Open Access Article. Published on 31 July 2023. Downloaded on 10/26/2025 3:15:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 21673

Received 1st June 2023,
Accepted 27th July 2023

DOI: 10.1039/d3cp02539j

How complex—surface interactions modulate the
spin transition of Fe(i) SCO complexes supported
on metallic surfaces?

Rocio Sanchez-de-Armas, (2 * Iman Jaber El lala and Carmen J. Calzado

The deposition of a prototypical spin-crossover [Fe(phen)>(NCS),] complex on Au(111), Cu(11l) and
Ag(111) surfaces has been investigated by means of periodic DFT+U calculations, with the aim of
understanding how different metallic surfaces affect the spin state switching. Our results show that
adsorption is metal- and spin-dependent, with different preferred adsorption sites for the different
surfaces and spin states. For the three considered surfaces adsorption energies are larger in the LS state
than in the HS one, which increases the transition enthalpy by 58.7 kJ mol™! for Cu(111), 14.6 kJ mol™*
for Au(111) and 9.6 kJ mol™?! for Ag(111) with respect to the free molecule. There is a clear correlation
between this effect and the extent of the complex—surface interaction, which can be established from
adsorption energies, surface-complex distances and charge density difference plots as: Cu(11l) >
Au(111) > Ag(111). Therefore, a stronger interaction with the surface produces a larger energy difference
between two spin states, making the spin transition less probable to occur. Finally, our calculations show
that it would be possible to probe the spin-state of the deposited molecules from the STM images, in

rsc.li/pcecp

1. Introduction

Spin-crossover (SCO) complexes are bistable compounds con-
taining transition metals (mostly Fe") with two spin states (low
spin, LS and high spin, HS) that can be manipulated by an
external stimulus such as temperature, light, pressure or an
electric or magnetic field. This spin-state switching involves
changes in the optical, mechanical, electrical and/or magnetic
properties of the complexes, which makes them promising
components for molecular electronics and spintronics.”™

Technological applications require the immobilization of
the complexes on a substrate, which can strongly modify the
SCO process, leading to a change in the transition temperature,
the coexistence of the two spin states at low temperature
or even resulting in the complete suppression of the SCO
behavior.*™® For this reason, it is important to understand the
influence of the surface on the thermal SCO process, through
the evaluation of the deposition of complexes on surfaces and
the analysis of the magnetic properties of the systems after
adsorption.

Theoretical methods can be extremely useful to provide
detailed information at a single molecule level, providing
preferred adsorption positions and geometries, adsorption
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line with the recent experimental results.

energies, electronic structures, and the energy gap between
the two states after deposition. In this context, we have pre-
viously analyzed at the molecular level, by means of periodic
DFT calculations, the deposition of the SCO complexes Fe'((3,5-
(CH;),Pz);BH), and [Fe(tzpy),(NCS),] on gold surfaces.”™
Our results show that the interaction of both complexes with the
surface is spin-dependent, being stronger in the low spin state
than in the high spin (HS) state. As a consequence, there is an
increase of the HS-LS energy difference, due to a relative
stabilization of the low-spin state (LS), making the spin transi-
tion less probable to occur. Additionally, we have found similar
trends for the SCO [Fe(H,Bpz,),(bipy)] and [Fe(H,Bpz,),(phen)]
complexes encapsulated in single-walled carbon nanotubes,
with phen = 1,10-phenanthroline, bipy = 2,2’-bipyridine and
H,Bpz, = dihydrobis(pyrazolyl).****

In this study, we want to extend our work with the aim of
understanding the interaction of SCO complexes with different
metallic surfaces, such as Au, Cu and Ag surfaces, and how this
interaction affects the SCO process. To this end, we have
chosen the prototypical [Fe(phen),(NCS),] complex and ana-
lyzed its deposition on Au(111), Cu(111) and Ag(111) surfaces.
In this complex, the Fe(i1) metal center is coordinated with two
phenanthroline groups (phen) and two thiocyanate groups
(NCS) (Fig. 1, left)."*"” It exhibits a spin transition from a
low-spin diamagnetic state (LS, S = 0) to a high-spin paramag-
netic one (HS, S = 2) (Fig. 1, right), with a critical temperature of
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Fig. 1 Optimized geometry of the isolated [Fe(phen),(NCS),] complex (left) and the diagram of octahedral ligand-field splitting of the 3d orbitals into eq
and tygina Fe'-based SCO complex showing their occupation in the LS and HS states (right). Gray, blue, red, yellow and white spheres represent C, N, Fe,

S and H respectively.

~ 175 K in the bulk state,'*'® and it has been the first vacuum-
sublimable SCO complex studied on a surface.'® STM images
after the deposition of the complex on Cu(100),*” Cu(111) and
Au(111)*° have shown the coexistence of both spin states at
4.2 K, without switching between the two states under any
tunneling conditions. As a consequence, a loss of SCO behavior
after deposition on metallic surfaces has been deduced and
attributed to strong coupling with the surface. It is possible to
reduce such a strong interaction and preserve the SCO behavior
by the addition of a CuN layer between the Cu(100) surface and
the complex,® reinforcing this fact the idea that the preserva-
tion of the spin transition after deposition depends on the
nature and magnitude of the complex-surface interaction. This
idea is also supported by a couple of theoretical works,>"*>
which have shown an increase of the energy between the two
spin states after deposition on different metallic surfaces. The
insertion of a CuN monolayer on the Cu(100) surface reduces
the adsorption energy of both LS and HS configurations as well
as the HS-LS energy gap.”*

Experimental results indicate that, once deposited on metal-
lic surfaces, the spin state of the [Fe(phen),(NCS),] complex is
dictated by the adsorption geometry.>®2%>3 Experimental
results for deposition on Cu(100) suggest different adsorption
sites in both spin states, with Fe placed on a hollow site for HS
and Fe positioned on a bridge site for LS.” This suggests that
switching the spin state of the complex adsorbed on Cu(100)
would require enough energy to also modify the adsorption
site. Unfortunately, it is not easy to experimentally determine
the adsorption positions of the S atoms, as they are hidden
by phenanthroline groups in STM images.” In this sense,
theoretical methods can be extremely useful to provide detailed
information about preferred adsorption positions and adsorp-
tion energies, which are important issues to understand
the mechanism of the loss of SCO behavior after deposition.
Nevertheless, there are only a couple of theoretical works deal-
ing with the deposition of [Fe(phen),(NCS),] on metallic
surfaces”"** and none of them provide precise information
about the adsorption process. This motivates us to perform a
detailed study of the adsorption of the [Fe(phen),(NCS),]
complex on Au(111), Cu(111) and Ag(111) metallic surfaces.

Using periodic DFT calculations, we have first analyzed the
isolated [Fe(phen),(NCS),] complex and evaluated the energy
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difference between the HS and LS states. After this, we have
performed a detailed study of the adsorption of the molecule
on Au(111), Cu(111) and Ag(111) metallic surfaces, finding
different preferred adsorption sites for different surfaces and
spin states. After deposition, the HS-LS energy difference and
transition enthalpy are enhanced, as a consequence of the
relative stabilization of the LS state, for all the studied surfaces.
We found a clear correlation between the transition enthalpy
and the extent of the molecule-surface interaction. The stron-
ger interaction with the surface produces a larger enthalpy
difference between the two spin states, making the spin transi-
tion less probable to occur. Finally, our calculations show that
it would be possible to distinguish molecules with different
spin states from STM images, in line with recent experimental
results.

2. Computational details

The adsorption of a single molecule on the Au(111), Cu(111)
and Ag(111) surfaces was studied by means of periodic
DFT calculations using the VASP (Vienna ab initio simulation
package) code®*™*” employing the generalized gradient approxi-
mation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional®® and projector-augmented
wave (PAW) potentials.>*>° An effective Hubbard term (U.g) of
1.7 eV is used to describe the localized 3d orbitals of Fe using
Dudarev’s approach.’® The DFT+U method is considered as a
practical alternative to computationally prohibitive hybrid
methods (such as the TPSSh functional) when plane-wave basis
sets are used, and it has been proven to provide a good LS-HS
balance for SCO complexes containing Fe(u) and Fe(u).>"**3*73
The U value has been chosen after a careful exploration, as
the value that better reproduces the experimental transition
enthalpy for the isolated complex, although our computational
approximations do not take into account the intermolecular
interactions present in the crystal which can produce devia-
tions in the results. The used value, 1.7 eV, is consistent with
Ue¢r values employed in previous calculations for the same SCO
complex, which ranges between 1.2 eV*’ and 2.5 eV.*” Small
modifications in the U value in a reasonable interval of values
around the chosen one would not produce drastic changes in

This journal is © the Owner Societies 2023
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Table 1 Selected geometrical parameters for the free [Fe(phen),(NCS),] complex (experimental data from X-ray data, ref. 42 and calculated with two
different DFT approximations) and for the complex adsorbed on Au(111), Cu(111) and Ag(111) in the most favorable adsorption site (PBE + U + TS)

Distance (A)/angle (deg) Fe-Npnen Fe-Nphen(2) Fe-N (CS) S-S S-Fe-S N-Fe-N

LS Free complex Exp (130 K) 2.01 2.01 1.96 6.77 92.1 90.6
LStree (rpssh) 2.00 2.00 1.91 6.89 93.7 92.9
Stree (PBE+UTS) 1.97 1.96 1.92 7.15 99.5 92.0
Adsorbed complex Au(111) - bridge 1.98 1.96 1.94 8.19 128.3 99.8

Cu(111) - hep 1.98 1.97 1.91 8.22 124.5 100.1
Ag(111) - fee 1.97 1.96 1.93 8.43 132.9 99.0
HS Free complex Exp (293 K) 2.20 2.21 2.06 7.22 97.2 94.9

HSfree (tpssh) 2.21 2.29 2.00 8.13 115.9 107.7

HSfree (pBE1UTS) 2.21 2.27 1.99 7.39 101.9 100.2

Adsorbed complex Au(111) - hep 2.12 2.23 2.03 8.56 135.8 108.9

Cu(111) - fee 2.17 2.20 2.04 8.69 130.4 110.3

Ag(111) - hep 2.19 2.24 2.04 8.79 145.1 107.6

Table 2 Energy differences (kJ mol™) between optimized HS and LS
states of a free molecule

Method AEps_1s (k] mol™)
TPSSh/def2-SVP 21.5
TPSSh/def2-SVP + ZPC 11.6

PBE + U + TS 20.1

PBE + U + TS + ZPC 10.6

AHyy, exp?’ 8.6
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the obtained results, and the conclusions of the work would
remain unaltered. Valence electrons are described using a
plane-wave basis set with a cut-off of 500 eV and the I'-point

of the Brillouin zone is used.®®

The optimized lattice parameters for the bulk are a = b =
¢=2.94 A for Au, a=h=c=2.93 A for Agand a = b = ¢ =2.60 A for
Cu. These calculated values are used for the (111) surfaces of
the metals throughout the present work and maintained fixed
during the atomic position relaxation. The Au(111) and Ag(111)
surfaces are represented by a three layer slab made of 6 x 6 unit

Fig. 2 Optimized geometries of [Fe(phen),(NCS),] on Au(111). For each considered adsorption site, views along the a axis (a) and along the c axis (b) and
(c) are shown. In the view along the a axis (a), LS structures are shown and the shortest S—Au distances in A in the LS (black) and HS (red) states are
indicated. For the view along the c axis, LS (b) and HS structures (c) are included. Ochre, gray, blue, red, yellow and white spheres represent Au, C, N, Fe, S,

and H, respectively.
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cells (17.630 x 17.630 A for Au and 17.578 x 17.578 A for Ag).
As the Cu bulk has a smaller lattice parameter, and to avoid
interactions between molecules, a bigger supercell has been
used to model the Cu(111) surface, containing three layers and
8 x 8 unit cells (20.546 x 20.546 A).>” For all models, a vacuum
of 27 A is added in the z direction to avoid the interaction
between the slabs. The atoms of the two lowest layers are kept
fixed at bulk optimized positions, while the atoms of the upper
layer are relaxed. Electronic relaxation is performed until the
change in the total energy between two consecutive steps is
smaller than 10~ ° eV and the ionic relaxation is performed until
the Hellmann-Feynman forces are lower than 0.025 ev A~
van der Waals interactions are taken into account through the
Tkatchenko-Scheffler method.*®

We have explored several adsorption sites for the
[Fe(phen),(NCS),] complex on Au(111), Cu(111) and Ag(111)
selecting sensible starting geometries for geometry optimiza-
tions inspired by previous experimental and theoretical pub-
lished data.>”*°2* For each adsorption position, we have
optimized two different magnetic solutions, with S = 0 (LS)
and S = 2 (HS). The adsorption energies, E,q, are calculated as
Eaas = Eadsorbedfmolecule - (Eslab + Emolecule)- The enel’gies of the
slab (Egjap) and the free molecule (Eqolecule) are obtained after a
geometry optimization calculation using the same supercell as

bridge hcp
i 2.32
2.36 236  (2.40)
a) (2.38) % (2.37)
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the adsorbed molecule, in order to minimize numerical errors.
Thus, negative adsorption energies represent bound states.

To compare with the experimental data, transition enthalpies
were also evaluated. The enthalpy variation associated with the
SCO can be separated in different contributions:

AH(T) = AEgjec + AZPE + AHyj, + AHyor + AHyrans

where AE. corresponds to the difference of the computed
energy for the HS and LS solutions, AZPE is the difference
between the zero-point vibrational energy in both spin states,
and AH,;,, AH.o and AH ., are the vibrational, rotational and
translational thermal contributions to the transition enthalpy.

Within the harmonic approximation, the AZPE can be
evaluated as one-half of the sum of the vibrational frequency
shifts upon the spin transition:

1
AZPE = -h Z[V,-(HS) — 14(LS)]

The translational and rotational contributions to the transi-
tion enthalpy can be neglected and consider only the dominant
vibrational and electronic parts. The vibrational thermal
contribution to the total enthalpy is computed at 175 K

Fig. 3 Optimized geometries of [Fe(phen),(NCS),] on Cu(111). For each considered adsorption site, views along the a axis (a) and along the c axis (b) and
(c) are shown. In the view along the a axis (a), LS structures are shown and the shortest S—Au distances in A in the LS (black) and HS (red) states are
indicated. For the view along the c axis, LS (b) and HS structures (c) are included. Orange, gray, blue, red, yellow and white spheres represent Cu, C, N, Fe,

S, and H, respectively.
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(experimental transition temperature) as follows:*°

]’ll/i

hy»e_kBT
Ha(T) = Y=
1-— e_kBT

Because of the large computational cost of frequency calcu-
lations, we have calculated transition enthalpies only for the
isolated molecule and the most stable configurations of the
adsorbed molecule on each metallic surface.

Finally, the STM simulations with a bias voltage of were
carried out using the Tersoff-Hamann approximation®® and
constant-current STM images were finally visualized in the
p4vasp program. Charge density isosurfaces at 0.005 e Bohr >
were represented using the VESTA code.*

3. Results

We have first optimized the isolated [Fe(phen),(NCS),] complex
in both spin states. Some selected parameters for the optimized
geometries are given in Table 1, together with the available
experimental parameters from the X-ray data.*” For compar-
ison, we have also included the data for the molecules

View Article Online
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optimized at the TPSSh/def2-SVP level using the Gaussian 09
code (without periodic conditions). This is a hybrid meta-GGA
XC functional (10% Fock exchange), which has been shown to
give geometrical parameters and transition enthalpy in very
good agreement with experimental values on benchmark
calculations for at least thirty different Fe(n) and Fe(u) SCO
complexes.***°

Both theoretical approaches give distances and angles in
very good agreement with experimental data. As expected, the
LS to HS transition involves an important enlargement of the
Fe-N(phen) and Fe-N(CS) distances (about 0.20 and 0.10 A,
respectively) as well as an increase of the N-Fe-N angles.

The HS-LS energy difference evaluated at the TPSSh/def2-
SVP level is 21.5 k] mol " (Table 2), about 2.5 times larger than
the experimental enthalpy of the bulk structure (AHyp =
8.6 k] mol™'). After including the zero-point correction, the
HS-LS energy difference is decreased by 9.9 kJ mol ™, resulting
in 11.6 k] mol . This result is in line with previous theoretical
works where the zero-point correction was found to favor the
HS state by 9 k] mol " in average.'*®

Unfortunately, the use of hybrid functionals leads to prohi-
bitive calculations when considering the deposition on the
surface, and alternative strategies need to be employed. The
HS-LS energy difference calculated with the PBE + U + TS
functional and periodic conditions is 20.1 k] mol*, and this

fcc

Fig. 4 Optimized geometries of [Fe(phen),(NCS),] on Ag(111). For each considered adsorption site considered, views along the a axis (a) and along the ¢
axis (b) and (c) are shown. In the view along the a axis (a), LS structures are shown and the shortest S—Au distances in A in the LS (black) and HS (red) states
are indicated. For the view along the c axis, LS (b) and HS structures (c) are included. Silver, gray, blue, red, yellow and white spheres represent Ag, C, N, Fe,

S, and H, respectively.
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Table 3 Relative energies and adsorption energies of the LS and HS states of the molecule adsorbed on different adsorption sites on Au(111), Cu(111) and
Ag(111). For each substrate, energies are relative to the most stable structure. In parentheses, the Boltzmann probability distribution of each structure

calculated at 130 K and 293 K in LS and HS states, respectively

Relative energy (k] mol™")

Adsorption energy (k] mol ")

hollow-hcp

hollow-fcc

LS HS LS HS
Au(111) Bridge 0.00 (70.5%) 39.36 (35.8%) —254.43 —235.18
hep 1.47 (18.1%) 38.77 (46.2%) —252.96 —235.77
fee 1.97 (11.4%) 41.07 (18.0%) —252.46 —233.48
Cu(111) Bridge 37.29 (0%) 84.26 (18.7%) —367.64 —340.78
hep 0.00 (100%) 84.60 (16.2%) —404.93 —340.44
Fce 37.06 (0%) 81.22 (65.1%) —367.87 —343.83
Ag(111) Bridge 14.87 (0%) 48.99 (0%) —218.81 —204.82
hep 6.13 (0.4%) 30.48 (51.0%) —227.55 —223.31
Fce 0.00 (99.6%) 30.58 (49.0%) —233.68 —223.22
a) Ag(111) b) Au(111) c) Cu(111)

o 0 O

©00000O00O0

o 0 O

Fig. 5 Charge density difference plots of the [Fe(phen),(NCS),] complex deposited on Ag(111) (a), Au(111) (b) and Cu(111) (c), in the most favorable
adsorption site, with an isodensity value of 10° e Bohr™>. Yellow (positive difference) and cyan (negative difference) surfaces represent the charge
accumulation and loss of electron charge density upon adsorption, respectively.

value is decreased to 10.6 k] mol ' after including the zero-
point correction, in excellent agreement with the TPSSh/def2-
SVP result. These results validate the PBE + U + TS method, with
Uegr = 1.7 €V, as a good option to study the SCO behavior after
deposition. It is worth noting that any of our computational
approximations take into account the intermolecular interac-
tions present in the crystal and this can produce deviations in
the results. Finally, including the vibrational thermal contribu-
tion to the total enthalpy, we have a value of 14.5 kJ mol "
for the transition enthalpy, in very good agreement with the
experimental value.

To perform the deep analysis of the adsorption of the
[Fe(phen),(NCS),] complex on Au(111), Cu(111) and Ag(111)
metallic surfaces, geometry optimizations starting from three
different adsorption sites on each surface have been run.
Starting geometries have been built inspired by the available
experimental data,®"32%23 all of them with the two NCS groups
pointing the substrate, and with the Fe atom placed on a
bridge, hollow-hcp and hollow-fcc sites, respectively. Optimized
geometries of the complex on Au(111) are shown in Fig. 2 and
the shortest S-Au distances for each adsorption site are indi-
cated. We have considered the same three adsorption sites on

21678 | Phys. Chem. Chem. Phys., 2023, 25, 21673-21683

Cu(111) (Fig. 3) and Ag(111) (Fig. 4). Some selected geometrical
parameters for the complex adsorbed on Au(111), Cu(111) and
Ag(111) in the most favorable adsorption site are shown in
Table 1. In general, the adsorption of the molecule on the three
surfaces almost does not affect the Fe-N distances (changes are
smaller than 0.1 A). Nevertheless, S-S distances and S-Fe-S and
N-Fe-N angles undergo significant changes, as NCS groups
accommodate to bound the surface metal atoms.

Calculated adsorption energies are shown in Table 3, with
negative values for all the structures, indicating that adsorption
is favored in all the explored adsorption sites. Slight differences
in the preferred adsorption sites are found depending on the
metal surfaces and the spin states. On Au(111), the most stable

Table 4 Calculated enthalpy differences (kJ mol™) between the opti-
mized HS and LS states of the free and adsorbed complexes

System AHyy, (k] mol™)
Free complex 14.5
Complex on Ag (111) 24.1
Complex on Au(111) 33.6
Complex on Cu(111) 73.2

This journal is © the Owner Societies 2023
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sites are bridged for LS and hcp for HS. However, the relative In the case of the deposition on Ag(111), we find more
stability of these two adsorption sites is very similar in both states.  differences between the three optimized structures and their
In fact, the three geometry optimization calculations on Au(111) adsorption energies, in particular in the LS state, where the fcc
result in very similar structures, and all of them with S atoms are site clearly dominates. In the HS state, fcc and hcp sites are
placed on top of a gold atom and with almost identical S-Au almost degenerated, with very similar populations at room
distances, differing only in the relative position of the Fe center temperature, and well separated to the bridge one. In these
with respect to the surface. These similarities between structures two sites, the S atoms are placed on the top of an Ag atom, with
also explain the similarities between adsorption energies. Table 3  similar S-Ag distances. However, for the bridge structures, S
also shows the probability distribution of each structure, calculated atoms are linked to two Ag atoms of the surface. As a conse-
at 130 K and 293 K in LS and HS states, respectively. At room quence, S-Ag distances are longer for the bridge structure,
temperature, the bridge and hcp are almost equally probable, while  resulting ~15 k] mol™" (~ 18 kJ mol ') less stable than the
at low temperatures, the bridge position dominates. fee LS (HS) one.
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Fig. 6 Projected density of states of the LS (left) and HS (right) complexes, free and adsorbed on Au(111), Cu(111) and Ag(111) surfaces. Red, blue, black
and green lines correspond to Fe, NCS1, NCS2 and phenanthroline ligands, respectively. The dashed black vertical line at O eV indicates the Fermi level.

The vertical orange line marks the upper limit of the unoccupied states considered to simulate the STM images (the range of 0.8 eV above the Fermi level
has been considered).
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The adsorption on Cu(111) is most favorable at hep in the LS
state and fcc in the HS state. Again, we found structures with
quite similar relative stability, and consequently, molecules will
occupy different adsorption sites on the surface, especially at
room temperature. Based on these results, we could conclude
that the adsorption position will not be determined by the Fe
position (relative to the surface) but for the position of the S
atoms relative to metallic ones.

The analysis of adsorption energies in Table 3 gives an idea
of the strength of the molecule-surface interaction depending
on the nature of the substrate, following the order Cu(111) >
Au(111) > Ag(111). The strongest interaction of the complex
with Cu(111) involves the shortest distances between the
molecule and the surface (S-Cu distances of 2.32-2.38 A).
For Au(111) and Ag(111), the S-metal distances increase as
the adsorption energy decreases, which are 2.59-2.61 A for
Au(111) and 2.68-2.83 A for Ag(111).

To gain a deeper insight into the molecule-surface inter-
action, the charge density difference between the adsorbed
complex, the slab and the free complex, p(AB)-p(A)-p(B), are
plotted in Fig. 5. Yellow and cyan colors correspond to the
accumulation and loss of electron charge density upon adsorp-
tion, respectively. We can see how the charge density redis-
tribution after adsorption involves more contributions from the
surface as we move from left to right figures (Ag < Au < Cu).
Changes in the charge density are most pronounced in the case
of adsorption on Cu(111), as the interaction energies and S-Cu
distances are also indicating a stronger bond.

Adsorption energies are also spin-dependent, which is
between 10.4 and 61.1 k] mol™ " larger in the LS state than in
the HS state. This larger stabilization of the LS state (relative to

Au(111)
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the HS state) produces an increase of the energy difference
between the two spin states with respect to the free molecule,
which was 20.1 k] mol~* at the same level of theory. Interest-
ingly, the increase on the HS-LS energy difference correlates
with the strength of the molecule-surface interaction, leading
to energy gaps of 81.22 k] mol™ " on Cu(111), 38.77 k] mol " on
Au(111) and 30.48 k] mol™ " on Ag(111). The calculated transi-
tion enthalpy, which takes into account the zero-point correc-
tion and the vibrational thermal contributions, follows the
same trend, as shown in Table 4, with values of 73.2 k] mol™,
33.6 k] mol " and 24.1 k] mol ™" for the complex adsorbed
on Cu(111), Au(111) and Ag(111), respectively. These values
are significantly larger than those obtained for the isolated
molecule.

Then, the adsorption of the complex on metallic surfaces
involves a significant increase of the enthalpy difference between
the two spin states which is larger as the complex-surface inter-
action increases. It is worth noting that this correlation between
the HS-LS energy gap and the extent of the complex-surface
interaction has not been found in previous theoretical works
dealing with the same kind of metallic surfaces.*”

From our calculated adsorption energies and transition
enthalpies, we can conclude that the deposition of [Fe(phen),-
(NCS),] on Cu(111) and Au(111) entails an increase of the
HS-LS energy difference which will be responsible for the
SCO suppression reported experimentally. However, the complex-
surface interaction becomes significantly weaker in the case of
Ag(111), leading to a smaller gap between the HS and LS states
upon adsorption. As a consequence, we cannot exclude the
preservation of the SCO properties after adsorption on Ag(111).
Unfortunately, there are no experiments of [Fe(phen),(NCS),]

Fig. 7 Simulated constant-current STM images of the complex adsorbed on Au(111), Ag(111) and Cu(111) with a positive bias voltage of 0.8 V, in the
LS (left) and HS (right) states. On the side of each STM image, the partial charge density isosurface at 0.005 e Bohr~2 in the states is in the range of

[EFermi: EFermi + 0.8 eVl
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supported on Ag surfaces, so our results remain a theoretical
prediction.

Additional insight can be obtained from the comparison of
the projected density of states (pDOS) of the LS and HS
complexes, isolated and adsorbed on the different substrates
as shown in Fig. 6. In all structures, the highest occupied band
has contribution from Fe 3d states and thiocyanate groups,
while the lowest unoccupied band is mainly formed by phen-
anthroline ligands with some small contributions from the Fe
ion. The adsorption process produces the stabilization of the
highest occupied band as a result of the interaction of the NCS
groups with the surface. The stabilization is larger when the
complex is adsorbed on Cu(111), in line with a larger complex-
surface interaction. Lowest unoccupied bands are less affected
by deposition, appearing almost at the same energy for the free
molecule.

Finally, we have simulated constant-current STM images for
the adsorbed complex on the basis of the density of states
provided by our calculations (Fig. 7). In fact, it has been
reported that individual [Fe(phen),(NCS),] molecules sup-
ported on different metallic surfaces appear as a pair of oval
lobes in STM images, and the distance between the lobes is
slightly larger in the HS state than that in the LS state, due to
the expansion of the complex after spin transition.”*?° For a
positive bias voltage of 0.8 V, electrons tunnel from the tip to
the unoccupied bands of the sample in the range of 0.8 eV
above the Fermi level. The pDOS resulting from our calcula-
tions indicate that the states in this range correspond mainly to
phenanthroline ligands with a non-negligible contribution of
the Fe ion in the case of the HS state, as shown in Fig. 6. These
are responsible for the two lobes found in the STM images, in
both the LS and HS states, although slightly larger in the HS
state than in the LS one, in good agreement with experimental
findings,”®?° and with the geometrical parameters resulting
from our calculations, ie., larger S-S distances and S-Fe-S
angles for the deposited HS molecules than those for the LS
molecules (Table 1). The contribution of Fe 3d orbitals to the
states of the HS molecule in this range could explain the
differences found in the height profiles resulting from
STM,*® slightly higher for the HS molecules than the LS ones.

Conclusions

In this work, we have studied the adsorption of the prototypical
SCO complex [Fe(phen),(NCS),] on Au(111), Cu(111) and
Ag(111) surfaces by means of periodic DFT calculations, with
the aim of understanding how different metallic surfaces affect
the spin transition. For the three studied surfaces, we found
several adsorption sites with very similar relative stability, and
consequently, molecules will occupy different adsorption sites
on the surface, especially at room temperature.

The interaction with the surface is spin-dependent for the
three surfaces, and the LS state is always more stabilized than
the HS state, which produces an increase of the transition
enthalpy with respect to the free molecule, which should be the

This journal is © the Owner Societies 2023
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reason for the suppression of the SCO properties observed
experimentally after adsorption on Cu and Au surfaces.
We have found a good correlation between the strength of
the molecule-surface interaction and the increase of the transi-
tion enthalpy. Adsorption energies, molecule-surface distances
and charge density difference plots indicate that the molecule-
surface interaction follows the trend: Cu(111) > Au(111) >
Ag(111). The HS-LS energy difference is significantly enhanced
when the molecule is deposited, increasing by 405% for
Cu(111), 135% for Au(111) and 66% for Ag(111) with respect
to the isolated molecule. These results reinforce the idea
that the SCO properties after deposition are dictated by the
molecule-surface interaction.

Finally, the projected DOS plots show enough differences
between the LS and HS states close to the Fermi level to allow
the identification of the spin states of the deposited molecules
by STM images. Simulated constant current STM images using
a positive bias voltage show each single molecule as a pair
of lobes, and an expansion of the molecule after the LS-HS
switching, in agreement with experimental findings.
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