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ABSTRACT

The interaction at molecular level of the spin-crossover Fe'((3,5-(CHs),Pz);BH), complex with
the Au(111) surface is analyzed by means of rPBE periodic calculations. Our results show that
the adsorption on the metallic surface enhances the transition energy, increasing the relative
stability of the low spin (LS) state. The interaction indeed is spin-dependent, stronger for the
low spin than the high spin (HS) state. The different strength of the Fe ligand field at low and
high temperature manifests on the nature, spatial extension and relative energy of the states
close to the Fermi level, with a larger metal-ligand hybridization in the LS state. This feature is
of relevance for the differential adsorption of the LS and HS molecules, the spin-dependent
conductance, and for the differences found in the corresponding STM images, correctly
reproduced from the density of states provided by the rPBE calculations. It is expected that
this spin dependence will be a general feature of the SCO molecule-substrate interaction, since
it is rooted in the different ligand field of Fe site at low and high temperatures, a common
hallmark of the Fe(ll) SCO complexes.

Finally, the states involved in the LIESST phenomenon has been identify through NEVPT2
calculations on a model reaction path. A tentative pathway for the photoinduced LS— HS
transition is proposed, that does not involve the intermediate triplet states, and nicely
reproduces both the blue laser wavelength required for the activation, and the wavelength of
the reverse HS —LS transition.
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INTRODUCTION

Spin-crossover (SCO) molecules can switch between two spin states under the influence of
external stimuli such as temperature, pressure, light, magnetic and electric fields. MBI The
potential applications of the SCO molecules as displays, sensors and memories require the
persistence of their spin-crossover properties once deposited on a substrate./"EHE Both the
interaction with the substrate and the size reduction (to nanoparticles, ultrathin layers and
down to the molecular scale) can induce strong modifications of the SCO properties, such as
the change in transition temperature,”"® the coexistence of the two spin states at low

[91,(10],(11],(12],[13] [14]

temperature or even the complete suppression of the spin transition.

Additionally, to prepare high purity objects on the surface is also a challenge.™ * There are

many Fe'" and Fe" complexes exhibiting SCO properties, but only a reduced number of them

are well suited for sublimation techniques under high-vacuum conditions.!*?/5M26L17)128],119)
One of them corresponds to the Fe"((3,5-(CHs),Pz);BH), (Fe-pz) complex, Pz= pyrazolyl. This
Fe-pz complex exhibits a transition between a 5=0 low-spin (LS) state and a S=2 high-spin (HS)
state. ™® 2% |n the form of a powder, the molecule presents an asymmetric hysteresis, with
transition temperatures of Thsy1s =174K and TLS%HS=199K,[17] 205K.1*® 21 When thick Fe-pz films
were deposited on Si(100)/SiO, and quartz substrates by thermal evaporation,[”] the SCO
properties were preserved, but the transition temperatures shifted towards lower
temperatures when the film thickness decreased.™” These size-dependent SCO characteristics
have been previously reported for nanocrystals and thick films of other Fe(ll) SCO complexes,
such as [Fe(H,B(pz),),(bipy)] and [Fe(H,B(pz),),(phen)] deposited on different substrates.!®
Additionally to the size effects, the Fe-pz thin-film on Si/SiO, and quartz substrates retained a
non-negligible fraction of the HS state at low temperature, i.e., the spin-state switching is not
complete at low temperature. Optical and magnetic measurements on Fe-pz films with
thicknesses ranging from 90 to 8460 nm showed that the fraction of HS molecules at low
temperature is due to a metastable phase triggered by the sublimation, which can be
transformed into the stable one by annealing.™

Going down to thicker films, recently Bairagi et al.*Y! characterized a single layer of Fe-pz in
direct contact with Au(111). At 4.6 K a long-range superstructure was formed with one
molecule in HS state and two molecules in the LS state. The illumination with blue light
induced the LS to HS switching and the formation of a photoinduced superstructure with one
molecule in HS state and one molecule in LS state.”™ Then the SCO can be induced by light for
molecules in direct contact with the metallic substrate. This mixed phase of HS and LS states at
low temperature, evidenced by the STM, were confirmed by a posterior XAS study,™?? and
also demonstrated the thermal and soft X-ray-induced spin crossover of the Fe-pz layer
deposited on Au(111) substrate. The structure of the Fe-pz submonolayer in contact with
Au(111) was recently determined by means of grazing incidence X-ray diffraction (GIXD)
measurements, combined with DFT+U calculations.””® The molecular layer exhibits an epitaxial
relationship with the metallic substrate, and the resulting epitaxial strain have been suggested
as responsible for the presence of the mixed spin state at low temperature, based on a simple
mechanoelastic model. DFT+U calculations on a three-molecule unit cell confirmed that the
mixed phases have significantly lower energies than the pure phases, but these calculations
are strongly dependent on the U parameter, which represents the on-site Coulomb repulsion

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202003520

of the Fe 3d electrons. In fact, the mixed spin state is more stable than the pure spin state only
for a dramatically narrow window of U values, between U=6.5 and 6.6 eV.?! The finally
adopted value of U=6.55 eV is out of the range of values (2.5 to 5.6 eV) usually employed for
DFT+U calculations on Fe SCO complexes?*21126127}[281,23}301

The aim of this work is to explore in depth the interaction of the Fe-pz complex with the
Au(111) surface at a molecular scale, trying to shine light on the spin-state dependence of
different features such as (i) the relative stability of the LS and HS states once deposited, (ii)
the adsorption energies, (iii) the differential conductance of the HS and LS states and (iv) the
origin of the LIESST phenomenon. The strong dependence found on U parameter on the
reported LDA+U calculations™*! prompts us to look for alternative theoretical procedures to
safely and unambiguously analyze the deposition of the Fe-pz complex on Au(111). We use
state-of-the-art wavefunction-based approaches to establish the confidence range of some
exchange-correlation functionals to be used in our periodic DFT calculations. We rest on non-
hybrid functionals, computationally less demanding than the hybrid ones, and with contrasted
good performance on the study of Fe(ll) SCO complexes.* 3% Once the computational
strategy is established, our results show for the first time that the Fe-pz complex exhibits a
differential interaction with the Au(111) surface as a function of the spin state. The LS> HS
transition energy is modified by the presence of the substrate. The states involved in the
LIESST phenomenon have been characterized, and a tentative pathway for the photoinduced
LS—> HS transition has been suggested. Both the simulated STM images and |-V curves of the
deposited complex are in excellent agreement with the experimental data and can be
rationalized on the basis of the density of states close to the Fermi level.

The whole study is centered on an isolated molecule on the metallic surface. Our results
indicate that the chosen computational strategy is robust enough to describe the deposition of
the Fe-pz on the metallic substrate. The next step is to deal with a Fe-pz submonolayer
representative of the S;/; superstructure observed by STM."" * This would be addressed in a
forthcoming paper, where the role of the intermolecular interactions on the persistence of the
HS state at low temperature will be analyzed.
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Figure 1. Fe-pz molecule on Au(111). a) The green lines represent the closest contacts between the
molecule and the surface. b) The molecule is titled towards the surface, the B-Fe-B axis forms an angle
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of ~20° with the surface. c) The unit cell employed in the periodic calculations (in black) is replicated
along a and b directions, the intermolecular distance is large enough to prevent intermolecular
interactions. Yellow, brown, pink, blue, gray and white represent, respectively, Au, Fe, B, N, C and H
atoms.

COMPUTATIONAL DETAILS

Isolated molecule

The relative stability of the LS and HS states of the isolated molecule has been evaluated on
the basis of the multiconfigurational second order theory (CASPT2®¥ and NEVPT2P
approaches). The reference wavefunction for each state is obtained from complete active
space self-consistent field CASSCF calculations. The active space of the CASSCF wavefunctions
contains ten electrons and twelve orbitals, as in previous studies on SCO
complexes.P>EOBTLEELBSLI0N Tha 5ctive orbitals include five 3d Fe orbitals, a second 3d shell to
properly account for dynamical correlation effects of the 3d electrons, and two eg-like
occupied N ligand orbitals, that introduce the effect of the ligand-to-metal charge transfer
(LMCT) due to the c-donation of the N ligands. To avoid the presence of intruder states and to
provide a balanced description of open and closed shells CASPT2 calculations were performed
using an imaginary level shift of 0.20 a.u. and IPEA shifts ranging from the default value of 0.25
a.u. to 0.5 a.u.*¥ In fact, there is not a common agreement about the use of the default IPEA
value when dealing with problems such as the evaluation of the magnetic coupling constants
and the relative stability of the HS and LS states of SCO molecules. Values ranging from 0.25-
0.7 au can be found in literature for studies focusing on SCO molecules (for instance, Refs. 35-

40). Due to this long-running controversy,*?

a set of IPEA values have been explored to
establish the upper and lower limits of the HS-LS energy within this approach.

Scalar relativistic effects were included using a Douglas-Kroll Hamiltonian.*®' All
CASSCF/CASPT2 calculations were performed using the Molcas 8.0 package,** with ANO-RCC
basis sets*! with contraction [5s4p3d2fig] for Fe, [4s3p1d] for N, [3s3p1d] for C and B, and

[2s] for H.

Additionally, the energy of the LS and HS states were also evaluated on the basis of the N-
[34, 46]

Electron Valence State Perturbation Theory (NEVPT2) developed by Angeli et al. using the
ORCA implementation.””? With respect to CASPT2 this approach has the advantage of being
parameter free and avoiding the intruder state problem. State specific CASSCF wavefunctions
were employed as zeroth-order wavefunctions. All CASSCF/NEVPT2 calculations were
performed using the def2-TZVP basis set* for all atoms, except the Fe ion, where a def2-
QZVP basis was employed.”® Relativistic effects are introduced through the zeroth-order
regular approximation (ZORA).?! In order to achieve the required precision in the energy
values, all electrons in the molecule were considered in the SCF process, and the parameters

D3Tpre and D4Tpre were set to 0.

The ligand field strength of Fe center for the LS and HS states has been determined from the

h[50]

ab initio ligand field theory (AILFT) approac implemented in ORCA. State-average

CASSCF(6,5) calculations, with 6 electrons occupying the five 3d Fe orbitals, were carried out
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for each spin multiplicity, with equal weights for all roots of each multiplicity (5 quintets, 45
triplets and 50 singlets).

Finally, to compare with the periodic results, the energy difference between the HS and LS
states of the isolated molecule has been evaluated from density functional theory (DFT) based
calculations with the revised Perdew-Burke-Ernzerhof functional (rPBE).®" This functional has
been proven to provide a good LS-HS balance for well-known SCO complexes containing Fe(ll)
and Fe(l11).B3 The effect of the van der Waals interactions were included through the D3

Grimme approach.

Adsorption on Au(111)

The adsorption of a single molecule on Au(111) has been studied within periodic DFT

calculations using the VASP (Vienna ab initio simulation package) code¥

|[51]

employing the
generalized gradient approximation (GGA) with the rPBE functiona and projector-
augmented wave (PAW) potentials.®* Valence electrons are described using a plane-wave
basis set with a cutoff of 500 eV and the I-point of the Brillouin zone is used.® The optimized
lattice parameters for the Au bulk are a=b=c=2.97 A. This calculated value has been used for
the (111) surface throughout the present work and maintained fixed during the atomic

positions relaxation.

The Au(111) surface is represented by a slab containing 108 atoms and 3 layers (17.820 x
17.820 A). The atoms of the two lowest layers are kept fixed at bulk optimized positions. 26 A
of vacuum have been added in the z direction to avoid the interaction between the slabs.
Electronic relaxation has been performed until the change in the total energy between two
consecutive steps is smaller than 10 eV and the ionic relaxation has been performed until the
Hellmann-Feynman forces were lower than 0.025 eV/A. As we are interested in the different
magnetic solutions, the NUPDOWN option is used, which forces the difference between
number of electrons in up and down spin channels, N,-Ng, to be equal to 0 (LS) or 4 (HS).
Starting geometries for geometry optimizations have been selected from previous
experimental and theoretical published data.'” *! These previous works state that the
molecules are adsorbed on the Au(111) surface as a monolayer which unit cell parameters are
close to those of the (011) crystallographic plane of the bulk structure at 298 K.

The adsorption energies, E.4, Were calculated with respect to an isolated molecule on a
17.820x17.820x32 A’ box as E.g=Eagsorbed molecule = (EsiabtEmolecuie)- Thus, negative adsorption
energies represent bound states. The dimension of the unit cell assures that the deposited
molecules do not interact with each other (Figure 1), the closest H....H contacts between —CH;
groups of neighbor molecules along a and b axis are found at 6.9 A and 8.1 A, respectively.
Then the calculated adsorption energies just correspond to the molecule-surface interaction.

In order to check the dependence of the technical parameters on the results, we have also
done geometry optimizations employing PBE®® and rev-PBE"”! GGA functionals and the meta-
GGA functional SCAN"®as well as including Van der Waals interactions through the DFT-D2"%
(PBE-D2) or the DFT-D3"? method of Grimme (PBE-D3 and rPBE-D3).

The STM simulations with two different bias voltage (-1 and 1 V) were carried out using the
Tersoff-Hamann approximation.[eo] Constant-height STM images were finally visualized in the
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p4vasp program using density values of 0.00 and 0.05 e/A® as low and high boundaries,
respectively. Finally, optical spectra were simulated using the imaginary part of the frequency-

dependent dielectric function &,(w), as proposed by Gajdos et al.l*

Transport properties

The spin-resolved transport properties of the complex, in both its high (HS) and low spin (LS)
configurations, adsorbed on the gold surface, were studied through the DFT-Non equilibrium
Green Functions Theory (NEGFT) methodology.® In order to recreate the experimental
conditions as realistic as possible, we devised two molecular-junction configurations featuring
the Fe complex in both configurations (HS and LS) as the active magnetic center, a slab of the
Au(111) surface, extending perpendicular to the (011) plane as one of the electrodes, and a
nano-wire of Au(111) exhibiting a pointed end at the molecule, as the other opposing lead
(Figure 2). This setup was selected having in mind that it has been suggested that the STM tip

™ who pass through both B atoms, and extends in

probably aligns with the molecular z-axis,
this direction, through the surface (011) plane. Thus, this axis was selected as the device z-axis,

and the direction from the surface to the tip, as the negative transport direction.

The electronic transport properties were performed by means of TRANSIESTA and TBTRANS
modules® of SIESTA® package, based in a combination of DFT and the Keldysh
nonequilibrium Green’s function (NEGF) formalism."*? The mesh cut-off energy was set to 300
Rydberg for both the real and reciprocal space grids in all calculations, with a self-consistency
tolerance for the convergence of the Hamiltonian and density matrices of 10* eV. All the
atoms were represented by a double-zeta polarized (DZP) basis set, along with Troullier—

5 employing the PBE exchange-correlation functional, due to

Martins pseudopotentials,
convergence problems found when using the rPBE functional with TRANSIESTA code.
Moreover, PBE is the functional most used for evaluating the transport properties on
molecular junctions through the DFT-NEGFT methodology,®®7 (68!

recent studies with Fe-SCO complexes as magnetic active elements.

employed in several
[69],[70],71],[72],[73]

 Au (01T)

Left electrode Scattering zone Right electrode

Figure 2. Molecular junction scheme employed in the transport properties calculations.

LIESST mechanisms

To get insight into the LIESST mechanism of the Fe-pz complex, the potential energy surfaces
of all relevant low-lying spin states have been evaluated. A set of intermediate structures were

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202003520

generated from the X-ray structure of the low and high temperature phases. The internal
coordinated of the ligands were kept frozen to the low temperature X-ray structure (the LS
state), while the distance between the Fe-N ligands were continuously varied from the LS
structure to the high-temperature HS structure. The average Fe-N distance was chosen as
reaction coordinate. It is worth noting that the CH; groups of the pz ligands present a slightly
different orientation on the LS and HS structures. For this reason, the minimum in the quintet
state curve appears slightly shifted to smaller average Fe-N distances than in the experimental
high-temperature structure. This could affect the precise positions of the intersystem crossing
points. But certainly it does not affect the vertical transitions from the ground singlet state
curve, which determine the LIESST phenomena at low temperature, since the structure for the
minimum of the ground singlet state corresponds exactly to the low-temperature x-ray
structure.

The potential energy curves of the low-energy states of the Fe-pz complex as function of the
Fe-N distances were evaluated using CASSCF/NEVPT2 calculations. The effects of spin-orbit
coupling on the relative energies between the different electronic states are only minor and
have not been included.®® > The reference wavefunction for each point on the energy profile
was obtained from the average of the first five roots of quintet, triplet and singlet states. A
NEVPT2 calculation was performed on the top of each converged SA-CASSCF wavefunction,
using the default parameters of ORCA code.

RESULTS

Benchmark calculations: the isolated molecule

In a first step, we have evaluated the energy difference between the HS and LS states, referred
as HS-LS. The purpose is to establish a confidence range for the DFT-based calculations, using
as reference the results provided by wavefunction (WF) based methods.

The X-ray data for the low temperature and high-temperature phases are employed to
determine the energy of the LS and HS states, respectively. The HS-LS energy is evaluated from
CASSCF/CASPT2 and CASSCF/NEVPT2 calculations, and compared to the value resulting from a
DFT evaluation with rPBE functional. Table 1 shows the almost linear dependence on the IPEA
shift for the CASPT2 results, with HS-LS energies ranging from 12 to 28 kJ/mol for increasing
IPEA values. The HS-LS values are in line with those obtained from NEVPT2 calculations, with
the strongly contracted (20 ki/mol) or the partially contracted (9.7 ki/mol) schemes.”® The
estimates provided by the wavefunction-based approaches are in agreement with the
experimental value for the transition enthalpy”s] of AHy. =10.2 kJ/mol for the bulk structure.
When comparing with the experimental data it should be noted that our evaluations do not
take into account the intermolecular interactions present in the crystal. Then if they are
relevant for the transition, i.e. one of the states is differentially stabilized by them, this
contribution to the transition energy would not count as part of our estimates.
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Table 1. Energy difference between the HS and LS states (kJ/mol) for the isolated Fe-pz

molecule, calculated on the basis of the low and high temperature X-ray bulk structures for the

LS and HS states, respectively, or from the optimized geometries of each spin state using the

rPBE functional. D3 refers to Grimme dispersion correction. ZPC is the zero-point correction.

Method & geometry employed HS-LS / k) mol™

IPEA=0.25 au 121
CASPT2 X-ray data IPEA=0.4 au 22.1

IPEA=0.5au 28.3
NEVPT2 X-ray data Partially contracted 9.7

Strongly contracted 20.3
rPBE X-ray data 54.1
rPBE Optimization 10.0
rPBE + ZPC Optimization 13
rPBE + D3 Optimization 52.7
rPBE + D3 + ZPC Optimization 44.0
AHy. exp 10.2

The ligand field strength of Fe site on each spin state has been evaluated by means of the ab

initio ligand field theory (AILFT) approach implemented in ORCA. Scheme 1 reports the energy

values of the ligand field one-electron functions resulting from the AILFT analysis. As expected,

the gap is definitively larger for the LS state. The separation between the barycentres of the

t2g and eg-like orbitals is of 16189 cm™ for the LS molecule, versus a separation of 9523 cm™

for the HS state. This result is in line with the composition of the Fe 3d t2g-like and eg-like

active orbitals of the HS and LS states. The ligand contribution is larger for LS than HS orbitals,

particularly for the unoccupied eg-like orbitals. Thus, the Lowdin orbital analysis of the CASSCF
orbitals gives a 87.8% of 3d Fe character for the eg-like orbitals of the LS state, versus 98.2% in

the case of the HS state.

17949.4

cmt

17761.8 cm™

2527.7 cm™?
2471.4 cm?

0 [

HS
10848.3 el | s
10205.0 cm®
9523 cm!
1643.0cm?
1367.4 cm™

0 —

Scheme 1. Ligand field theory parameters for the LS and HS states of the isolated Fe-pz molecule.
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When the HS-LS energy is evaluated from DFT calculations with the rPBE functional, the
resulting energy difference is of 54 kJ/mol (Table 1), about five times larger than the
experimental enthalpy. But, interestingly once the geometry of both states is optimized, the
energy difference between them decreased to 10 kJ/mol, in excellent agreement with the
experimental AHy,. This result goes along with the general trend observed for this functional
when dealing with SCO Fe complexes.?**? The optimized rPBE geometries of the isolated
molecule compare well with the X-ray geometries of the crystal at low and high temperature,
with a mean deviation of the Fe-N distances in the FeNg core of 0.05 A and 0.08 A for the LS
and HS states, respectively. Part of this deviation can be related to the absence of packing
effects in our calculations. Hence, it is extremely important for DFT-based approaches to
ensure that the structures employed in the calculation correspond to minima in the
corresponding potential energy surfaces, otherwise the HS-LS energy could be overestimated.

Comparing with previous DFT+U calculations, the rPBE functional presents two main
advantages, it is a non-hybrid functional, relevant for the computational cost of the
subsequent calculations of the molecule on the Au(111) surface, and it is parameter-free. In
fact, LDA+U calculations of the Fe-pz complexes showed that the HS-LS energy difference is
dramatically sensitive to the U value, much more than usual. In fact, it can be tuned from 2.5
eV (240 kJ/mol) to 0 eV by varying U from 0 to 6.88 eV. For U > 6.9, the HS state is favored

over the LS state.!”!

Similar results are obtained from VASP calculations on the isolated molecule, using periodic
conditions. The size of the unit cell (17.82A x 17.82A x 32A; o 90°, B 90°, v 60°) avoids any
intermolecular interaction (Figure 1). Table 2 shows the HS-LS energy difference for different
exchange-correlation functionals. PBE and SCAN largely overestimate the HS-LS energy, while
the estimates obtained with the revised versions of PBE, rPBE and revPBE, are both in
agreement with the values provided by the WF-based approaches. Nicely, the HS-LS energy
difference for rPBE is in accordance with the value obtained from the calculation on the
isolated molecule, without periodic conditions. Note that we compare two types of
calculations: gas phase calculations of the isolated molecule at CASPT2, NEVPT2 and rPBE level
using two different packages, MOLCAS and ORCA, and gas phase calculations with periodic
conditions, at rPBE level, using VASP code. It is worth noting that each type of calculation
introduces different approaches and makes use of different basis sets. For this reason, small
deviations between the estimates resulting from these different treatments are expected.

When dispersion effects are included through Grimme corrections (D2% or D3 in Table 2),
the low-spin state is largely favored, as previously noted,? resulting in highly overestimated
HS-LS energies. The same is observed for finite calculations (rPBE+D3 entries in Table 1).
Instead, zero-point corrections favored the HS state by 9 kJ/mol in average,m] by 8 kJ/mol in
our case (ZPC entries in Table 1). Since these two effects partially compensate and in
particular, the zero-point corrections are difficult to be evaluated in a periodic frame, we
decide to rest on the rPBE functional, without corrections, for subsequent studies using the
periodic DFT approach.
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Table 2. Periodic DFT evaluations of the HS-LS energy difference for the Fe-pz molecular
crystal, the isolated molecule and the molecule/Au(111) with unit cell (17.82A x 17.82A x 324;
o 90°, B 90°, v 60).

System Geometry XC Functional HS-LS (kJ/mol)

Molecular crystal X-ray data rPBE 29.5
PBE 76.3
rPBE 18.2
revPBE 29.7

Isolated molecule o
. L Optimization SCAN 74.8

in periodic cell

PBE+D2 118.4
PBE+D3 95.1
rPBE+D3 65.5
Molecule on surface Optimization rPBE 25.1

Adsorption on Au(111) surface

In the following, we focus on the adsorption of the Fe-pz complex on the Au(111) surface and
the impact on the spin transition. The molecule on the surface has been optimized in the LS
and HS states, using as starting point the optimized geometries at DFT+U level reported by
Fourmental et al.”® In this structure, molecules are adsorbed on the Au(111) surface as a
monolayer which unit cell parameters are close to those of the crystallographic plane (011) of
the bulk structure at 298 K. In this orientation, the molecule is titled towards the surface, the
B-Fe-B axis forms an angle of ~20° with the surface (Figure 1). In our case, the unit cell
contains just one of these molecules. The a and b axes of the unit cell are large enough to
avoid any intermolecular interaction.

The adsorption energies are spin-dependent, with values of -32.2 kJ/mol (-0.33 eV) for LS
state and -25.3 kl/mol (-0.26 eV) for the HS state. Then once deposited, the interaction with
the substrate is weakened when temperature rises. These adsorption energy values are in
better agreement with the expected weak molecule-substrate interaction,™?¥ that the
previous evaluations based on DFT+U calculations, which provide adsorption energies of ~2.1
eV (203 ki/mol),™ hardly classifiable as a weak interaction. The dependence of the
adsorption energy with the spin state has been previously observed for the deposition of
Fe(phen),(NCS), on metallic substrates®® 7 (-2.62 eV for LS and -2.22 eV for HS on Cu(100)
surface). In such a case, the sulfur atoms of NCS ligands strongly bind the surface, and this
would explain the coexistence of two spin states and the inability to switch found for
Fe(phen),(NCS), on Cu(100). Note that the calculated adsorption energies for Fe-pz are one
order of magnitude smaller than that reported for Fe(phen),(NCS),. This is in line with the fact
that SCO properties of Fe-pz are preserved once deposited, while the switching is blocked in
the case of Fe(phen),(NCS),. Then it seems to exist a clear correlation between the strength of
the interaction with the surface and the prevalence of the bistability.

10
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The closest contact between the adsorbed molecule and the Au(111) surface takes place
through two of the hydrogen atoms of one of the methyl groups (Figure 1). They occupied on-
top positions at distances of 3.04 A and 3.21 A for the LS state, and 3.05 A and 3.15 A for the
HS state. During the optimization the molecule maintains the same orientation in relation to
the surface than in the optimized geometry obtained from DFT+U calculations, ¥ but in the
rPBE optimized system the molecules are considerably further to the surface (closest distances
Au-H in the starting geometry were 2.42 A and 2.51 A for the LS state, and 2.49 A and 2.39 A
for the HS state). Our results are consistent with lower adsorption energy values that reported
before.

The deposition of the molecule on the metallic surface modifies the transition energy, which
increases from 18.2 kJ/mol to 25.1 kJ/mol. Such an increase of the relative stability of the LS
state due to the surface together with the larger adsorption energy of the LS molecules should
increase the transition temperature of the deposited molecules, and should not favor the
presence of a mixed HS and LS phase at low temperature observed for the monolayer of Fe-pz
on Au(111) surface.”” Then the origin of such a mixed phase is not in the interaction of each
individual molecules with the substrate, but must be related to the intermolecular interactions
and the structural constrains imposed to the molecular layer by the Au(111) surface, as
suggest the toy mechanoelastic model of Fourmental et al.?¥ These effects could modify not
only the relative energies of the two spin states, but also the energy barrier between them.
Works on these issues are in progress.
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Figure 3. Projected density of states of the LS (left) and HS(right) molecule on Au(111) surface. Red, blue
and green lines correspond to Fe, ligands and Au, respectively.

Figure 3 represents the Fe-, ligands- and Au-projected density of states of the molecule
deposited on Au(111) for both spin states. The bands close to the Fermi level are mainly Fe 3d
with a larger hybridization with the ligands for the LS state than for the HS one. This result is in
line with the strength of the ligand field around the Fe site, larger for the low temperature
geometry (the LS state), where the Fe-N distances are shorter than for the high-temperature
geometry (the HS state). The shorter the Fe-N distances, the stronger the mixing of the ligand-
centered orbitals with the Fe 3d ones. In consequence, the active orbitals of the LS state are

11

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202003520

spatially more extended than the HS ones, as shown in Figure 4. This leads to frontier bands
(orbitals) with a larger weight on the ligands for the LS molecules than for the HS ones (Figure
4). This result could be also related with the greater adsorption energy of the LS phases, since
spatially more extended orbitals can promote stronger interactions with the surface. Hence, it
is expected that this trend will be a general feature of the SCO molecule-substrate interaction,
since it is rooted in the different ligand field of Fe site at low and high temperatures, a
common hallmark of the Fe(ll) SCO complexes.

tzg-”ke

HS

occ

LS

occ 2 2 2 0 0

Figure 4. Representation of the Fe 3d ty,-like and e,-like active orbitals for the HS (top) and LS (bottom)
states obtained from rPBE calculations on the isolated molecule. occ refers to the occupation number of
each orbital.

These frontier orbitals (bands) are responsible for the differences found in the STM images
obtained with positive and negative bias voltage.™ Experimentally, in positive bias, V, the
electrons flow from the tip to the empty orbitals (states) of the sample placed between the
Fermi level, E, and E+V eV. Since the tip is placed on the top of the molecule, the local states
accessible for the tip electrons are those centered on the molecule. For the LS molecule, Figure
3 shows that the low-lying unoccupied states are at least 2 eV above the Fermi level, at
energies much higher than the explored positive bias voltage. For the HS molecule there are
several empty states in the range of Er and E; +1eV. The density of states is more important for
HS molecule, for the LS molecule the empty states close to the Fermi level are mainly centered
on the gold surface, but they don’t spread enough to the vacuum to be probed by the STM tip.
Then in positive bias, only the HS molecules can be imaged by STM. I Both LS and HS
molecules present occupied states close to the Fermi level, although the density of states is
more important for LS molecule (Figure 3). Then in negative bias, where the electrons flow
from the occupied states of the sample to the tip, both molecules can be imaged by STM, as
observed experimentally.™ Figure 5 shows the simulated STM images at constant height from
the surface (12 A) with an applied positive (V= +1V) or negative (V= -1V) bias voltage. The STM
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images are simulated on the basis of the DOS provided by our rPBE calculations, and correctly
reproduce all the experimental observation. For positive bias, the STM image for LS molecules
is completely dark, and only the HS molecules bright. For negative bias, the spots are brighter
for the LS molecules than for the HS ones, in line with the higher density of states of the LS
state. Also the shape of the spots indicates a larger contribution of the ligand states for the LS
than for the HS molecules. The spots also reflect the C;, symmetry of the scorpionate ligand.
These features are also in line with the differences found for the tunneling conductance of LS
and HS molecules (see below).

Figure 5. Constant height simulated STM images for LS state and HS states at negative (left) and positive
(right) bias voltage of +1V.

Transport properties

We have first analyzed the transport properties of each junction at zero bias voltage. The spin
and energy-resolved transmission spectra and Green function projected density of states (GF-
PDOS) are shown in Figure 6. The calculations were carried out using the PBE functional and
this introduces slight differences on the projected DOS around the Fermi level with respect to
those shown in Figure 3, but the discrepancies are not relevant for the main features of the
transport properties.

In the case of the system with the HS complex as molecular bridge, a spin down transmission
peak is observed near the Fermi level (Figure 6a). Inspecting the density of state of the
junction projected on the molecule, a sharp peak in the Fe states can also be appreciated
(Figure 6b), centered at the same energy value than the transmission resonance. Hence, the
transport at negative bias is carried out through the molecule spin-down HOMO, with a strong
Fe nature, mainly Fe 3dz’ (Figure 4).
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For the junction featuring the LS complex, two spin-degenerated transmission peaks are
observed in the proximity of the Fermi level (Figure 6c), at lower energy than in the HS case,
but much more higher in intensity (about one order higher), in line with the higher density of
states centered on the LS molecule below the Fermi level. As in the HS molecule, the PDOS on
the complex exhibits sharp peaks at the resonant transmission energies (Figure 6d). However,
this time, a significant contribution from the nitrogen and carbon atoms of the complex is
observed. Thus, it is expected that in this case the almost degenerate HOMO and HOMO-1
orbitals of the complex play a chief role in the junction transport characteristics. These MOs
are mainly of Fe d-type character, but with a contribution of the ligands (Figure 4). This
delocalization toward the ligands of the resonant orbitals explains the increase of the LS
transmission coefficients, due to the improvement of the hybridization between the molecule
and the electrodes.

ransmission
e 2 B B8

0,002 ] H — SpinUp 0.02 : — SpinUp
a) H wwss Spin Down c) s Spin Down

PDOS (eV-1)

e
4 N — N
b) d)
300 0
03 02 01 0 01 02 03 03 02 01 0 01 02 03
E-Ef(eV) E-Ef(eV)

Figure 6. Simulated transmission spectra (a,c) and projected density of states (b,d) for the HS (left) and

LS (right) molecules.

Finally, the current through each junction was computed at different negative bias voltages
(Figure 7). The calculated I-V profile qualitatively reproduced the results obtained by Bairagi et
al™ showing a higher current for the HS system at low voltages values, and a dramatic
increase of the current in the LS configuration after certain voltage threshold. It is worth to
mention that, in the low voltage regime, the current through the HS spin junction is completely
spin-polarized. This behavior is mainly due to the fact that when a potential difference V is
enforced between the electrodes, only the states in a range from -V/2 to V/2 eV, with respect
to the Fermi level, are involved in the actual electron transfer. Specifically, this is reflected
when the transmission peaks enter in this bias voltage window. In this case, the HS system
exhibits larger current values when a small voltage difference is applied, due to the presence
of the spin-down transmission peak at around -0.05 eV, along with the almost total absence of
transmission signals for the LS system until applying approximately -0.3 V, where two strong
and spin-degenerate signals enter the bias window, dramatically increasing the measured
current in the low spin configuration.

For the explored bias voltage (-0.3V to 0V) the simulated tunneling current is almost three
times smaller than the experimental one. Together to the intrinsic limitations of our |-V
simulations, the discrepancies can be also related to differences in the relative position of the
tip with respect to the molecule. In our simulation we have fixed the tip along the B-Fe-B axis
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as in the experiments, separated by 10 A to the Fe atom, about 4.6 A from the closest H atom.
The available experimental data did not indicate the separation between the tip and the
molecule. Since the tunneling current shows an exponential decay with the tip-sample
distance, if the distance in our simulation is overestimated by 1 A, the current would be
lessened by a factor of 2.7, close to the ratio between the experimental and simulated current
values in the range of bias voltages inspected by our calculations.
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Figure 7. Experimental (a) and simulated (b) I-V curves at constant height for the HS (black) and LS (red)
molecule. Experimental |-V reproduced from Ref. [11] (Bairagi et al. Nat. Commun. 2016, 7, 12212)

LIESST and UV-spectra

The UV-vis absorption spectra registered on the Fe-pz molecular crystal at room
temperature®® (8 \ith a strong UV band at about
~220-280 nm (219 nm in the case of thick-films). Upon cooling, at 103 K two well-resolved
bands at 349 nm and 278 nm appear, assigned to LS absorptions.”®! The calculated UV-vis
spectra for the isolated molecule in the LS (red curve) and HS (green curve) states are shown in
Figure 8. The distinctive LS band appears at 475 nm, redshifted by about 100 nm with respect
to the experimental spectra at low temperature. This band could be assigned to the transition
between the HOMO and HOMO-1 bands to the LUMO of the LS molecule, separated by about
2.2-2.8 eV as shown in Figure 3. The LUMO of the LS molecule presents a notable mixing of Fe

3d and ligand centered bands. In fact, this transition has been assigned to a metal-to-ligand
[20]

match with the spectra of thick-films,

charge transfer absorption band in literature.
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Figure 8. (left) Simulated UV-vis spectra of the LS (red) and HS (green) molecules. (right) Absorption
spectra recorded upon cooling of the as-sublimed 130 nm-thick layer of Fe-pz. Reproduced from Ref. 18]

with permission from the Royal Society Chemistry.
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The Fe-pz complex deposited on Au(111) exhibits a light-induced excited spin state trapping
(LIESST) phenomenon when illuminated with a blue laser (405 nm) at 4.4 K 2U The laser
irradiation induces the conversion from LS to HS, up to a value of 69% of molecules in HS state.
The photoexcited state is also a mixed spin-state phase with only one-half of the molecule in
HS™Y. The energy of the blue laser corresponds to the low-energy side of the LS distinctive
band centered at about 350 nm in the UV-vis spectra at low temperature, and due to the
transition from HOMO to LUMO, as indicated the DOS of the LS molecule deposited on
Au(111) (Figure 3). The reverse transition HS—> LS takes place for wavelengths about 600
nm.

The light induced LS HS transition arises from an individual molecule-photon interactions
without role of cooperative effects”). This result is in agreement with LIESST in bulk SCMs,
where it is also found to be a single-molecule phenomenon.”® Then it is pertinent to analyze
the process on the basis of a single molecule. To explore the photoinduced spin transition in
Fe-pz, the low-lying excited states have been calculated as a function of the average Fe-N
distance. Figure 9 collects the energy of the five lowest singlet (blue curves), triplet (green
curves) and quintet states (red curves) at NEVTP2 level. The model employed to analyze the
reaction path correctly simulates the curvature of the singlet and quintet ground states, higher
for the singlet than for the quintet, as expected, although the quintet equilibrium distance in
our model appears displaced to shorter Fe-N distances than the experimental X-ray high-
temperature data, probably due to the imposed constrains. The model, however, exactly
matches the experimental low-temperature structure. The spring constants resulting from
parabolic fits for the ground singlet and quintet states are k;s=180 eV/A? and kys=164 eV/ A%,

twice larger than those previously obtained from DFT+U calculations.!*

At the equilibrium geometry of the ground singlet, only the vertical transition to the highest
singlet S, can drive the conversion to the HS state, through an intersystem crossing”® with the
quasi-degenerate quintets Q; and Q.. The intermediate triplets do not seem to be involved in
the deactivation of the excited singlet, as occurs in an ideal octahedral geometry.®® Figure 9
shows a tentative channel for the LS HS transition. The vertical excitation Sy S, at this level
of calculation corresponds to 376 nm, close to the blue laser wavelength. The wavefunction of
the S, state is dominated by single excitations from the Fe 3d ty,-like orbitals to the unoccupied
eg-like ones. Although formally d-d, the non-negligible contribution of the ligand to the
nominally Fe e,-like orbitals could explain the assignment in literature as a metal-to-ligand
charge transfer excitation.?® 7> The crossing with the excited quintet state takes place at an
average Fe-N distance of 2.03A, although the positions of the crossings between the different
states are probably not accurate enough, as mentioned before. This crossing is followed by the
internal conversion and finally the relaxation to the lowest quintet state Qg. The vertical
separation between these quintet states at the equilibrium geometry of Q4 corresponds to 596
nm, nicely close to the wavelength required for the reverse HS> LS transition (~600 nm).
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Figure 9. Potential energy curves of the low-energy states of the Fe-pz complex as function of the
average Fe-N distances. Blue, green and red curves correspond to the singlet, triplet and quintet spin
states, respectively.

CONCLUSIONS

The deposition of the Fe-pz complex on Au(111) surface is explored at molecular level through
rPBE periodic calculations. The strategy was calibrated against state-of-the-art approaches
based on multireference perturbation theories by the evaluation of the LS to HS transition
energy. Regarding the computational strategy, the main conclusion of this work is the
possibility of eluding the use of the +U approach to study the deposition of SCO Fe complexes
on metallic substrates. Our results show that the rPBE functional correctly reproduces not only
the HS-LS energy difference, but also captures the main features and singularities of the
electronic structure of each spin state. Together with this alternative computational strategy,
this study addresses for the first time some aspects of the molecule-substrate interaction such
as the differential adsorption energy of the HS and LS molecule, and the key role of the Fe
ligand field of each spin state on the behavior of the deposited Fe-pz molecule. This work goes
beyond previous studies on the same subject, introducing additional and, in our opinion,
general arguments to explain the interaction between the SCO molecules and the substrate.

Our results show that the deposition on the metallic surface is spin-dependent, and favors the
LS state. The transition energy is modified by the surface, enhancing the stability of the LS
phase. The adsorption energies are in the range of a weak molecule-substrate interaction, at
least an order of magnitude smaller than the values reported for the interaction of

[30]

Fe(phen),(NCS), with coinage metals,”™ where the molecule is chemically bounded to the

surface through the terminal sulfur atoms. A correlation then exists between the strength of
the molecule-substrate and the preservation of the SCO properties.
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This study excludes the thermochemistry of the interaction of each individual molecule with
the gold surface as the origin of the observed reduction of the transition temperature and the
presence of the mixed HS and LS phase at low temperature. These effects should be related to
the activation barriers of the HS—> LS transition, probably modified by the structural constrains
imposed by the surface to the molecular layer, as suggest the grazing incidence X-ray
diffraction data.?” The intermolecular interactions in the superstructure formed by the Fe-pz
molecules on the surface should also contribute to the stability of this mixed spin phase.
Works on both aspects are currently in progress.

The differences in the ligand field of the Fe center on LS and HS states are closely linked to the
conductance of each state, since the ligand field affects the position and composition of the
states around the Fermi level. The simulated I-V curve agrees with the experimental one,
predicting a higher conductance for the HS state for negative bias, until a certain threshold
value where the LS current increases dramatically. Also the STM images reflect the differences
in the Fe ligand field. The simulated STM images based on the rPBE calculations of a molecule
on the surface correctly reproduce the main features of the experimental one. This can be
considered as an additional proof of the reliability of these calculations.

Finally, the states involved in the LIESST phenomenon has been identify through NEVPT2
calculations on a model reaction path. The blue light absorption promotes a transition to an
excited singlet state that can lead to the HS state through an intersystem crossing with the
excited quintet state. A tentative pathway for the photoinduced LS=> HS transition is
proposed, that does not involve the intermediate triplet states, and nicely reproduces both the
blue laser wavelength for the activation, and the wavelength of the reverse HS=> LS transition.
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The deposition of Fe'((3,5-(CHs),Pz);BH),on Au(111)
surface is explored through rPBE periodic calculations.
The LS—>HS transition energy is enhanced by the
surface. The adsorption is spin-dependent, and favors
the LS state. The different strength of the Fe ligand
field at low and high temperature is at the origin of the

[zsm/?;'" differential adsorption of the LS and HS molecules, the
sesess A1) spin-dependent conductance, and the differences
found in the STM images, correctly reproduced from
the DOS provided by the rPBE calculations.
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