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Influence of the Dipolar Interactions on the Relative
Stability in Spin Crossover Systems

Salvador Cardona-Serra* and Stefano Sanvito

Molecules exhibiting a spin-crossover transition have been
proposed for a number of applications such as molecular
switches, spintronic tunable interfaces, and single molecule
gates. Both the rational design of new spin-crossover systems
and the improvement of the properties of the already existing
ones require a theoretical understanding of the relative ener-
gy of the high (HS) and low spin state (LS) molecules in the
solid-state. This has proved to be very challenging so far.
Here, we shed some light on the importance of considering

Introduction

Spin-crossover (SCO) molecules are considered as one of the
most promising molecular systems for magnetic information
storage.!"! There are proposals that their spin state can be
manipulated by an external electric field and coherent elec-
tronic transport has been calculated to be significantly differ-
ent depending of the molecule magnetic configuration.”! The
unique possibilities offered by these molecular systems match
the main ideas and concepts of inorganic spintronics making
them very promising within the framework of molecular spin-
tronics.®* For instance, SCO molecules as environment-
dependent bistable objects can be the active component in
memories or in sensors,” with the advantage of being low-
cost and processable from solution as well as by sublima-
tion.® Compounds that exhibit a SCO behavior show specific
advantages regarding the external manipulation, such as their
ability to reversibly change from high to low spin (LS) state
with different stimulus like temperature, pressure or light.[”!

However, mainstream every-day applications require a spin
transition at room temperature. Toward that goal, a large num-
ber of theoretical approaches have been developed in the last
decades.® ' Whereas ligand field theory™" focuses in the
single-molecule consideration and the Fe(ll) 3d orbital splitting
(10Dq) producing the useful Tanabe-Sugano? diagrams, this
vision is restricted to the case of a single molecule. But under-
standing the large-scale behavior requires to go beyond the
isolated complex and include molecule-molecule and mole-
cule-lattice interactions. From the solid-state view, new models
accounting for these macroscopic interactions are being devel-
oped. As an example, a contribution concerning molecule-
phonon coupling has been recently published."® Here, we
deal with the inclusion of the electric dipolar interaction
between molecules in the real crystal environment, which to
the best of our knowledge, has been never considered before
in this context.
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the symmetry and the geometry of the crystallographic cell
to correctly evaluate the influence of the dipolar interactions
on the relative energies of the molecular complex in both dif-
ferent spin states. Moreover, in the case of Fe(SCN),(phen),
dipolar interactions are found to play an important role for
the stabilization of the LS complex. © 2016 Wiley Periodicals,
Inc.

DOI: 10.1002/jcc.24676

For at least one decade, the calculation of the total energy
difference (AEt) between high and low configurations in
molecular-based SCO materials has been a hard problem, diffi-
cult to address either by theoretical chemists or physi-
cists."* %1 The main issue with these systems is related with
the high computational cost associated to calculating, at a
high level of accuracy, such tiny quantity, related to materials
containing a large number of atoms.

To overcome such problem one has to carry out calculations
by accepting a number of assumptions. The first consists in
the level of electronic structure theory considered. The most
widely used approach is to perform total energy calculations
with density functional theory (DFT).'”! Here, however, the
choice of exchange and correlation functional becomes
paramount.

In general, local and semi-local functionals, such as the local
density approximation (LDA) or the generalized gradient
approximation (GGA), tend to under-estimate energy differ-
ence between the expanded (S=2) and contracted (S=0)
conformations. This is usually corrected by a specifically engi-
neering a functional incorporating some fraction of Hartree-
Fock (HF) exchange energy.l'® But the actual amount of HF
exchange needed varies from molecule to molecule and a true
predictive power is difficult to achieve. An additional problem
is that usually these total energy calculations are performed in
gas phase molecules (either in their experimental geometry,
when available, or in that obtained by DFT relaxation). Neither
of these situations is ideal, as they do not correspond to the
actual samples, where the molecules are in a solid-state single
crystal form together with counter-ions.

This leads us to consider a single molecule in its actual
molecular environment, that is, as part of total crystal. In this
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Figure 1. Schematic representation of the dipolar models. a) Previous ele-
mentary model to mimic the Madelung field. b) The proposed model pre-
sented in this work that keeps the dipolar orientation and the symmetry of
the experimental crystal. [Color figure can be viewed at wileyonlinelibrary.
com]

case, one can account for intermolecular dipolar interactions,
which may be decisive for determining the relative stability of
both conformations. In a recent publication, complete unit cell
calculations have been used for first time to obtain effective
parameters about the dynamic properties of the SCO transi-
tion."” Unfortunately, considering the complete unit cell (and
its long-range interactions) using periodic boundary conditions
has been proved to be extremely computational expensive to
achieve. A possible way around this problem is that of intro-
ducing an effective Madelung field in the simulations to mimic
the rest of the crystal.?®” Thus, an effective fictitious unit cell
has sometimes been used to simulate such a field: the main
complex has been simulated by positioning a lone Fe ion sur-
rounded by six nitrogen in octahedral positions arranged colli-
nearly in a pseudo-cubic cell. This model is clearly very far
from being realistic, not only in terms of the ligand truncation
(it partially eliminates the molecular dipoles) but also in terms
of the orientation of the molecular entities.

In this article, we first perform point-charges embedded DFT
(see ab initio calculations) and we go beyond such model and
propose a different effective approach that considers the
complete dipolar interactions present in a specific crystal
symmetry. In particular, we explore whether such factor affects
the total energy difference between the two states of the
complex. The differences between the two models are shown
in Figure 1.

Methods
Ab initio calculations

The Gaussian09™" code has been selected as the tool to per-
form the molecular ab initio calculations. The theoretical level
of description was set using the hybrid functional (20% HF)
UB3LYP™?/TZP which is known to give accurate results for
many chemical problems. In contrast to the common practice,
we have avoided to parameterize the functional to obtain the
energy difference for the gas-phase molecule in both states.
Instead we demonstrate that including long-range dipolar
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interactions, which account for the single-crystal symmetry,
can approach the value to the experimentally measured. We
have also tested a GGA functional UPBE3/TZP. The latter is
known to overestabilize the LS complex because of a large
self-interaction error, but it is included for completeness. Thus,
the energy of a specific configuration and the dipolar moment
of such state are obtained. It is important to note that, as the
property is usually measured in a single crystal, the geometry
of the molecule used in the calculations should reflect that
fixed structure. Thus, the molecular coordinates, for both con-
figurations extracted from crystal diffraction measurements,
were used without further relaxation.

To complete our ab initio model with the intermolecular
interactions present in the solid state, we have extended the
DFT calculation with the inclusion of a neutral sphere
of dipoles formed by point charges following the crystal
geometry on each case. These dipoles should account for the
dipole-dipole effect explicitly.

Dipolar model

Let us start describing the electric field in a single point (refer-
ence) created by a dipole:

E(r)=

1 3M.(~ /)P "

41eq |F— J

where 7 and rJ are the coordinates of two dipoles (reference
and measured), p the vectorial coordinates of the measured
dipole, and ¢, the vacuum permittivity.

Thus, it is possible to calculate a sphere of dipoles located
in their crystallographic positions and add their electric field
applied over a central dipole using:

sphere

Uo= Y E(}) - P (2)

i

with p, the vectorial coordinates of the reference dipole.
Considering these formulas, it is immediate to realize that
the vectorial nature of the dipoles makes it decisive to include
their orientation and position. Each individual dipole is consid-
ered to be located at the position of the metal ion and to
point in the direction established by the DFT calculation. As
this orientation depends on how the molecule arrange in the
crystal phase, and not all the molecules are necessarily in
equivalent positions, their dipolar vectors may not be collinear.
These data have been introduced as input in a homemade
FORTRAN code that accounts for such dipole summation.
Thus, knowing the crystal structure of a SCO complex (mea-
sured at both geometric configurations) one can estimate the
dipolar contributions to each state in a very time-inexpensive
calculation. We considered spheres of increasing size, which
include dipoles located on the metal crystalline positions, until
achieving convergence. This calibration was tested in the LS
state of B3LYP (the one that presents the highest dipolar
moment). The radius of the sphere was increased in steps of
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Figure 2. Molecular representation of the molecule Fe(SCN),(Phen),. A
schematic arrow has been depicted to show the molecular electric dipole.
[Color figure can be viewed at wileyonlinelibrary.com]

10 A starting at 100 A. The final convergence was achieved for
a radius of 150 A with an error <0.01 eV (energy difference
between that calculation and the previous in size), which
means about 24,000 dipoles considered.

The contribution to the energy difference obtained from
intramolecular interacctions will then be used to calculate the
total gap as a correction to gas phase DFT calculations [see
eq. (3)]. This equation proposes that the total stabilization
energy for a complex configuration is the sum of its isolated
energy plus a term concerning the intermolecular non-
covalent interaction, as has been assumed elsewhere.**

AE'(OtHs—Ls :AEgaSHs—Ls +AEdipHs—Ls ©)

Results and Discussion

As a test case study for our approach, we have selected the
widely studied [Fe(SCN),(phen),] molecule, as this SCO entity
is simple and it crystallizes without counterions.'*”’

Crystallographic data for this complex show two different
structures determined at two different temperatures, namely
at 293 K and 130 K. The SCO transition in Fe(SCN),(phen),
occurs at 176 K, meaning that those two geometric states can
be assigned to the high spin (HS) and the low spin (LS) config-
uration respectively.

In both structures, the Fe(ll) ion shows a coordination
sphere formed by four nitrogen atoms from two phenantroline
ligands and two nitrogen atoms from both thiocyanate anions.
The presence of the two latter charged ligands coordinating
the Fe?* cation suggests the formation of an electric dipole
pointing along the direction going from the Fe ion to a
midpoint between the SCN ™ ligands (see Fig. 2).

Using the methods described in the “theoretical model — Ab
initio calculations” section, the relative energy differences and
the dipolar vectors for both complex geometries have been
obtained. Note that these are for the molecules in the gas
phase, any intermolecular interaction has been considered yet.
These results are consistent with those previously obtained by
other authors.'® 2%! Thus, we have obtained an energy
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Table 1. Dipolar moment (in Debyes) of a single Fe(SCN),(phen), mole-
cule for HS and LS at two different functional levels.

Dipolar moment  HS state (D) LS state (D)  AD (D)  AEgp(eV)
B3LYP 19.60 20.27 0.67 0.31
PBE 16.13 17.89 1.76 0.64

difference (AEgas,, ) of —0.24 eV for B3LYP and +0.59 eV for
PBE. A previous study showed that the PBE functional oversta-
bilizes the S=0 conformation, showing an unrealistic energy
gap due to the self-interact error, whereas B3LYP may produce
the configuration with S =2 as ground state, which is in con-
tradiction with the experimental results.’*

In addition, the use of the B3LYP functional results in higher
absolute values of the electrical dipole although the relative
energy difference between the two spin-states is lower than
that obtained using PBE. In both cases, the LS geometry
seems to present a higher dipolar moment. This behavior can
be explained by comparing the distribution of the electronic
density in both spin states. In the more expanded case, most
of the positive charge is located on the iron atom. On the con-
trary, the more contracted case presents the positive charge
slightly spread to the carbon atoms of the phenantroline
ligands farther away from the negative charge that resides on
the SCN™ anions. This effect is likely due to the lower distance
between the ligands and the iron in the latter configuration,
which promotes the charge transfer.

As a first estimation of the dipolar interaction contribution
we considered an embedded DFT by adding point charges
that were adapted to give the previously obtained dipoles. We
performed this calculation using B3LYP/TZP to establish a low-
er bound in the dipolar stabilization energy.

The obtained results showed a partial stabilization of the LS
complex compared to the HS with total gap value of —0.19eV.
This would give a dipolar contribution of 0.05eV favoring
the LS complex, but not strongly enough to obtain it as the
ground state. This problem has been previously studied in the
literature and many author have claimed DFT methods fail in
the calculation of non-covalent intermolecular interactions.?”!

Finally, the second effective model permitted us to estimate
the dipolar interaction energy using an inexpensive classical
model implemented in a FORTRAN code (see theoretical mod-
el section). The differences in the dipolar stabilization energy
are AEgip,. , =031 eV for the B3LYP calculations and 0.64 eV
for the PBE ones. This results in a favorable stabilization of the
higher dipole configuration against the lower one, proportion-
al to the difference in the dipolar moments calculated at the
two different levels of theory, as seen in Table 1.

These results can be used to extend the single molecule gas
phase calculations to the solid-state resulting in a total energy
difference AEo as defined in eq. (3).

By adding such energy differences, we have found that the
LS has now becomes stabilized enough to be the ground state
with AE.,: = 0.07 eV using B3LYP. If we assume a typical entro-
py change of 50 J K/mol®® and considering the transition
temperature at 176K, we can estimate an experimental energy
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gap of 0.088 eV, which is then very consistent with our esti-
mate. While there exists some deviation, it is remarkable that
the improvement of considering such effect is worth the inex-
pensive cost of the method.

Conclusions

This work tackles a crucial problem in SCO complexes, namely
the calculation of the relative stability of the molecular com-
plexes in both spin states. We show that, with both point-
charges embedded DFT and with a classical effective model,
the dipolar contribution to the energy of each state of remark-
ably important. Thus, we claim that the inclusion of such effect
is a must when trying to extend the gas phase calculations to
the solid state. As expected, DFT results showed a considerable
smaller dipolar interaction than the effective model while eval-
uating the magnitude of this non-covalent interaction although
it also predicts a major stabilization of the LS complex. The
effective dipolar model contrary emerges as a simple and inex-
pensive method to approximately evaluate the magnitude of
such interaction. This, applied to an example complex, the Fe(S-
CN),(phen), molecule, and combined with the fact that larger
electronic dipoles are found in the contracted state due to the
distribution of the electronic density yields a better consider-
ation of the molecular behavior in the solid state.

This model is applicable to all the SCO families in which an
electric dipole can be defined. It remains uncertain whether
additional corrections, such as including higher order terms,
can be important for complexes without net electric dipole.
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