together with a weak inter-
action with the substrate, makes the CO, molecular layer non-commensurate with the gold
surface, even for the large periodicities that we have explored. Our data suggest that the
PDI-Au chains capture the CO, molecules diffusing on the surface all along the chain, and
that the interaction of the CO, molecules with the PDI-Au chains is mostly limited to the
first line of CO, molecules, growing in its native adsorption configuration on the Au(111)
surface after the second molecular line.

At the edge of molecular islands growing at the terraces, and at the boundaries of the CO,
herringbone domains, the formation of triangular arrangements of CO, molecules is observed.
The combination of these triangular formations and the terminations of the herringbone
domains lead to the formation of a windmill structure. Defects enclosed by these windmills
display characteristic signatures in the experimental STM and AFM images, reproduced by
first-principles simulations that include the relaxation of the CO at the probe and the 50 and
the 27* CO orbitals as tunneling channels. In this way, gold adatoms, CO and CO, molecules
standing up on the gold surface enclosed by windmill structures have been identified. These
standing CO, molecules populate windmills along domain boundaries, giving rise to the
formation of the previously reported Kagome tiling for the confinement of CO, molecules by
one-dimensional PDI-Au organometallic chains.

Our results strengthen the complementarity of simultaneous AFM and STM imaging us-
ing functionalized probes and show the potential of these techniques to study the adsorption
and behavior of greenhouse gasses at model surface systems. This work reaffirms that the

excellent resolution offered by combining AFM and STM using functionalized probes has
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the potential to significantly contribute to current challenges where atomic-scale informa-
tion is of the essence, including the development of nanocatalysts, on—surface synthesis and

supramolecular chemistry.

Methods

Scanning probe microscopy experiments

The experiments were carried out in an ultra-high vacuum (UHV) system equipped with tools
for the in situ sample preparation and a home-made scanning probe microscope operated
at 4.8 K using a commercial controller (Nanonis SPM Control System, SPECS, Germany).
We used the KolibriSensor (SPECS, Germany) for the detection of both tunneling current
and the probe-surface interaction forces. The probe of the KolibriSensor was sharpened to
a typical apex radius of ~15 nm ex situ by using a focused ion beam, and it was further
conditioned for atomic resolution imaging in situ on a clean area of the Au(111) surface. The
probe was functionalized with carbon monoxide using vertical manipulation techniques?*®
and then used for high-resolution imaging. The bias voltage was applied to the sample.
Atomic force microscopy experiments were carried out using the frequency modulation de-
tection mode?® keeping the oscillation amplitude constant. The surface of a Au(111) single
crystal was cleaned by repeated cycles of argon ion sputtering and annealing in UHV. PDI
molecules (Sigma-Aldrich) were deposited on the clean Au(111) surface by sublimation at
room temperature using a home-built Knudsen cell that was differentially pumped using a
turbo-molecular pump. After PDI deposition, the samples were transferred to the micro-
scope and cooled down to 4.8 K. Prior to starting the measurements, CO and CO5 molecules
were dosed to the sample by backfilling the microscope chamber with the corresponding
gas, opening the shutters of the radiation shields at the cryostat during the dosing. Typical
dosage was 9 Langmuir for CO, and 0.4 Langmuir for CO. To prevent desorption from the

surface, the dosing of both molecules was done while keeping the sample temperature below
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16 K. Successive sample preparations give rise to a gradually increasing amount of CO on

the surface due to desorption from nearby surfaces at the cryostat and microscope.

First—principles calculations

The DFT simulations were performed with VASP,*? using a plane waves basis set with a cut-
off of 400 eV, PAW pseudopotentials,® and a PBE approach®? for the exchange-correlation
potential. All complemented with Grimme’s D35 method to account for the dispersion in-
teractions. AFM images were simulated by using our Full Density Based Model (FDBM) 4344
as implemented in the pyFDBM package. FDBM offers efficient calculations for frequency
shift images while retaining DFT accuracy in the forces and reproduces with high-accuracy
experimental images.*3 4% The application of the FDBM to the CO, herringbone configura-
tion is illustrated in Figure S8. Calculations have been made with an oscillation amplitude
of 69 pm and a CO, torsional stiffness of 0.4 eV /rad® (~ 0.7 N/m). The parameters o and
V, for the description of the short-range Pauli repulsion are 1.06 and 35.16 eV /A3*(2a=1),

215455 e yused a

To simulate STM images acquired with a CO-functionalized metal probe,
newly implemented method in pyFDBM, that combines the Tersoff-Hamann®® and Chen’s
approaches®” %8 to describe the tunneling through the 50 and the 27* orbitals of the CO
at the probe apex!® with the effect of its lateral bending as described by our FDBM. The
input for these simulations is a single DF'T calculation for the wave functions and the charge
density of each configuration of the sample system, including the Au substrate. Considering
the symmetry of the 50 and the 27 orbitals, they are represented by s and the p,, p, orbital
channels. They contribute to the tunneling current through a sample wave function ¢ with
a term proportional to ||* and |0y /dz|* + |0 /dy|?, following Chen’s proposal. The con-
tribution of both channels is essential to reproduce the experimental images. Our calculated

images are the sum of the contribution from both channels with the same weight (0.5) and

include sample wave functions in a range of +200 meV above the Fermi level.
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26.3

Figure 1: (a), Chemical structure of the PDI and the CO4 molecules. (b), STM image of CO,
molecules confined between two PDI-Au chains. The sample bias voltage (V') and tunneling
current (I7) set-point are 105 mV and 5 pA, respectively. (c), Constant-height current signal
of the area enclosed by the rectangle in (g) featuring rhombic and triangular configurations
of CO, molecules. Dotted red lines indicate hexagonal structures. (d), Constant-height AFM
(Af) image of the area enclosed by a rectangle in (b) acquired using an oscillation amplitude
(A) of 75 pm and a free oscillation resonant frequency (fy) of 999646 Hz. Diagrams of CO,
molecules and a single rhombic cell have been superimposed. (e) to (g), Series of height-
dependent simultaneously acquired constant-height I and Af images measured over the
region highlighted with a square in (b) by approaching the probe towards the surface from
the separation (Z= 0) corresponding to the imaging conditions in (b). The I contrast has
been saturated over the PDI-Au chains to display the details of the confined CO, layer.
Green, orange and yellow arrows in (f) point towards voids and two types of defects in the
molecular layer. (h), Zoom-in on the region marked by a square in (g). Lines highlight the
windmill-like arrangement of the CO4 molecules enclosing the defect pointed by the top-right

yellow arrow in (f). The scale bar corresponds to a 2 nm length.
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Figure 2: (a) to (d), Selection of AFM frames from a series of height-dependent simulta-
neously acquired STM (Ir) and AFM (Af) images over an island of CO, molecules that
exhibits the three types of defects also found at the CO, layers confined between PDI-Au
chains. These defects are labelled A, S and P in (d). (e), STM image at the closest approach
during the series. (f), and (g), Structural analysis of the CO, molecular arrangements in
(e) and (c), respectively. The signal in (f) has been saturated over the defect A to enhance
the contrast over the CO5 molecules. Green lines mark rhombic domains of CO, molecules,
and yellow triangles denote CO, molecules exhibiting a triangular arrangement. In (g), the
CO, structure has been superimposed over each molecule to highlight its orientation. The
red dashed lines close the hexagonal patterns that enclose the defects. The red ovals high-
light CO, molecules in a windmill-like configuration. The separation at which each image
was acquired during the series labels each frame. Image size and acquisition parameters
are: (8x4) nm? A = 75 pm, fo = 999646 Hz, V = 5 mV. The scale bar corresponds to a
2 nm length. A movie showing the images acquired for the whole series is available in the
Supporting Information.
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Figure 3: (a), Close-packed herringbone structure of the CO, molecules with the orthorhom-
bic (grey) and rhombic (red) unit cells. (b), Triangular subunit formed by rotating two
herringbone unit cells 60°. The displacement and rotation of the molecule highlighted with
an arrow in (a) produces this subunit. (c), Windmill structure combining three triangular
subunits. The ovals highlight the molecules that form the windmill structure detected in the
experiments. Top and side views of the DFT calculated structures for: (d), an empty wind-
mill; (e), a gold adatom over the gold surface enclosed by a windmill; (f), a CO5 molecule
adsorbed in a vertical configuration inside a windmill; and (g), a CO molecule adsorbed on
the gold surface inside a windmill. The oval in (d) marks the molecule also highlighted in

Figures 4a to 4d.
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Figure 4: Simulated AFM and STM images of the defects enclosed by windmill structures
observed in the experiments. (a) to (d), AFM images for four representative probe-layer
separations (357 pm, 326 pm, 311 pm, and 280 pm) using an oscillation amplitude of 70 pm.
The red ovals in (a) to (d) mark the same CO, molecule of the windmill. (e) to (h), STM
images for a 311 pm separation. The rows of images labelled as s—channel in (e) and (f) are
calculated considering only the contribution of the 56 CO orbital to the tunneling current.
The rows of images labelled as sp—channel in (g) and (h) take into account the contribution
of both the 5o and the 27* orbitals of the CO (represented by the s and the p,, p, orbital
channels, see Methods). The rows displaying the label (relaxed) show images including the
relaxation of the CO at the probe, in contrast to the images calculated assuming a static
CO, labelled as (static). The distances are measured from the oxygen atom of the CO probe
in a vertical position to the plane of the CO, layer. The defects follow the same order and
labelling as in Figure 3. Image contrast scales for the AFM images are shown in Figure S6.
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Figure 5: Side-by-side comparison of the main features obtained from both experimental
(Figures 1 and 2) and calculated (Figure 4) AFM and STM images for windmill structures
of CO, molecules enclosing: (a), a gold adatom; (b), a standing CO, molecule; and (c), a

standing CO molecule.
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Figure 6: (a) and (b), STM and AFM images displayed in Figure 1 g. Rhombic lattices
in yellow, cyan and green highlight translational and rotational domains of CO, molecules.
Ball-and-stick models of the CO5 molecule have been superimposed to the corresponding
AFM signal to highlight the molecular orientation. White hexagons mark the position of
the windmill structures. (c), Detail of the molecular arrangement enclosed by the yellow
rectangle in (b). (d), Detail of the molecular arrangement enclosed by the orange rectangle
in (b). Lines in cyan, red and green mark the unit cells of different translational domains of
the CO, molecules. In panel (d), the lines in magenta highlight the formation of triangular
structures by the displacement and rotation (indicated by arrows) of the CO4 molecules from
the rhombic domains. Dashed grey lines represent the position of the windmill structures
depicted in (a) and (b). Circles in magenta indicate the possible origin of the standing CO,
molecules populating the windmills (these standing CO, molecules are not included in (c)
and (d) for clarity). The models for the CO, molecules correspond with the position of the
molecules detected in (b).
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