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Abstract

Resistance switching properties of nanoscale junctions of spin crossover molecules have
received recently much interest. In many cases, this property has been traced back to the
variation of molecular orbital energies upon the spin transition. However, one can also expect a

substantial reorganization of the molecular structure due to charge localization, which calls for a
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better understanding of the relationship between the redox potential and the spin state of the
molecule. To investigate this issue we carried out a detailed density functional theory and
variable temperature cyclic voltammetry investigation of the benchmark compound
[Fe(HB(1,2,4-triazol-1-yl)3),] in solution. We show that for a correct thermodynamical picture, it
is necessary to take into account the charge transfer-induced electronic and structural

reorganization as well as spin-equilibria in the oxidized and reduced species.

KEYWORDS Spin crossover, Redox potential, Density functional theory, Electronic Structure,

Cyclic voltammetry.



Spin crossover (SCO) compounds of 3d” — 3d’ transition metal complexes display a reversible
switching between the low spin (LS) and high spin (HS) electronic states of the central metal ion,
which is associated with a remarkable change of the molecular geometry and various physical
properties (electrical, optical, magnetic, caloric, mechanical, etc.).l’2 Consequently, the SCO
phenomenon provides an appealing scope for the modulation of charge and spin transport in
microelectronic circuits, which has been explored recently in various test devices.>”

At the macroscopic scale, the dominant transport mechanism in SCO materials is charge
carrier hopping via localized electronic states near the Fermi level, which corresponds, in
essence, to redox events between neighboring molecules. For this reason, the “bulk” conduction
is generally associated with low mobility and pronounced thermal activation.® In the opposite
size limit, charge transport is governed by direct tunneling from one electrode to the other. This
mechanism is limited by the localization of the electron wavefunction to junctions below ca. 5
nm thickness.” This mode of charge transport refers primarily to single molecule SCO junctions,
which have been mostly investigated by scanning tunneling microscopy (STM) and density
functional theory (DFT).>’ In most cases, the HS state appears more conducting, which was
ascribed to the sizeable decrease of the HOMO-LUMO gap when the ligand field decreases.'™"
We shall note, however, that SCO in molecular junctions was achieved in general when strong
electronic interactions between the electrode(s) and the molecule(s) were prevented.'*" In this
weak coupling limit, a simple orbital-alignment scheme becomes questionable as the junction
exhibits Coulomb blockade behavior.'* Besides these two size limits (sic bulk and molecular),
there have been several reports on SCO devices operating in the “intermediate” range of charge

transport (between ca. 5 and 50 nm),” wherein multistep tunneling, field emission, directed

inelastic hopping, and other mechanisms may occur. Overall, it appears that, apart from the case



of coherent tunneling, redox events in SCO junctions represent a fundamental feature. Hence,
understanding the relationship between the redox potential and the spin state of the molecule is
of primary importance towards the analysis of charge transport properties.

In the past, this relationship has been investigated mostly in the context of electron transfer
processes accompanied by a change of the spin-state of the metal ion,"> which are of particular

16-1 . . 19-22 .
618 and electrochemical devices.'*** Obviously,

relevance for a variety of biochemical reactions
one of the most important factors determining mutually the redox potential, HOMO-LUMO
levels and the spin state of transition metal complexes is the ligand field and there is an extensive
literature dealing with these relationships among different complexes (for a recent example see
ref. 23). On the other hand, due primarily to experimental reasons, relatively few reports have
been published on the concomitant investigation of redox and spin-crossover properties of the
same complex.”*® Yet, this provides a unique opportunity to investigate the influence of
electronic effects on the redox potential, without the additional complexity brought into by

ligand substitution. Notably, Kadish et al.***

reported on a series of cyclic voltammetry (CV)
experiments with different ferrous and ferric SCO complexes in solution allowing them to
discuss mechanisms relating spin equilibrium and electrochemical reduction and/or oxidation.
However, in CV measurements the kinetics of spin-exchange reactions near room temperature is
so fast (rate constants range typically between 10°-10° s™')*° that they remain in equilibrium
relative to electrochemical events (at typical voltammetric sweep rates).”> This means that the
standard reduction and oxidation potentials cannot be experimentally determined in both spin

states. Yet, voltammetry remains a valuable tool to verify the validity of redox potentials

calculated by quantum chemistry methods.



In this work, we used a DFT approach, which is the most commonly used computational
approach in the SCO field,’'>® to study the redox reactions of the HS and LS states of
[Fe(HB(1,2,4-triazol-1-yl)3),] (compound 1). We have chosen this compound because it exhibits
spin-equilibrium in solution near room temperature (allowing thus for CV experiments)®’ as well
as for its remarkable resistance switching behavior in nanoscale junctions — recently

demonstrated in different test devices.>*’

Results and Discussion

As shown in the Kohn-Sham MO diagrams of the neutral species of 1 (Figure 1), the HOMO-
LUMO gap significantly decreases from 'LS (4.4 ¢V) to "HS (2.8 eV), in agreement with
previous experimental and theoretical data on various SCO molecules.”'"? The intermediate

spin species has an intermediate gap (3 eV, Figure S1).
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Figure 1. Kohn-Sham MO diagrams of the neutral 'LS and *HS species showing the calculated
HOMO-LUMO gap (single point energy calculation with CPCM-MeCN at the vacuum
optimized geometry). Selected orbitals: d block and lowest-lying ligand-based unoccupied

orbital or spin-orbital (eigenvalues in eV).



Optimization of neutral low spin ('LS), intermediate spin CIS) and high spin (CHS) states of 1
was complemented by the optimization of reduced and oxidized species of doublet, quartet and
sextet spin multiplicities (ZLSOX, ZLSred, 4ISOX, 4ISred, 6HSOX and 6HSred). This latter part of the
work is crucial as it brings fundamental insights into the relaxed geometries and electronic
structures of these species. (See the Supporting Information, SI, for the computed data, including
geometries, energies and orbitals.)

Oxidation of the 'LS species yields a doublet state after removal of one electron from a
metallic non-bonding orbital, inducing slight contractions of all Fe-N bonds in the iron(III)
species. On the other hand, reduction of 'LS initially occurs on the ligand-based LUMO (kinetic
product) but, following relaxation, yields the *LS,.q species with a formally reduced d’ iron(I)
center (thermodynamic product) resulting from the formal addition of one electron into the
LUMO+5 of 'LS. Following the optimization of two different reduction products starting from
the LS state (depending on the optimization convergence criteria), the minimum energy path
connecting these two species was computed using the Nudged Elastic Band method. We have
previously shown that this method was indeed applicable to molecular open-shell species,
provided some caution is taken in order to converge the wavefunction to the desired electronic

40,41
state.**

In the starting state, the unpaired electron is located in a ligand-based n* orbital; in the
final state, the unpaired electron is located in a metal-based do* orbital. Consequently the
relaxed geometries are clearly distinguishable, with two elongated Fe-N bonds in the final state
(+0.45 A, Table S2). The internal conversion between the two doublet states corresponds to the
transfer of an electron from the ligand to the metal and is accompanied by an increase of one unit

in the Mulliken spin population on Fe. This is reminiscent of the *MLCT - *MC internal

. . . . 2+ 424
conversion process occurring for instance in [Ru(bpy)s]*".*** In the current case, an energy



barrier as low as 0.06 eV was obtained (Figure 2). Therefore it would seem very difficult, if not
impossible, to observe by conventional electrochemistry techniques a reduction product that
would differ from the low-lying thermodynamic reduction product involving metal-centered

reduction.
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Figure 2. Minimum energy path connecting the kinetic and thermodynamic reduction products
of the LS state. The x-axis represents the geometric distortion along the reaction coordinate: at x
= 0, ligand-based reduction product; at x = 1, metal-based reduction product (the lines are guides

to the eye). Singly-occupied molecular orbital of each *LS,eq species is shown.

Let us now examine the redox processes from *HS. The least bound electron in *HS is a /3
electron located in a metallic dr orbital (eigenvalue —5.05 eV). Removal of this electron leads to
HS,x with contracted Fe(II[)-N bonds. Alternatively, formal removal of the second least bound
electron (o electron located in a metallic do* orbital, eigenvalue —5.94 ¢V) leads to “IS.y.
Interestingly, these two Fe(Ill) states are very close in energy after relaxation, ISox being
actually 0.14 eV lower than “HS,y (this value lies within the accuracy of the method). We would
thus expect °HS, to be the kinetic oxidation product, eventually populating *IS., following spin

crossover (Scheme S1). In terms of reduction, this could take place either on the metal (f dn



orbital, eigenvalue —2.25 eV) to yield *ISeq or on the ligands (o 7* orbital, eigenvalue —0.95 ¢V)
to yield *HSyeq. In this case there is a clear energy gap between these two relaxed states (about
1 eV) in favor of 4ISred, which bears a formal Fe(I) center.

Scheme 1 gives an overview of the energetics of the different oxidation and reduction
products. It must be noted that these electronic energies were obtained by performing single
point energy calculations in acetonitrile solvent, at the vacuum-optimized geometries, in order to

be similar to the experimental conditions of the electrochemical studies (vide infra).
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Scheme 1. Electronic energy gaps (eV) with respect to the LS state (B3LYP* in CPCM-
acetonitrile). Discs stand for local minima. Arrows indicate the various connections through

redox (thick arrows) or spin crossover (thin arrows) processes.

Overall, the calculations point to metal-based thermodynamic redox products in all instances.

As estimated from the eigenvalue of the least bound electron (HOMO) in the parent neutral



species (—5.42 eV in 'LS; —5.05 eV in *HS), oxidation is expected to be slightly easier in the high
spin species. In contrast, as estimated from the energy gaps between optimized species (LSox -
'LS: 5.08 eV; *HS, - *HS: 5.36 eV), oxidation is expected to be slightly more difficult for the
high-spin species. We expect the latter method, which takes into account the relaxation of the
redox species, to be in better agreement with experiment. Following the same line of reasoning
based on thermodynamic considerations, the reduction of HS is expected to be easier than the
reduction of 'LS. As indicated in Scheme 1 (see also Scheme S1 in the SI), minimum energy
crossing points (MECP) have been optimized in the neutral, cationic and anionic species as their
energies and geometries inform us on the ease for the system to undergo spin crossover. It turns
out that all MECPs are very close in energy and geometry to one of the neighboring minima
(<0.1 eV). As a result, spin crossover processes are expected to be easy whatever the starting
spin state and whatever the charge.

In order to assess the validity of our calculations we have conducted a cyclic voltammetry
investigation of the redox properties of compound 1 at two different temperatures. Details of the
CV experiments and results are given in the SI. Briefly, the electrochemical oxidation of 1 in
acetonitrile involves a reversible one-electron transfer that may confidently be ascribed as an
Fe(IlT)/Fe(Il) redox process with a half-wave potential of E;, = +1.01 V vs. SHE (standard
hydrogen electrode) at 298 K and +1.09 V vs. SHE at 343 K. On the other hand, the reduction of
1 turned out to be electrochemically irreversible and very sensitive to the experimental details.
For this reason, we restrict the following discussion to the oxidation process. In acetonitrile, 1
displays a gradual spin conversion with an equilibrium temperature of ~293 K (as estimated from
temperature-dependent UV-vis absorption spectroscopy, Figure S5). In our experimental

conditions, the proportion of LS species drops from 50% at room temperature to 10% at high



temperature. This means that the HS and LS species are in equilibrium with fast interconversion
rates in the whole temperature range of the CV experiments, which prevents the assessment of
the redox potential of both species. We can assume that the observed process corresponds to the
oxidation of the most oxidizable species, i.e. the LS species according to the DFT results. As
discussed in ref. 15, in coupled oxidation and spin-exchange processes, the oxidation potential
can be written as:

E°ox = E°Ls - (RT/F)In(ngs) (1)

where nys and nyg are the temperature dependent HS and LS fractions, respectively, R is the
molar gas constant and F is the Faraday constant (ns* ¥ =0.5, i =0.1). Thus eq. (1)
predicts an increase of ca. +50 mV of the oxidation potential when going from 25 to 70°C, which
is indeed very close to the experimentally observed value of +80 mV. This discrepancy could be
related to solubility issues, which contribute to the temperature dependence of E;/,. Then we can
estimate the value of E° s =1.03 V vs. SHE. Taking into account the literature value of Gibbs
free energy change of SHE (AG°gyg = -4.28 eV)* and the Gibbs free energy change for the
oxidation of the LS species (reoptimized in solvent, AG'is i sox=5.09 eV, Table S4) the
calculations give E° s=0.8 V vs. SHE, in reasonably good agreement with the experiment.
Additionally, reoptimization of *HS, “HS,y and *IS, in solvent confirms the degeneracy of the
quartet and sextet oxidized species, and confirms that the high spin complex should be more
difficult to oxidize (AGSHS/6HSOX =5.46¢V, AG’ Hs/4150x =5.43 eV, Table S4) than the low spin

complex.

Conclusion
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In summary, through a detailed DFT study of the oxidation and reduction processes in the spin
crossover complex [Fe(HB(1,2,4-triazol-1-yl)3),], we have shown that there is no unequivocal
connection between the frontier molecular orbital diagram and MO eigenvalues of the neutral
molecule and the redox potentials in the two spin states. The effects of electronic repolarization
and geometric relaxation in the oxidized/reduced species, as well as spin-state equilibria in the
different oxidation states, turned out to be substantial on the localization of the redox events,
hence on the electronic structures and final relaxed geometries, explaining why considering
solely the HOMO and LUMO of the parent species can be misleading, particularly in spin
crossover complexes. As an illustration, during the course of the calculations, we have
encountered what can be seen as kinetic oxidation or reduction products as well as a
thermodynamic oxidation or reduction products. As such, the computational results obtained
here allow to shed light on some aspects that have not received enough attention in the
rationalization of combined charge transfer and spin crossover phenomena, which are relevant
not only for SCO-based electronic junctions, but also for a variety of biochemical, catalytic and

energy storage/conversion processes.
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Synopsis

In a joint DFT and experimental study, we have explored the interplay between redox and spin

crossover processes in [Fe(HB(1,2,4-triazol-1-yl);)] in MeCN solution (25 and 70°C). The

electronic structure of all spin and redox species is reported. This is required to decipher the

variety of processes occurring upon removal or addition of an electron to the complex. This

work highlights that a simple picture based on the HOMO-LUMO levels of the neutral HS and

LS species cannot provide even a qualitative link between redox potential and spin state of the

complex.
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