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Abstract

®

CrossMark

We investigated the thermally induced covalent coupling of cobalt porphyrin (CoP) molecules
on an Au(111) surface using scanning tunnelling microscopy and first-principle calculations.
While CoP molecules deposited at room temperature remain isolated due to electrostatic
repulsion, annealing the substrate leads to their aggregation into chain-like structures with

covalent bonding. Three distinct bonding motifs are identified, with calculations revealing weak
magnetic coupling between the S = 1/2 Co ions. This work evidences a straightforward method
for synthesising multinuclear complexes with magnetically coupled spins on surfaces, offering

potential applications in molecular spintronics.
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1. Introduction

Molecular self-assembly on surfaces typically relies on van
der Waals interactions between molecules [1, 2]. However, the
formation of covalent bonds between neighboring molecules
leads to increased intermolecular electronic coupling, which
is in turn useful for transport across molecules and for inter-
molecular coupling of magnetic moments. Such properties are
particularly relevant for the fields of molecular electronics and
molecular spintronics [3, 4]. Surface-assisted molecular reac-
tions have been extensively used to create networks of cova-
lently bonded molecules [5-8]. These reactions are based on
the combination of appropriate molecular precursors [9], sur-
face properties [10], and external stimuli such as temperature
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[11-13] or voltage pulses [ 14, 15], which together facilitate the
formation of covalent bonds between molecules on the sup-
porting surface. Some control over the reaction, for instance
steering the selectivity via adsorption of CO molecules, has
also been reported [16]. Metalloporphyrins represent a prom-
inent class of molecules [17] where thermally driven reactions
on surfaces have been successfully utilized to achieve covalent
coupling [18-20]. This process is often facilitated by substitut-
ing the porphyrins with specific peripheral functional groups
that react to form covalent C—C bonds when the surface is
annealed to an appropriate temperature. However, the substitu-
tion process can be complex and frequently requires multiple
synthesis steps, either for the precursor molecules or for the
covalent network formation on the surface. Conversely, por-
phyrin molecules on surfaces were shown to undergo cova-
lent linking, at the so-called S and meso substitution sites
(figure 1(A)), upon annealing without requiring peripheral
substitution [21-24]. This simplifies the process and high-
lights the intrinsic reactivity of porphyrin as a promising
alternative for on-surface covalent coupling strategies. This
strategy has so far only been reported for metal-free and Zn
porphyrin complexes.

© 2025 The Author(s). Published by IOP Publishing Ltd
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Separately, there has been different strategies to couple
the magnetic centers of molecules, ranging from the syn-
thesis of three- [25, 26] and two-dimensional multinuclear
complexes [27-29], the engineering of the molecular stack-
ing of planar complexes [30-32], the surface-assisted cova-
lent coupling relying on the Ullmann coupling [33, 34], and
on the co-deposition of ligands and metal centers [35]. In
particular, coupled spins in on-surface-synthesized graphene
nanoribbons [36-38] and organic oligomers [39] have attrac-
ted significant interest in recent years. The homocoupling of
magnetic porphyrin complexes represents an attractive altern-
ative approach to couple molecular spins.

Following the observation of surface-assisted homocoup-
ling of porphyrin molecules, i.e. the covalent coupling
between identical molecules, we investigate the homocoup-
ling of cobalt porphyrin (CoP) complexes adsorbed on a
Au(111) surface using low-temperature scanning tunneling
microscopy (STM) and density functional theory (DFT) cal-
culations. Upon deposition of CoP on the sample held at
room temperature, the adsorbed molecules remain isolated,
in the form of monomers. Annealing of the sample leads to
the formation of dendrite-like chains of CoP complexes, com-
posed of covalently bonded molecules with bonds at differ-
ent peripheral substitution sites of the porphyrin. The struc-
tures of dimers (different configurations) from gas-phase and
on-surface DFT calculations laterally matches the size of
the resolved topographic structures. The exchange coupling
between Co ions in neighbouring, covalently bonded com-
plexes was calculated to be approximately 1 meV, which is
below the detection limit of our instrumentation. Nevertheless,
this homocoupling strategy for achieving magnetic coupling
between molecular spins holds significant promise for molecu-
lar spintronics [3, 4], as larger magnetic interactions are anti-
cipated with other metal centres.

2. Methods

2.1. STM

The Au(111) surface was prepared via repeated cycles of Ar-
ion sputtering and annealing at 500° C. STM tips were fabric-
ated by electrochemical etching of tungsten wire in a NaOH
solution and subsequently conditioned by sputtering with
Neon (partial pressure of 5 x 10~7 mbar). The tips were fur-
ther shaped in situ by gently indenting them into the Au(111)
substrate, thereby coating them with gold. CoP molecules, pur-
chased from Frontier Scientific and specified with a purity
better than 94%, were sublimated under ultrahigh vacuum at
210 °C using an Knudsen cell. The sample was held at room
temperature during deposition. STM measurements were con-
ducted with a custom-built, variable-temperature scanning
tunneling microscope, operated in ultrahigh vacuum at 10 K.
All STM images were acquired in the constant-current mode.
Differential-conductance was obtained by adding a modula-
tion to the sample voltage (20 mV at 800 Hz) and extracting the
corresponding induced current using a lock-in amplifier. This
modulation voltage, while introducing additional broadening

of the spectral features, enables faster data acquisition and thus
helps minimize creep-related issues.

2.2. First-principle calculations

2.2.1. Gas-phase. The geometry of each molecule was
optimized on the frame of the DFT approach, with Perdew—
Burke-Ernzerhof (PBE) functional, the D3 Grimme disper-
sion correction [40], and def2tzvp basis set for all atoms. Once
optimized, the frequencies of the normal vibration modes
were calculated. All the calculations were performed with the
ORCA 5.0.3 package [41].

2.2.2. Gibbs free energy.  The enthalpy and entropy vari-
ation associated to the formation reaction of motifs A, B, and
C (figure 5) 2 CoP — motif X + nH,, withn =3 for X = A, and
n="2 for X = B, C can be separated in different contributions
as follows:

AH(T) = AEgec + AZPE + AHyp, (T)
+ AHrO[ (T) + AI_Itrans (T) (1)

AS (T) = ASelec + ASvib (T) + ASrot (T) + ASlrans (T) (2)

where AE.e. (ASeec) corresponds to the difference of the
computed electronic structure energy (entropy), AZPE is the
difference between their zero-point vibrational energy, and
AI-Ivib (ASVib)’ AI'Irot (ASrot) and AI'Itrzms (AStrans) are the
vibrational, rotational and translational thermal contributions
to the transition enthalpy (entropy). The electronic contri-
bution to the enthalpy is zero, since there are no thermally
accessible electronic excited states. All the contributions were
calculated using standard statistical mechanics equations for
an ideal gas. All vibrations are considered strictly harmonic.
Except for H,, the rotational and translational contributions to
the thermodynamic functions of CoP and motifs A, B, and C
represent a small fraction, and almost compensate between the
products and reactants of the reaction. In contrast, the transla-
tional entropy of H; is found to be significant and is actually
the dominant entropic contribution in the reaction.

2.2.3. Exchange coupling constant J.  We have evaluated
the exchange coupling constant J for the fused CoP molecules
for motifs A, B, and C (figure 5) using both broken-symmetry
(BS) formalism and CASSCF/NEVPT?2 calculations. The J
constant parametrizes the interaction between the two spin S =
1/2 of the Co(Il) centers, through the Heisenberg—Dirac—van
Vleck Hamiltonian, with H = —J§1 §2. We use the Yamaguchi
BS formalism [42], where the J constant can be evaluated from
the energy difference between the high-spin (HS) solution (a
triplet in this case) and the BS solution, with M = 0:
Eys — Eps
I=2 ($?)us — (S%)Bs ©)
In the case of CASSCF/NEVPT2, an active space con-
taining 14 electrons distributed in ten 3d Co orbitals has
been employed and J is obtained from the energy difference
between the singlet and triplet states: J = Eg — E7.



J. Phys.: Condens. Matter 37 (2025) 235001

M Bouatou et al

2.2.4. CoP on Au(111). The geometry, electronic struc-
ture, and relative energy of the CoP monomers and dimers
on Au(111) surface were determined from periodic DFT
based calculations in the framework of the Vienna ab — initio
simulation package [43—46]. The PBE functional [47] was
used. An effective Hubbard term U, of 1.9 eV is employed
to describe the localized 3d orbitals of Co centers using
Dudarev’s approach (U=2.1eV, J=0.2¢eV) [48]. This U
value was shown to correctly describe the electronic § = 1/2
ground state of CoP and reproduce the energy separation
between the ground doublet and excited quartet state obtained
by Rovira et al [49] combining periodic DFT calculations
with Becke—Perdew functional and Car—Parrinello molecular
dynamics method for the optimization of the atomic structures.
The van der Waals dispersion effects were included by the D2
method of Grimme et al [40]. The projector-augmented wave
[50, 51] potentials were employed for all the atoms. To model
the gold surface, first the parameters of the Au bulk were
optimized (a = b =c =2.896 10\). These calculated values are
used to build the Au(111) surface and maintained fixed during
the atomic position relaxation. The Au(111) surface is mod-
elled by a three-layer slab with 270 atoms (25.08 A x26.06 A).
A vacuum of 16.7A is added in the z direction to avoid
the interaction between the slabs. The atoms of the lowest
layer are kept fixed at bulk optimized positions, while the
atoms of the two upper layers are relaxed, as well as the
deposited CoP molecules. All the calculations refer to the I'-
point of Brillouin’s zone, with an energy cut-off of 500 eV
for the plane-wave basis set representing the valence elec-
trons. Electronic relaxation was performed until the change
in the total energy between two consecutive steps is smaller
than 107%eV and the ionic relaxation was performed until
the Hellmann—Feynman forces were lower than 0.02eV A~!.
To evaluate the charge transfer between gold surface and the
deposited CoP molecule, a Bader charge analysis was per-
formed, based on the electronic density provided by periodic
calculations. The code developed by Henkelman and cowork-
ers was employed [52].

3. Results and discussion

The Co** ion within CoP has a d’ configuration with a square-
planar ligand field. The complex is expected to exhibit a S =
1/2 ground state in the gas phase according to first-principle
calculations [49], although recent studies evidenced diffi-
culties in obtaining the correct ground state [53, 54]. It should
be noted that, while Co tetraphenyl-porphyrin and substituted
version thereof [55] were largely investigated on surfaces [S6—
59], CoP has attracted less attention. Schwarz et al [60] repor-
ted a detailed structural investigation, combining STM, x-
ray photoelectron spetroscopy, x-ray standing wave measure-
ments, and DFT calculations of CoP on Cu(111). The authors
found that the axis formed by the two diagonally oriented
pyrrole groups, with the cobalt atom positioned in between,
aligns with a densely packed direction of the surface. In con-
trast, the remaining two pyrrole groups are tilted away from the
surface. This structural asymmetry, induced by the adsorption

of the complex on the Cu(111) surface, results in the molecules
exhibiting a moderately saddle-shaped appearance in the STM
images [60].

Figure 1(B) shows an overview STM image of CoP on
Au(111) after sublimation on a sample held at room temperat-
ure (no post annealing). A close view of a few CoP molecules
is shown in figure 1(C) along with a height profile across a
molecule in figure 1(D). CoP on Au(111) exhibits a square
shape with a lateral extent of approximately 1.5 nm and an
apparent height of ~ 100 pm at a sample voltage of —2 V. In
particular, in contrast to CoP on Cu(111) [60], the complex
does not appear to adopt a detectable saddle-shape conforma-
tion. We also note that we do not resolve any modulation of the
apparent height that would be caused by the underlying her-
ringbone reconstruction of the Au(111) surface. Furthermore,
we do not observe any notable differences in the molecular
appearance or behaviour depending on whether the molecules
are adsorbed on fcc or hcp regions. This suggests that the spe-
cific adsorption site has only a limited influence on the molecu-
lar properties, in line with our on-surface DFT calculations
(discussed below).

The overview image (figure 1(B)) further shows that the
molecules occupy the whole surface and do not aggregate into
dense, close-packed islands, as observed for other metallo-
porphyrin complexes [61, 62]. Instead, the molecules appear
to maximize their distance to their neighbors, with very few
occurrence of ‘contacted’ neighboring molecules. To further
analyze the molecular arrangement, we measured the distances
between each molecule and its four-nearest neighbors. The
resulting histogram is shown in figure 1(E). The average inter-
molecular distance is 1.78 nm, with a standard deviation of
o =0.34 nm. This average distance is significantly larger than
the calculated Co—Co distance for homocoupled molecules
([0.83,0.91] nm, see discussion below). The observation of a
preferred intermolecular distance, rather than an equiprobable
intermolecular-distance distribution, indicates an interaction
between molecules. As the intermolecular distance is signific-
antly larger than that of closed-packed molecules, the interac-
tion is repulsive [63—65]. The dispersion of CoP molecules on
the surface of Au(111) is consistent with previous findings of
H,P molecules on Au(111) [21,23] and Ag(111) [60, 66]. The
peculiar adsorption of the molecules was attributed to electro-
static repulsion caused by a partial charging of the molecules
on the surface [66].

This electrostatic repulsion between the molecules is fur-
ther supported by gas-phase DFT calculations. Figures 2 show
three dimer configurations with relaxed atomic coordinates,
indicating that these arrangements are stable and correspond to
energy minima. Notably, these dimeric structures (Dimers 1 to
3in figure 2) are energetically favoured by 41, 59, and 62 meV
over separated monomers. The respective Co—Co distances for
these dimers are 1.256, 1.119, and 1.171 nm, i.e. Co—Co dis-
tances shorter than those observed for CoP molecules depos-
ited on Au(111). These gas-phase calculations, which inher-
ently assume the molecules are charge neutral, suggest that
close packing is preferred, with side-by-side configurations
(figure 2) being particularly favourable. This result is an indic-
ation that CoP molecules become charged upon adsorption.



J. Phys.: Condens. Matter 37 (2025) 235001

M Bouatou et al

D
100
— 80
£ w0
E‘D 40
2 20
0

0.0 0.5 1.0 1.5 2.0 2.5

Lateral Position (nm)

300
250
200
150
100

Counts

0

1 2 3 -4
Intermolecular distance (nm)

Figure 1. (A) Schematic representation of the Co porphyrin molecule indicating the two primary peripheric bonding sites: 5 and meso. The
color code for atoms is as follows: reddish for cobalt (Co), dark gray for carbon, blue for nitrogen, and white for hydrogen. (B) STM image
(=2V, 100 pA) of CoP molecules on a Au(111) surface. Note that the image spans over two Au(111) terraces (orangish and blueish
surfaces). Defining 1 ML as the maximum H,P coverage on Au(111)—corresponding to a molecular density of 0.84 molecule/nm?
[23]—the sample has a coverage of approximately 0.3 ML. (C) Zoomed STM image (—2V, 100 pA) of CoP molecules. A model of a CoP
molecule is overlaid on a few of them. (D) Apparent-height profile across a single CoP molecule. (E) Histogram of the intermolecular

distance extracted from (B).

To unambiguously confirm that the separation between
monomers is driven by electrostatic interactions, we per-
formed DFT calculations of the molecules adsorbed on the
surface. Our calculations reveal five distinct adsorption con-
figurations, corresponding to four possible adsorption sites of
the central Co ion relative to the Au(111) surface—fcc, hep,
bridge, and top—and two possible azimuthal orientations for
the molecule with a bridge adsorption site (figure 3). The
energy differences between these configurations are relatively
small, all within a range of 80 meV. In all cases, the Co cen-
ter exhibits a local spin of § = 1/2, while the total magnetiza-
tion of the molecule is approximately 0.8 pg. This indicates a
slight quenching of the Co spin, likely due to interactions with
the bridging nitrogen atoms of the porphyrin ligand. A Bader
charge analysis indicates that the molecule becomes positively
charged upon adsorption, with a net charge of approximately
+0.35e. Using simple point-charge electrostatic considera-
tions, two charges of ¢ =0.35 elementary charges separated
by adistance of 1.2 nm—corresponding to the equilibrium dis-
tance of the non-fused dimers (figure 2)—result in an increase
in potential energy of approximately 150 meV. This potential
energy is roughly two to three times the interaction energy in
the gas phase (figure 2), further supporting the conclusion that
the dispersion of monomers on the surface is predominantly
driven by electrostatic interactions.

Annealing of metal-free porphyrin molecules on Au(111)
and Ag(111) was shown to trigger the covalent bonding
between the molecules on the surfaces along with desorp-
tion of monomers [21, 23]. Annealing of CoP on Au(111) to

~ 350° C results in the desorption of approximately 30% of
the CoP molecules from the surface. The remaining molecules
form extended dendrite-like aggregates, several tens of nano-
metre wide, as shown in the STM image in figures 4(A) and
(B). This linear assembly and disordered behavior are sim-
ilar to previous large oligomers formation observed with the
metal-free porphyrin on Au(111) [23]. As such the homocoup-
ling of CoP on Au(111) is supposedly semblable to that of
metal-free base porphyrin on Au(111).

The formation of large molecular aggregates also influ-
ences the appearance of individual molecules. Before anneal-
ing, the molecules exhibit a squarish shape with a relat-
ively uniform apparent height. After annealing, their appear-
ance changes significantly: the centre of the molecule—
corresponding to the position of the Co ion—appears much
brighter, as shown in the zoomed STM image in figure 4(D).
This change in appearance may have two potential ori-
gins: (i) Bonding to neighbouring complexes may alter the
molecule’s conformation, for example, from a minor saddle
shape to a more planar configuration. (ii) A modification of
the electronic structure. To directly probe (ii), we measured
the differential-conductance spectrum atop a molecule within
an aggregate. The spectrum is essentially featureless within the
energy range [—2.5,2.5]eV (figure 4(C)). If electronic states
exist within this range, they are very broad, which suggests
strong electronic coupling of the molecule to the substrate.
Indirect evidence regarding (ii) comes from comparing the
data before and after annealing. Before annealing, the isol-
ated character of the molecules is associated with charging
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Figure 2. Calculated structures of three configurations of dimers in
the gas phase.

(resulting from charge transfer between the molecule and
the substrate), causing intermolecular electrostatic repulsion.
After annealing, the formation of aggregates evidences that
this repulsion has been overcome, likely due to a reduction
in the molecule—substrate charge transfer. These observations
suggest different charge states for the molecules in their isol-
ated and aggregated forms, which translates into their distinct
appearances in the STM topographs. This point will be con-
firmed below with DFT calculations of molecular dimers on
Au(111).

It is worth noting that the molecular dendrites extend both
across and along the underlying herringbone reconstruction of
the Au(111) surface (figure 4(A)). In particular, there is no
apparent correlation between the orientation of the dendrites
and the reconstruction lines—confirmed by a statistical ana-
lysis shown in appendix A—, indicating that the reconstruc-
tion has a negligible influence on the CoP complexes.

We conducted a statistical analysis of the STM images
after annealing to further characterise the molecular aggreg-
ates. To simplify the analysis, we considered intermolecu-
lar distances below 1.38 nm—-corresponding to the onset of
the intermolecular-distance distribution prior to annealing—as
indicative of homocoupling. For 499 molecules, we determ-
ined the number of nearest neighbours with intermolecular
distances below the 1.38 nm threshold and presented the res-
ults as a histogram in figure 4(E). The largest fraction of
molecules (37%) has two neighbours, confirming a preference
for chain-like growth. Approximately 29% of the molecules
have three neighbours, resulting in bifurcations within the

chains and contributing to the overall impression of unorgan-
ised aggregates.

The distribution of intermolecular distances among coupled
molecules—those with distances below 1.38 nm—is shown
in figure 4(F). The average molecular distance is 1 nm,
with a standard deviation of ~0.2nm. This relatively large
variation suggests the presence of multiple types of bond-
ing between molecules, each characterised by different inter-
molecular distances.

Figure 5 presents the structures, inferred from gas-phase
DFT calculations, of three motifs observed in the experiment.
In Motif A (figure 5(A)), two CoP complexes are positioned
side by side, forming three covalent bonds: two involving
B0 sites and one involving two meso sites. This configur-
ation results in the formation of two six-membered carbon
rings. The gas-phase structure of this dimer is flat, which
likely facilitates adsorption on a surface by enhancing van der
Waals interactions between the molecules and the substrate
[23, 67]. A modification of Motif A, where one molecule
is displaced perpendicular to the initial Co—Co axis, pro-
duces Motif B (figure 5(B)). In this motif, the lateral over-
lap between the molecules is reduced, resulting in only two
covalent bonds compared to the three present in Motif A. The
connection between the two monomers forms a single six-
membered carbon ring. A side view of the dimer (bottom panel
in figure 5(B) reveals a ruffled conformation, with a modula-
tion in height across the dimer. In Motif C (figure 5(C)), one
molecule is azimuthally rotated by 45° relative to its neigh-
bor. This arrangement forms two additional covalent bonds
between the monomers, resulting in a five-membered carbon
ring. Similar to Motif B, the dimer exhibits significant distor-
tion in the gas phase, which as shown below is largely alle-
viated upon adsorption on Au(111). It should be noted that
Seufert et al [23] identified all these three motif, as well as a
fourth motif, of a metal-free porphyrin dimer on Au(111). The
latter motif is characterized by a single covalent bond between
the monomers at the (3 sites. While we did not unambiguously
observe such a bonding in our experiments, it is important to
emphasize that the insufficient resolution of our images pre-
vented us from identifying all connections between the CoP
complexes.

The bonding between the molecules was inferred from
high-resolution STM images. Relaxed dimer structures of
motifs A, B, and C, upon adsorption on the surface, were
scaled and overlaid onto the STM image shown in figure 6, and
these motifs were encircled in red, green, and white, respect-
ively. This analysis of the bonding nature between neighbour-
ing molecules was conducted for ~80% of the molecules,
where the STM image provided sufficient clarity for unam-
biguous identification. The experimentally inferred average
Co—Co distances are 8.9, 9.4, and 9.5 A for motifs A, B, and
C, respectively. These values are in relatively good agree-
ment with the calculated distances of 8.3, 8.6, and 9.1 A.
The experimentally observed trend of increasing Co—Co dis-
tances from motif A to motif C is consistent with the calculated
trend, with deviations remaining below 10%. Table 1 summar-
ises the experimentally extracted data on the bonding between
molecules, along with the calculated quantities for the three
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Figure 3. Calculated structures of a CoP monomer on Au(111). The adsorption sites of the Co ion are (A) fcc, (B) bridge, (C) bridge,
(D) hcp, and (E) top. Note that two stable azimuthal configurations are found for the bridge adsorption site. The relative energies of these
configurations are (A) 0, (B) 50, (C) 9, (D) 15, and (E) 81 meV, respectively.
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Figure 4. (A) STM image (—1V, 200 pA) of CoP complexes, after annealing of the sample, exhibiting disordered chains of CoP molecules.
(B) Zoomed STM image (10 x 10 nm?, —1V, 200 pA) showing a closer view of CoP molecules. (C) Differential-conductance spectrum of a
CoP molecule within a chain, essentially featureless. (D) Zoomed STM topograph of CoP molecules on Au(111), with overlaid CoP model,
exhibiting a protrusion in their center. (E) Distribution of the number of neighboring CoP molecules within a distance of 1.38 nm, for each
molecule in the chain, extracted from 499 molecules in the image in (A). (F) Histogram of the intermolecular distances, extracted from the
STM image in (A), of molecules separated by less than 1.38 nm. The average distance is 1 nm with a standard deviation of 0.2 nm.

motifs. The occurrence of dimeric bonding motifs A, B, and
Cis 33%, 15%, and 52%, respectively. The higher occurrence
of motif C aligns with earlier studies on porphyrin molecules
adsorbed on Au(111) [23].

To estimate the likelihood of different dimeric bonding con-
figurations forming during the annealing process, we calcu-
lated the Gibbs free energy in the gas phase for the formation
reactions of the various motifs using:

AG = Gy, + Nu, - Gu, — Np - Gp, (€]
where Np is the number of fusing CoP molecules (2 for
dimers), Ny, the number of H, molecules released during the
reaction. Gy, Gu,, and Gp describe the Gibbs free energy of
the Motif x, hydrogen, and CoP molecules, respectively. The
Gibbs free energy values for the formation reactions of motifs
A, B, and C at temperatures of 298.15 K and 623.15 K for
atmospheric (103 Pa) pressure and ultrahigh vacuum (108 Pa)

are summarised in table 1 (see Methods for computational
details). At T=623K and P =108 Pa, we find Gibbs free
energies of —4.19, —1.37, and —0.48 eV for the reaction form-
ation of dimers A, B, and C, respectively.

The pressure, and more specifically the ultrahigh vacuum,
appears to play a crucial role in the homocoupling reac-
tion. While only the formation of motif A is thermodynam-
ically favourable at atmospheric pressure—reflected by a neg-
ative Gibbs free energy—the dimerization leading to all con-
sidered motifs becomes feasible under ultrahigh vacuum con-
ditions. As noted in references [23, 68], the evaporation of
H; in the ultrahigh vacuum introduces an additional entropic
contribution, reducing the free energy by approximately
2.5eV.

Nonetheless, Motif C is predominantly observed, even
though Motif A is the most thermodynamically stable config-
uration in the gas phase. This discrepancy may be attributed
to the adsorption of the dimer onto the surface, which leads



J. Phys.: Condens. Matter 37 (2025) 235001

M Bouatou et al

A

€
€
@
@
€
e
@
@
@
€

Figure 5. Calculated gas-phase structures of three CoP dimers
identified in the STM images. (A) Side-by-side arrangement of the
molecules with three covalents bonds (two at the 3 sites and one
meso site) viewed (top) from the top and (bottom) from the side.
The connection between the complexes form two six-membered
rings. The dimer is flat. (B) Another side-by-side configuration of
the complexes. However, because of a relative shift between the
molecules, only two covalent bonds are formed (two S-meso bonds).
The bonding form a six-membered ring and the corresponding
dimer has a ruffled shape (in the gas phase). (C) Arrangement where
the molecules have different relative azimuthal orientations. The
two covalent bonds between the monomers (3-3, 8-meso) form a
five-membered ring. The dimer is not flat but exhibits a distortion.

to its planarization and could alter the relative stabilities of the
motifs. To explore this aspect, we performed DFT calculations
for the three dimer motifs adsorbed on Au(111). The resulting
structures are shown in figure 7, and the corresponding prop-
erties are listed in table 2. Upon dimerization, the Co ions of
the two monomers largely retain their local spins of § = 1/2.
In Motif A, the Co ions adopt bridge and fcc adsorption sites,
whereas in Motifs B and C, only bridge sites are observed.

Figure 6. STM image (—1V, 200 pA) of CoP on Au(111) after
homocoupling reaction. Scaled structure of the dimers, as inferred
from the on-surface DFT calculations, are overlaid on the image.
The color code encircling the dimers describes the motif following
the legend shown in the upper-right of the image.

The calculated Co—Co distances for the adsorbed dimers
are 8.36, 8.80, and 9.14 A for Motifs A, B, and C, respectively.
These values differ by less than 3% from those calculated in
the gas phase, indicating minimal structural extension or con-
traction upon adsorption. As anticipated, the dimers lie relat-
ively flat on the surface. The largest molecular corrugation—
defined as the height difference between the lowest and highest
atoms within the molecule—is found for Motif B, with a value
of only 0.65 A.

The dimers retain a net positive charge of approximately
0.4-0.5 elementary charges per dimer. For comparison, the
monomer exhibits a charge of about 0.35 e, implying a 55%—
65% reduction in metal-to-molecule charge transfer upon
dimerization. The spatial distribution of the charge is dis-
cussed in appendix B. By extension, one may speculate that
the charge transfer continues to decrease as the number of
molecules within the aggregate increases.

From an energetic standpoint, the on-surface DFT calcula-
tions largely confirm the gas-phase results: Motif A remains
the most stable configuration, followed by Motif B and Motif
C, which are 0.11 eV and 0.93 eV higher in energy, respect-
ively. This supports the notion that the observed dimer forma-
tion is governed by kinetic limitations, as convincingly argued
in reference [23]. The fusing of two CoP molecules involves
the formation of two or three C—C covalent bonds, depend-
ing on the motif. These bonds most likely form sequentially,
with the initial 5—(3 bond being the most favourable, as dis-
cussed in reference [23]. Motif B—which involves two (5—
meso bonds—would then be the kinetically least favourable
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Table 1. Motifs of gas-phase CoP dimers. Occurence, proportion, experimental and calculated distance between the Co centers, Gibbs free
energy calculated at 298.15 and 623.15 K, and calculated height corrugation of the different dimers. The uncertainty in the experimental
Co—Co distance is given by the standard deviation. The height corrugation dcor. is defined as the largest height difference between atoms of

the same dimer.

Experiments Calculations
AG (eV) AG (eV) AG (eV) AG (eV)
T=298K T=298K T=623K T=623K
Motif ~ Occ.  Prop. (%)  dcoco(A)  dcoco(A) P=10°Pa  P=10%Pa P=10Pa P=10"%Pa  deon (A)
A 16 33 8.9+0.2 8.3 —0.56 —2.08 —~1.01 —4.19 0.23
B 7 15 9.4+0.2 8.6 0.14 —0.63 0.11 —1.37 1.97
C 25 52 9.5+0.2 9.1 1.08 0.30 1.01 —0.48 2.84
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Figure 7. Top-view (upper panels) and side-view (lower panels) representations of CoP dimers adsorbed on Au(111), as obtained from our
DFT calculations. The three configurations—A, B, and C—correspond to the motifs shown in figure 5. Detailed calculated properties of

these dimers are provided in table 2.

Table 2. Calculated properties of the dimers adsorbed on Au(111).
AF indicates the difference in the formation energy of each motif
from gas-phase CoP monomer and the surface: 2 CoP(g) + surface
— fused-CoP + nH,, with n =3 for motif A, and n =2 for motifs B
and C. Note that a hydrogen molecule was added to Motif A to
ensure a comparable number of atoms across the different motifs.
The definitions of dco_co and deorr. are consistent with those used in
table 1.

Motif AE (eV) Bader charge (¢)  dcoco (A)  deom. (A)
A+H, 0.00 +0.42 8.36 0.38
B 0.11 +0.47 8.80 0.65
c 0.93 +0.48 9.14 0.50

structure, consistent with experimental observations. Another
important factor in the kinetic description is the relative pre-
alignment of the molecules.

We now consider the magnetic interaction between the
S=1/2 spins of the Co ions in fused CoP molecules
(Motif A), described by the Heisenberg-Dirac-van Vleck
Hamiltonian:

H=—JS,S,, )

where S is the spin operator for ion i, and J is the exchange
constant that characterises the interaction (see Methods for
calculation details). The resulting exchange constants determ-
ined from BS gas-phase DFT calculations were weakly anti-
ferromagnetic, with J values of —2.1, —0.8 and —0.2 meV for
motif A, B and C, respectively. CASSCF/NEVPT2 calcula-
tions on motif A confirms that the coupling is very weak (J =
—0.06cm~! =7 x 1073 meV, in the limit of the precision of
these calculations). The exchange coupling is antiferromag-
netic and too weak to be resolved via spin-flip spectroscopy
with our instrumentation, which has an energy resolution on
the order of 2 meV. The overall weak magnetic coupling
between the centres can be attributed to the spin of each
molecule being primarily localised in a single-occupied 3d,
orbital, with minimal delocalisation into the sigma orbitals of
the bridging moieties.

Despite the low magnetic coupling, our study evidence
that the surface-assisted fusing of porphyrin molecules can be
extended to metal porphyrin complexes. This strategy can be
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further employed with other magnetic metal centers, poten-
tially exhibiting much larger magnetic coupling.

4. Conclusion

In this study, we investigated the thermally induced cova-
lent coupling of CoP molecules on an Au(111) surface. At
room temperature, CoP molecules deposited on the surface
remained isolated due to electrostatic repulsion. However,
annealing the substrate promoted the aggregation of molecules
into chain-like structures, with evidence of covalent bond-
ing confirmed by DFT calculations. Our findings identified
three primary bonding motifs formed during the homocoup-
ling process, characterised by distinct Co—Co distances and
structural conformations. Gas-phase calculations for a CoP
dimer revealed a weak antiferromagnetic coupling between the
spin-1/2 of the Co ions, though the interaction was too small
to be experimentally detected with the available instrument-
ation. This study presents a promising approach for synthes-
ising multinuclear complexes with magnetically coupled spins
directly on surfaces, without necessitating specific substitu-
tions of the complexes. Such advancements offer significant
potential for applications in molecular spintronics.
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Appendix A. Orientation of the molecular
aggregates

The molecular aggregates observed in figure 4(A) appear to be
randomly oriented on the surface. To quantify this impression,
we measured the orientation angles of 251 dendritic structures
relative to the (110) crystallographic direction of the Au(111)
substrate. The resulting histogram is shown in figure Al. No
strongly preferred orientation is observed; rather, the distribu-
tion appears uniform, with minor fluctuations attributable to
the limited statistical sample size.

Counts

10

20 30 40
Angle (degree)

50 60

Figure A1. Orientation distribution of the molecular aggregates
relative to the (110) crystallographic direction of the Au(111)
substrate.

Appendix B. Charge redistribution upon adsorption

Figure B1 shows the plots of the difference of the electronic
density, Ap, between the deposited molecules and the super-
position of the electronic density of the molecule and the
surface, Ap = Protal — (pmo]ecule + psubstrate)- Blue (yellow) sur-
faces represent regions where the electronic density decreases
(increases) upon adsorption. Hence, the molecules are posit-
ively charged (predominance of blue surfaces) once deposited,
in line with the Bader-charge analysis reported in table 2.
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motif A motif B

motif C fce

Figure B1. Calculated structures of the dimers and fcc monomer on Au(111) along with the change in electronic density upon adsorption.
Blue areas indicate a decreased electronic density such that the corresponding regions are positively charged.
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