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Abstract

The tetrapyrrole macrocycle of porphine is the common core of all porphyrin molecules,
an interesting class of 1r-conjugated molecules with relevance in natural and artificial
systems. The functionality of porphines on a solid surface can be tailored by the central
metal atom and its interaction with the substrate. In this study, we present a local
adsorption geometry determination for cobalt porphine on Cu(111) by means of
complementary scanning tunneling microscopy, high-resolution X-ray photoelectron
spectroscopy and X-ray standing wave measurements, and density functional theory
calculations. Specifically, the Co center was determined to be at an adsorption height of
2.25 + 0.04 A occupying a bridge site. The macrocycle adopts a moderate asymmetric
saddle-shape conformation, with the two pyrrole groups that are aligned perpendicular to

the densely packed direction of the Cu(111) surface tilted away from the surface plane.
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Introduction

Transition metal complexes hold great promise for technological and medical
applications such as in photonic and optoelectronic devices,’ catalysts,2 and metal-
based pharmaceuticals.®* For instance, the metal ions in these molecules can be
tailored such that they bind to a desired biomolecular target acting as a potential
therapeutic agent,” and as a catalyst they offer control over the active site and its
selectivity.e’7 Frequently the applications require the organization of the metal complexes
on a solid surface, whereby the interaction between the coordinated metal ion and the
surface can drastically affect the functional properties of the complexes themselves.
Consequently, a detailed understanding of the interfacial interactions between the
complexes and the support is important for future integration of these molecular systems
in  functional  nanodevices.®®  Tetrapyrroles, e.g. metalloporphyrins  and
metallophthalocyanines, are an important class of metal complexes due to their high
stability, structural versatility, promising electronic properties and tunable molecular
functionality.’®'" The adsorption of these molecules on coinage metal surfaces has
provided a rich playground for the engineering of complex nanoarchitectures by self-
assembly and for understanding the reactivity and electronic structure of metal-organic

interfaces.'®”

' Moreover, the conformation of the molecule can be altered significantly
by the interaction with the metal substrate, thus resulting in changes of the intrinsic

molecular properties.'

In recent years, different combined experimental and theoretical studies were devoted to

determine the adsorption geometry of organic molecules'®2°

and in particular porphyrins
on various substrates.?*® Specifically, Biirker et al. have studied the vertical height

variation of functionalized porphyrins on Cu(111) upon copper metalation by means of
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the X-ray standing wave (XSW) method.?* They observed that the two inequivalent N
atoms in tetra-phenyl porphyrin (TPP), adsorb at a height of 2.02+0.08 A and
2.23+0.05 A, prior to metalation while after metalation only one N species at
2.25+0.02 A was found. However no insight into the lateral registry was obtained.
Furthermore, prior studies indicate that the lateral phenyl substituents of TPP can exert
a significant influence on the final conformation of the molecule .*>* Additionally, due to
an overwhelming signal from the bulk, metalation with atoms of the substrate hampers
the determination of the vertical position of the porphyrin metal centers, which, as it is
the active site of the molecule, is of fundamental interest in, e.g., the ligation of

adducts,*” and the stacking behavior of multilayer systems.

The free-base porphine (2H-P) consists of four pyrrole rings connected by four methine
(=C-) bridges forming an aromatic heterocyclic macrocycle and constitutes the base-unit
of all porphyrinic nanosystems. Its central pocket can host a wide range of atoms
including, but not limited to, lanthanides and transition metals, thus offering a vast
playground to modify the functionality of the molecule.”'**® Along with changes of the
physical, chemical and optoelectronic properties,*® the conformation can also be altered
considerably.**% |n order to understand the molecule-substrate interactions of the base-
unit porphine, a proper knowledge of the exact adsorption geometry is of fundamental
interest. Bischoff et al. suggested a bridge adsorption site for 2H-P on Ag(111) based on
the molecular orientations and the intermolecular spacing observed in STM.*® For
2H-P/Cu(111), density functional theory (DFT) calculations predicted an average
adsorption height of 2.40 A at the bridge site, accompanied by a structural deformation
of the molecule due to different interaction strengths of the nitrogen species with the

substrate atoms.?®
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Herein, we report the experimental determination of the adsorption site and
conformation of cobalt porphine (Co-P) on Cu(111). To this end, we conducted XSW
experiments complemented by high-resolution X-ray photoelectron spectroscopy (HR-
XPS) to measure the vertical height of Co-P on the Cu(111) surface, as well as to
directly triangulate the lateral registry of the metal center. The capability of the XSW
technique to resolve the substrate bonding of organic molecules has been reliably
demonstrated in the last decade.'®???*4" Scanning tunneling microscopy (STM)
measurements of sub-monolayer Co-P were utilized to rule out the presence of multiple
lateral adsorption sites and the molecular registry of Co-P, co-adsorbed with carbon
monoxide (CO), was directly probed by this technique to confirm the XSW results on the
single molecule level. The results of both experiments are interpreted and corroborated

by density functional theory (DFT) calculations with van der Waals corrections.

Experimental and Computational Methods
Experimental Details

The HR-XPS and XSW measurements were conducted at Diamond Light Source at the
end station of the 109 beamline with a base pressure of ~4 x 1071° mbar. A Cu(111)
single crystal was cleaned by repeated sputtering and annealing cycles. The Co-P
molecules (purchased from Frontier Scientific, purity 95%) were degassed thoroughly
and evaporated from a home-built quartz crucible evaporator at a temperature of 600 K
while the sample was kept at room temperature. The final molecular coverage (~20% of
a monolayer, comparable to the STM image shown in Figure 1a) was calculated using

the intensity ratio of the cross-section corrected C 1s to Cu 3p core-level peaks
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measured at the same photon energy and the unit cell size of a Co-P molecule.*® The
C 1s and N 1s core levels were acquired using a photon energy of 641 eV, the Co 2p
core-level spectra with a photon energy of 2400 eV. XP survey spectra, taken over a
wide range of binding energies, showed no components other than the expected C, N,
Co and Cu features. The binding energy scale of the C 1s, N 1s and Co 2p spectra was
calibrated against the Cu 3p core level measured at the same photon energy and

assumed to be at a binding energy of 75.14 eV.*

For the XSW measurements, the X-ray beam was defocused to approximately
400%400 pm? and stepped over the sample such that each XSW profile was acquired at
a different sample position. To further avoid beam damage, the beam intensity was
reduced to 20% by detuning the undulator. Possible beam damage was monitored by
comparing the C1s and N 1s core-level spectra before and after each XSW
measurement, where no changes were detected. The hemispherical electron analyzer, a
VG Scienta EW4000 HAXPES with an acceptance angle of +28°, was mounted with an
angle of 90° with respect to the incident synchrotron light and the center of its angular
acceptance in the plane of the photon polarization. The XSW scans were obtained from
the (111) and (111) Bragg reflection of Cu (Egragg ~2972 €V at 300 K with a Bragg angle
of ~90°). The intensity of the crystal Bragg reflection was measured, simultaneously to
the absorption profiles (acquired from core-level photoemission yields), via a fluorescent
screen mounted on the port of the incident X-ray beam by means of a CCD camera.
Prior to each XSW measurement a reflectivity curve was acquired to determine the
Bragg energy at a given position on the sample, and the subsequent XSW measurement
was acquired across a window of +5 eV around that energy. In total, 16 distinct sample

spots were used for the measurements, resulting in four individual XSW spectra for
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C 1s, N 1s and Co 2p at the (111) Bragg reflection and additional four Co 2p spectra at
the (111) Bragg reflection. The respective XP spectra were then averaged in order to
improve the signal to noise ratio. The C 1s and N 1s spectra were fitted with Voigt
profiles (convolution of a Gaussian and a Lorentzian), while Co 2p spectra were fitted
with a convolution of an asymmetric Doniach-Suniji¢ line shape and a Gaussian profile.
Integrated intensities of the core-level peaks were used to obtain the relative X-ray
absorption rate. Non-dipolar corrections were applied according to Ref. . An angle
8 = 18° [15°], as defined in Ref. **, was used for the XSW measurements using the
(111) [(111)] Bragg reflection, respectively, and only photoemission corresponding to
positive angles, emission angles that lay between the photon incidence direction and the
photon polarization direction, were included in the fitting. All the XPS and XSW

measurements were carried out at room temperature.

Analysis of the XSW measurement, utilizing dynamical theory, yields two structural
parameters, the coherent position (p**'/p'') and the coherent fraction (f'**/f'). In
the case of the (111) reflection, for the Cu(111) substrate, the coherent position can be
related to the average adsorption height h= (n + p''') - dy;;, with d;;; = 2.087 A
being the layer spacing of Cu(111) and n an integer. The coherent fraction quantifies the
level of order in the system, often equivalent to the fractional occupation of the
adsorption site, and can vary within the range 0 < f'*, 1! < 1. A detailed description of

the XSW method can be found in literature.**

The STM experiments were performed in a custom-designed ultra-high vacuum (UHV)
chamber housing a CreaTec STM operated at 5 K. The base pressure during the

experiment was <5 x 1071 mbar. CO was deposited onto the Cu(111) sample surface
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at sample temperatures below 15 K. All STM images were recorded in constant-current
mode using an electrochemically etched tungsten tip. The WsXM software was used to

process the STM data.*®
Computational Details

Density functional theory (DFT) slab calculations were performed using the projector
augmented wave pseudo-potential method*® as implemented in the VASP code

(version 5.4.1).47-%0

The PBE exchange-correlation functional was used in all
calculations® and included van der Waals (vdW) corrections via the Tkatchenko-
Scheffler approach.®> The convergence threshold of the electronic cycle was set to
10 eV and a Gaussian smearing of 0.1 eV was used. All geometry optimizations used a
kinetic energy cutoff of 400 eV. Calculations with higher cutoff (500 eV) show negligible
variations in the results. A converged 5x5x1 Monkhorst-Pack k-point mesh and
‘PREC=accurate” settings in VASP were employed. The Cu(111) surface was modeled
with the coordinates derived from a typical PBE lattice constant of 3.63 A.?*® The low
adsorbate coverage limit was investigated via an 8x8x4 Cu(111) slab that features a
lateral porphine separation of 20.534 A between Co centers. The Co-P was initially
positioned with opposite N atoms along the bridge position of Cu(111),>* which is similar
to the adsorption mode of 2H-P/Cu(111) reported by Miiller et al.,® that places the 2
amino groups N-H along the long bridge site. Other symmetry sites were also tested.
The adsorbate and the two uppermost Cu layers were relaxed until all ionic forces were
below 0.025 eV/A. An 18 A vacuum slab and dipole corrections were used to decouple

the periodic images along the normal z direction. Spin polarized calculations were used

for the isolated gas phase Co-P species yielding a net magnetic moment of 1.0 yg
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localized on the 3d,. Co atomic orbital. The charge transfers were computed via the

55—

Bader analysis code.®®®" STM images were simulated using the CP2K code®® under

several tip-wave (s, py, py) Tersoff-Hamann approximations.>®

Results
HR-XPS data and analysis

The XPS experiments were conducted with a molecular coverage comparable to the
STM image shown in Figure 1a. Figures 1b-d display high-resolution X-ray C 1s, N 1s
and Co 2p core-level spectra of Co-P/Cu(111), whose fit parameters are summarized in
Table 1. In the C 1s core-level spectrum (Figure 1b), two clearly distinct components
with binding energies (Ep) of 284.8 eV and 284.0 eV can be distinguished. The
component at higher binding energy stems from the eight carbon atoms directly bound
to nitrogen atoms (C-N), while the lower binding energy component originates from the
12 carbon atoms that are bonded to only other carbon atoms (C-C).>>*® The intensity
ratio of the two peaks, 0.76, is in good agreement with the expected value of 0.67 (=
8/12). An additional comparatively weak component at E, = 285.6 eV is tentatively
assigned to a shake-up satellite, whereas the feature at E, = 282.9 eV is most likely due

to a minor amount of adventitious carbon on the surface of the crystal.

The N 1s photoemission spectrum (Figure 1c) shows a dominant peak at 398.6 eV with
a small shoulder at higher binding energy (399.6 eV). An additional shoulder on the low
binding energy side (398.3 eV) is identified by the curve-fitting analysis. The main peak
is associated with nitrogen atoms bound to cobalt atoms (N-Co), while the shoulders are
assigned to pyrrolic (-NH-) and iminic (=N-) nitrogen atoms of free-base porphine (2H-P)
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molecules that are present as impurities from the Co-P powder. The area ratio of about

17:1 is in accordance with the nominal purity. The binding energy of the main peak is in

good agreement with values reported for metalloporphyrins on surfaces in literature.®>°%

63

The Co 2ps, core level (Figure 1d) exhibits a more complex line shape associated with
the multiplet structure resulting from the open-shell character of the Co ion and is
consistent with earlier reports on similar porphyrins." %%+ The main peak is found at a
binding energy of 778.2 eV, in good agreement with these previous studies of cobalt

37,64-66

porphyrins on surfaces, and the satellite feature at high binding energy is

assigned to the unpaired electron in the d shell and its coupling to the core hole created

in the p shell of the Co ion upon photoemission.®*%°

Table 1 — XPS Fit Parameters for the Atomic Species of Co-P/Cu(111).?

Core level Ey’ (eV) [ (eV) o (eV)
C 1s (C-C) 284.0 0.12 0.69
C 1s (C-N) 284.8 0.12 0.53
N 1s 398.6 0.11 0.58
Co 2p3) 778.2 0.31 0.55

@ Peak position E,°, Lorentzian width I and Gaussian width o obtained from the fits for the indicated
components. Voigt line shapes are used for the curve-fitting of the C 1s and N 1s core level spectra, while

a Doniach-Sunji¢ line shape was used to model the Co 2ps, line.
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33 Figure 1 - (a) STM image showing a low coverage of Co-P/Cu(111). Scan parameters: U, = -0.65 V,
35 I, = 230 pA. Corresponding high-resolution XP spectra of (b) C 1s, (c) N 1s, and (d) Co 2p3, core levels,
36 respectively. Data points are background subtracted with a Shirley background. The colored areas are fits
of the indicated components and the solid black line is the global fit. The inset in (b) shows a ball model of

39 the Co-P molecule (gray: carbon, blue: nitrogen, yellow: cobalt, white: hydrogen).

44 XSW data and analysis

47 The results of the XSW measurements performed in a normal-incidence geometry with
respect to the (111) Bragg reflection are displayed in Figure 2. A qualitative inspection
52 shows that all absorption profiles exhibit a maximum around 1 eV above the Bragg
54 energy, suggesting that the mean adsorption height of each species is largely similar,

however, the more distant the atom is from the center of the molecule, the lower the
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obtained coherent fraction is, as can be explained by the STM and DFT data discussed
below. Quantitative analysis of the Co 2ps, absorption curve yields a very high coherent
fraction, f**'=0.90 +£0.05, and a coherent position of p'''=0.08 +0.03, which,
assuming the adsorption height lies between the first and the second Cu(111) layer
spacing projected above the surface, translates into an average adsorption height
h=2.25%0.04 A. The high coherent fraction indicates a well-defined adsorption height
for all the molecules, and might also point to a well-defined adsorption site in terms of
the lateral registry. For nitrogen a coherent fraction of f*!* = 0.78 + 0.03 and an average
adsorption height h = 2.33 + 0.06 A are determined; for the carbon data, the C-N (C-C)
species exhibits a coherent fraction f*** =0.61 +0.04 (0.30 + 0.06) and an average
adsorption height of h=2.37 +0.05 (2.44 + 0.09) A. The structural parameters are

summarized in Table 2.

In order to determine the exact lateral adsorption site of the Co-P molecules,

67,68

triangulation measurements were conducted for the Co 2ps» core level utilizing the

(111) Bragg reflection (see Supporting Information, Figure S1). The best fit of the

relative absorption of the Co 2ps» core level yields a coherent fraction of fﬁ1 =0.50 £

0.06 and a coherent position of p*'* =

0.91 £ 0.03. Considering different lateral positions
above the close-packed surface and assuming a single site adsorption model for cobalt,
triangulation calculations by refinement, which take into account the coherent fractions
and positions of both Bragg reflections (see Figure S2), indicate that the measured data
can only be reconciled with adsorption in a bridge site. This site would be expected to
111

have a f11* = 0.33 (see eq. 4 in the Supporting Information and Ref. **), suggesting that

the adsorption site might be slightly off the ideal bridge site. However, the higher
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coherent fraction is more likely the result of the previously observed positive non-
linearity in the EW4000 analyzer.®® This latter interpretation is further reinforced by the
quality of the fit being poor when the absorption rate is at its maximum (at around 1 eV
in Figure S1), suggestive that the experimental count rate is approaching the saturation

rate of the detector and thus the fit curve overreaches the experimental data.

The experimentally determined adsorption heights are in excellent agreement with the
ones theoretically obtained from calculations with a well-considered set of functionals
(see Table 2 and discussion below). Notably, the calculated heights are within 0.15 A of
the experimental values and lie well within the experimental uncertainty for the Co
species. Importantly, the DFT calculations predict that the Co atom is located closest to
the surface at a vertical distance of 2.29 A. Moreover, the DFT results reveal adsorption
centered over a bridge site and a distortion of the molecule (discussed later) that
qualitatively matches the experimentally measured trend in coherent positions and is

further corroborated by the observations in STM measurements.
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Table 2 — Structural parameters obtained from the XSW analysis compared to the vertical distances
calculated by DFT.?

XSW - (111) Bragg reflection DFT DFT
i p*t? Adsorption Calculated XSW
height h (A) adsorption geometric
height hy (A) factor a;,,
C1s(C-C) | 0.30+0.06 | 0.17+0.05 244 +0.09 2.56 0.79
C1s(C-N) | 0.60+0.04 | 0.14+0.03 2.37 £ 0.05 2.50 0.93
N 1s 0.79+£0.03 | 0.12+0.03 2.33+£0.06 242 0.98
Co 2p 0.90+£0.05 | 0.08+0.02 2.25+0.04 2.29
XSW - (111) Bragg reflection
£ ptt Adsorption
height h (A)
Co 2p 0.50+0.06 | 0.91+0.03 -

@ The XSW data obtained from the (111) Bragg reflection comprises the coherent fraction f!**, the
coherent position p''!, and the corresponding mean adsorption height on bulk-extrapolated Cu(111)
Bragg plane for the different atomic species of Co-P. Calculated vertical distances from DFT and the

resulting geometric factor a,,, are given for comparison. The XSW data obtained from the Co 2p core

level using the (111) Bragg reflection (see Figure S1) comprise the coherent fraction fﬁl, and the

coherent position p*1*.
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31 Figure 2 — Normal-incidence XSW absorption profiles of C 1s, N 1s and Co 2p;,, of Co-P on Cu(111) at

32 the (111) Bragg reflection. Solid lines are fits to the data. Black data points are the reflectivity curve.

38 STM data and analysis

a1 At low coverage, dispersed Co-P are observed on the Cu(111) surface (see large-scale
43 image in Figure 1a). Figure 3a displays the three orientations of Co-P/Cu(111)
45 corresponding to the three-fold symmetry of the substrate: the two molecular axes (black
dashed and solid lines in Figure 3b) are aligned along the (110) and (112) directions,
50 respectively, of the underlying substrate. Specifically, the black dashed axis that
52 corresponds to the weaker contrast of the molecule in the STM image, lies along one of
the three equivalent densely packed (110) directions of the substrate. Molecular rotation

57 could be induced by the scanning STM tip (see Figure S3), but only resulted in aligning
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the molecule along one of the other symmetrically equivalent directions. The bright
contrast along one of the axes and the twofold symmetry of the molecule are observed
for both positive and negative bias voltages (see Figure S4), and is largely independent

of the shape and nature of the tip (see Figure S5), as discussed in detail below.

max

min

e
T_[lﬁ] B

Figure 3 — STM images showing the adsorption geometry of Co-P/Cu(111). (@) The Co-P molecules
adopt three different orientations where one molecular axis (see black dashed line in Figure 3b) is aligned
with one of the three principal directions of the crystal (close-packed rows, white lines). The bright features
of the Co-P molecules are aligned with the long bridge direction of the Cu(111) substrate. (b) Close-up
view of two Co-P molecules together with CO molecules, which adsorb preferentially on atop sites. The
atomic lattice is superimposed according to the CO adsorption sites. This clearly reveals that the Co atom
in the center of the Co-P is located on bridge positions. The inset shows a top view of the relaxed
adsorption geometry by DFT. Co, C, N and H atoms are depicted by the yellow, gray, blue, and white
spheres, respectively. Scan parameters in (a): U, =-0.5V, I, = 680 pA; in (b) U, = 0.5V, I, = 800 pA.

To determine the adsorption site, CO molecules were deposited in-situ and used as
markers, as CO is known to adsorb on atop sites on Cu(111) at low coverage at this
particular temperature.®*’® The CO showed no discernible interaction with the Co-P

molecules, suggesting that the molecules do not affect the other’s adsorption site. We

ACS Paragon Plus Environment

Page 16 of 38



Page 17 of 38

oNOULL D WN =

The Journal of Physical Chemistry

exploit the enhanced sub-molecular resolution obtained with CO-functionalized STM
tips,”" together with the atomic substrate lattice defined by the CO molecules, to
determine the exact registry of the Co-P on the surface (Figure 3b). The image clearly
reveals that the center of the Co-P molecules, and thus the Co atoms are exclusively
located on bridge positions of the substrate, as predicted by the DFT calculations, and

determined by the XSW measurements.
DFT calculations

The DFT calculations yield an adsorption energy of -4.80 eV for Co-P adsorption in
bridge site (see inset Figure 3b). It should be noted that the adsorption energy obtained
from DFT without vdW corrections is only -0.25 €V (i.e. the vdW stabilization contribution
to the adsorption energy is large for Co-P/Cu(111): -4.55 eV). The Co-P macrocycle is
bent along the (112) direction while nearly flat along the (110) direction (see Figure 4),

reflecting an asymmetric saddle-shape-like conformation.

Q‘ 290 o
828 R an 2 /
8 N ot
g27t . *‘v /
£ o /
g, 2 M “w s C-C
g : o] | |
3 C bridge
= 2.5 PS \
k) v C-N \
=
824 N\ \ \
5 8 s
= Co
2.3}
0 05 1 15 2 25 3 35 4 45

Distance from Co atom (A)

Figure 4 — Structural conformation predicted by the DFT calculations. In the most stable adsorption
geometry of Co-P on Cu(111), the central cobalt atom (yellow) is located on a surface bridge site of the Cu

substrate. (a) Side-view of the molecular model showing an asymmetric saddle-shape-like conformation
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(the porphine macrocycle is bent upwards along the (112) direction). (b) The Co-P molecule has two
molecular axes, marked red and green in the inset. The carbon and nitrogen atoms along the main axis
(red shaded) show an increased vertical position compared to the atoms along the second axis (shaded in
green). (c) Color-coded plot indicating the adsorption height of each atom in the Co-P with respect to the

mean top layer of Cu(111).

Calculations starting with the Co-P placed such that Co is on other high-symmetry sites
(e.g. hcp hollow site) result in the molecule hopping back to the bridge site. Thus, we
conclude that the bridge site is the global energy minimum. The Co atom, which lies
above the bridge site, has a predicted adsorption height of 2.29 A, corresponding to a
Co-Cu bond length of 2.65 A. The favored bridge adsorption geometry gives rise to two
pairs of distinct nitrogen atoms (see inset of Figure 3b): The first pair are positioned
along the short bridge direction, which is one of the densely packed (110) directions of
the crystal. This pair of N atoms are located off-atop, with an adsorption height, above
the mean height of the outermost Cu layer, of 2.48 A and a bond length of its nearest-
neighbor (nn) Cu atom also of 2.48 A (due to a subtle outward relaxation of the nn Cu
atom). The N-Co bond length was predicted to be 1.95 A (compared to 1.97 A calculated
for Co-P in gas phase). The second pair of N atoms are aligned along the long bridge
direction (i.e. the (112) directions of the crystal) in a near atop site, with a slightly
decreased adsorption height (2.37 A) above the outermost Cu layer, and a N-Cu bond
length of 2.52 A. The N-Co bond length was found to be slightly longer at 2.01 A. A
favored bridge adsorption position has also been reported for Co-Pc on Cu(111).%72

Notably, an adsorption configuration with the Co-P molecule rotated by 90° was also

found to be stable (adsorption energy: -4.73 eV, see Figure S6), although energetically
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slightly less favorable by 0.07 eV. This adsorption structure (Figure S6) exhibits a
saddle-shape conformation with the two pyrrole rings along the (110) directions of the
crystal sitting significantly higher above the surface, in contrast to the global energy
minimum configuration shown above and the experimental STM data discussed next.
Note that this local minima more likely conforms to an asymmetric pyrrole stretch mode,

like that observed for (NO)Fe-TPP,” than an actual rotation of the molecule.

According to our Bader analysis, the Co-P molecule receives 0.66 e from the Cu(111)
substrate. Upon adsorption, the N atoms keep almost the same Bader valence charge (a
0.03 e increase), while Co gets 0.24 e", C atoms get 0.72 e’, and H atoms lose 0.33 e
with respect to isolated gas-phase Co-P. Upon Co-P adsorption, the work function of the

Cu(111) is predicted to decrease by 0.59 eV.
Comparison of experimental and DFT results

Simulated and measured STM images of an isolated Co-P molecule are shown in
Figures 5. The simulated images were obtained from a DFT-optimized Co-P on an
8x8x4 slab of Cu(111) (see “Experimental and Computational Methods” for details). For
tunneling into unoccupied states (U, = 0.5 V, Figure 5a-c), the experimental STM image,
recorded with a CO-functionalized tip, features two bright lobes on the macrocycle that
are mirrored across one axis of the molecule. The corresponding simulated STM images
correctly reproduces these lobes, however, as pointed out by Gross et al.,’* contribution
of a p-wave tip orbital (in our case the py) is required to mimic the CO-functionalized
STM tip, and to reproduce the fine sub-structure with all details. Both, the experimental
and the simulated images show no significant signal at the position of the Co atom. For

tunneling from occupied states (U, = -0.5 V, Figure new 5d-f), the STM image maps the
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central Co atom as a bright protrusion, the global appearance being well reproduced by
the simulated images. Similar findings have been reported for Co-Pc/Cu(111)** and

Cu-P/Cu(111).%°

STM DFT calculations
p-wave tip

CO tip s-wave tip

Figure 5 — Comparison between simulated and experimental STM images of Co-P on Cu(111). (a), (d)
Experimental STM images of an individual Co-P molecule imaged with a CO-terminated tip displaying the
unoccupied and the occupied states, respectively. The black arrows in (a) indicate the (112) direction of
the crystal. The corresponding simulated images from DFT using a s-wave tip (displayed in (b) and (e)),
as well as a p-wave tip (displayed in (c) and (f)) are in good agreement with the experimental STM
images. Specifically, the saddle-shape conformation is reproduced and the Co center becomes visible at
negative bias voltage. Notably, p,-wave tip orbitals are essential to mimic the 3-lobe fine structure
observed in the experiment. Scan parameters in (a): U, = 0.5V, I; = 800 pA; in (b) U, =-0.5V, |, = 680 pA.

Scale bar: 0.5 nm.

A side-view of the structural Co-P model is displayed in Figure 4a, indicating that the
twofold geometry results in an asymmetric saddle-shape-like conformation with the
pyrrole rings along the densely packed (112) directions sitting significantly higher above
the surface than those along the (110) directions, with the macrocycle being rather flat
along the latter direction (see Figure 4b). The significant difference in height between the
spectroscopically inseparable species (~0.5 A for the C-C species, see Figure 4c) aids
to rationalize the significant decrease in coherent fraction observed in the XSW

measurements. We want to point out, that the correlation between the strong contrast
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observed in STM images and the geometric structure predicted by DFT is in line with

previous reports on the structure of functionalized porphyrins.”®

The vertical heights of the atomic species obtained by DFT were used to calculate
geometric factors, a;;; (one of three parameters that are used to model the coherent
fraction — see Supporting Information and Refs. **’" for details), for the N, C-C and C-N
species in the Co-P molecule (see Table 2). The geometric factors qualitatively model
the experimentally measured trend in coherent fraction, however for all species the
geometric factor is predicted to be too large to solely explain the observed coherent
fractions (assuming an order factor of ~0.90, the coherent fraction observed for Co 2p).
Were these predicted geometric factors correct, and if the order factor is indeed ~0.90,
then, to explain the observed coherent fractions for the C-C species, a Debye-Waller
factor (D-WF) of 0.43 would be required. Such a D-WF would correspond to a very large
root mean square (rms) vibrational amplitude of 0.53 A, and thus a Debye temperature
of only ~100 K. It is unlikely that the C atoms would exhibit such an extreme vibrational
amplitude, especially considering that the vibrational amplitude of the central Co atom
must be significantly smaller. Another explanation for this quantitative disagreement may
lie in the nature of the DFT calculations, which model the adsorption at 0 K, whereas the
experiments were performed close to 300 K. Thus finite temperature effects’® such as
an adsorption potential of the pyrrole ring adsorbed along the (112) directions that is
strongly repulsive for small decreases in adsorption height, but weakly attractive for
large increases, could well result in a significant change in the difference between in the

mean adsorption of the two pairs of pyrrole rings.
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Discussion

At low coverage, the adsorption of Co-P is driven by a repulsive intermolecular
interaction, together with a strong molecule-substrate interaction. This is evidenced by
the tendency of molecules to remain far apart from each other (Figure 1a) and is fully in
line with previous studies that have shown sub-monolayer coverages of porphine
molecules resulting in isolated molecules on the Ag(111) and the Cu(111) surface.***°
Importantly, the determined adsorption geometry is therefore dominated by molecule-
substrate interactions. Upon adsorption on the Cu(111) surface, the symmetry of the Co-
P molecule is reduced from a fourfold Dg-symmetry in gas phase to a two-fold
symmetry on the surface. As demonstrated, a moderate asymmetric saddle-shape
conformation contributes to this symmetry reduction. While geometric origins for the
symmetry reduction on coinage metal surfaces could never be detected experimentally
for porphines so far,*>*° deformations have been reported for larger tetrapyrrole
derivatives. In the case of Co-Pc® and Fe-Pc’ on Cu(111) the deformation results in
one of the molecular axes getting closer to the surface, whereas in the case of 2H-TPP
on Cu(111)® or Co-TPP on Cu(110)®*° a more severe non-planar deformation is

observed, revealing the conformational flexibility of these compounds.

The only single-site interpretation of the XSW triangulation compatible with the
experimental results involves adsorption in a bridge site, which would have an expected

pil =0.86 (see Supporting Information for details) and fill = 0.33 - £111 * compared
theo theo D

to the experimental pill=0.91+0.03 and fil!'=0.50+0.06. As discussed above,

though the measured coherent fraction is higher than would be expected, this effect is

attributed to the detector non-linearity.®® However, if a two-site model is considered, then
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this coherent fraction and position would correspond to co-adsorption in hcp and fcc
hollow sites. Such co-adsorption is clearly refuted by the STM measurements, which
only observe three distinct orientations of the Co-P molecules. A mixture of hcp and fcc
sites would necessitate the presence of six possible orientations, as the hcp site is a
false mirror image of the fcc site. Furthermore, the analysis of the STM images, based
on the well-known CO adsorption site on Cu(111) as well as the DFT prediction of the
bridge site corroborate the single-site interpretation. The same adsorption site has been
proposed for 2H-P as well as for other metal derivatives®® on Cu(111) indicating that the

Co-Cu interaction does not dictate the bridge adsorption site.

The binding energy of the Co 2p3, core-level peak was found to be 778.2 eV, which is
more compatible with a Co(0) oxidation state (778.1 eV for Co metal®!), than with the
expected nominal oxidation state of +2 (780.0 eV for Co-TPP multilayer on silver ®%).
This results from the pronounced different electronic environment between these
systems (metal, molecular multilayer and molecular monolayer on a metal) and can be
mostly explained by the differing abilities of each system to screen the core hole left by
the photoemission process and are thus a final state effect, as observed on numerous
porphine-based species on various substrates.>>*%®*82 Thus, such final states effect on
the binding energy can dominate the contribution from charge transfer. This is a strong
reminder of the dangers to assigning oxidation state by simple inspection of binding
energy. The significant overlap between the orbitals of the Co atom and the substrate,
implied by the charge transfer, suggests that the primary local interaction between the
substrate and the molecule is through the Co atom, thus its adsorption height markedly

below the macrocycle. It is therefore likely that the Co-P would exhibit a significant
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surface trans-effect.?>® Note also that the determined adsorption heights are reduced

compared to the value of 2.40 A reported for 2H-P/Cu(111) in DFT calculations.?

Furthermore, we were not able to resolve any signature of a Kondo resonance on the
Co-P molecule by scanning tunneling spectroscopy (STS) experiments conducted with a
metallic tip. Observation of a Kondo signal is possible when the unpaired electron of the
magnetic adsorbate is neither too weakly nor too strongly coupled to the substrate
electron bath.?® It has been shown that switching of the Kondo effect in Co-tetra-pyridyl
porphyrin (Co-TPyP) on Cu(111) can be controlled via intermolecular interactions.? In
our case, the isolated gas-phase Co-P has a magnetic moment of 1.0 yg and a spin
density clearly localized on the half-filled 3d,- orbital of the Co atom. However, upon
adsorption, the 3d,: orbital of the Co atom interacts strongly with the Cu(111) substrate
leading to a complete quenching of the magnetic moment of the Co-P. This assertion is

%485 and experimental studies® on Co-Pc/Cu(111)

in line with previous DFT calculations
that also report a modification of the magnetic properties of the molecule upon

adsorption.

Although the quenching of magnetic properties, the sizable charge transfer (0.66 e°), and
the large total adsorption energy (-4.80 eV) might suggest the Co-P molecules being
strongly chemisorbed on the Cu(111) substrate, this interpretation has to be regarded
with caution: in fact, vdW corrections result in a dramatic difference in the total

adsorption energy (-4.55 eV compared to -0.25 eV without vdW correction).

Conclusions
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In this work, we have determined the local adsorption geometry and the lateral registry
of Co-P on Cu(111) with atomic precision. Most notably, the cobalt in the central pocket
of the macrocycle is the closest atom to the surface, exclusively occupying a bridge site
of the copper surface. The symmetry of this adsorption site is reflected in three
equivalent molecular orientations observed by STM. The adsorption mode of Co-P
molecules is mainly governed by vdW interactions, though some indications of chemical
adsorption (short Co-Cu distance, large Bader charge transfer) are present. The Co
center exhibits a significant interaction with the Cu(111) substrate, with a Co-Cu bond
distance of 2.65A. The twofold symmetric appearance of the Co-P molecules is
rationalized by an asymmetric deformation along the long bridge direction. This

distortion, which was previously not recognized for porphines on coinage metals,3>4%838

|_33 62,76,87-89 The

is less pronounced than in pyridyl-"* and phenyl-functionalized porphyrins.

knowledge of the geometric structure and the adsorption height of Co-P/Cu(111) is of
fundamental relevance in order to understand the functionality of Co-P and related

metal-organic complexes on surfaces.
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