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Abstract: We report a comprehensive analysis of the hysteresis behavior in a series of well-characterized
spin-crossover Fe(II) materials. On the basis of the available X-ray data and multireference CASSCF
(complete active space self-consistent field) calculations, we show that the growth of the hysteresis loop
is controlled by electrostatic contributions. These environment effects turn out to be deeply modified as the
crystal structure changes along the spin transition. Our theoretical inspection demonstrates the synergy
between weak bonds and electrostatic interactions in the growth of hysteresis behavior. Quantitatively, it
is suggested that the electrostatic contributions significantly enhance the cooperativity factor while weak
bonds are determinant in the structuration of the 3D networks. Our picture does not rely on any
parametrization but uses the microscopic information to derive an expression for the cooperativity parameter.
The calculated values are in very good agreement with the experimental observations. Such inspection
can thus be carried out to anticipate the hysteresis behavior of this intriguing class of materials.

1. Introduction

The constant development and characterization of sophisti-
cated materials holding switchable physical properties stems
from their possible applications to electronic devices such as
thermal sensors, optical switches, and information storage
media.1,2 A prerequisite to generate memory effects is the
presence of bistable units within the crystal structure. Striking
examples are to be found in spin-crossover (SCO) Fe(II)
complexes, such as 1 ) [Fe(pm-pea)(NCS)2] (pm-pea ) N-2′-
pyridylmethylene-4-(phenylethynyl)aniline) and analogues 2 )
[Fe(pm-bia)-(NCS)2] (pm-bia ) N-2′-pyridylmethylene-amino-
biphenyl) and 3 ) [Fe(pm-aza)-(NCS)2] (pm-aza ) N-2′-
pyridylmethylene-4-(phenylazo)aniline) (see Figure 1).3-6 In
such materials, the transition occurs between a low-spin state
(LS, S ) 0) and a high-spin state (HS, S ) 2). While compounds
1, 2, and 3 belong to the same family characterized by a N6

coordination sphere, hysteretic behavior has been recently

reported in other environments such as N4O2.
7-10 In particular,

compound 4 ) [Fe(3-MeO,5-NO2-sal-N(1,4,7,10))] was fully
characterized and exhibits a LS to HS transition.9

Over the past decade, much effort has been dedicated to
the synthesis of cooperative materials to grow thermal
hysteresis, using not only covalent linkers to form coordina-
tion polymers1,11-13 but also van der Waals interactions
between the transiting units. In spite of promising results,1

such as the possibility to photoinduce reversible spin transi-
tion14 with attractive applications in multilayer materials,15

the former strategy has not led to the expected breakthroughs
in the generation of large hysteresis loops at room temper-
ature. An alternative route consists in the establishment of
communication networks to generate supramolecular interac-
tions through extended aromatic structures held by the
ligands. π-Stacking is indeed considered to play a crucial
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role in growing spectacular hysteresis loops characterized
by thermal widths ∆T ) T1/2v - T1/2V (see Figure 1) up to 92
K.3,16

In the meantime, the need for interpretations has stimulated
intense theoretical developments.17-21 While the regular solu-
tion-based theories introduce an intermolecular energy contribu-
tion (so-called elastic interactions), the physical origin is mainly
attributed to the ∼0.20 Å Fe-N bond distance change. In the
model proposed by Slichter and Drickamer,22 an interaction term
Γx(1 - x) is added to the Gibbs free energy G, where x stands
for the HS molar fraction.23 Γ is a phenomenological interaction
parameter which is assumed to be temperature-independent.
Within this mean-field model, a cooperativity parameter has
been defined with respect to the average transition temperature
T1/2, C ) Γ/2RT1/2.

24 Since C values larger than unity are
required, one can expect a memory effect around room
temperature (i.e., RT1/2 ∼ 300 K) for Γ ∼ 600 K. Besides, the
larger the value of C, the wider the hysteresis loop.23 To
complement the use of van der Waals weak bonds as intermo-
lecular contacts, H-bonds have been considered to ever enhance
the cooperativity in materials preparation.9 Interestingly, the
destruction of the H-bond network has been invoked to account
for a significant reduction of the hysteresis loop observed in
the [FeL(imidazole)2] compound (L being a tetradentate N2O2

2-

Schiff-base-like ligand).25 The apparent need for such large
intermolecular interactions called for particular synthetic strate-
gies we would like to comment on. Even though most of the
spin transiting systems consist of Fe(II)N6 cores, the electronic
densities26,27 and three-dimensional organizations significantly
differ from one to another in the LS to HS regimes. Indeed, the
importance of packing effects has been remarkably demonstrated
in the polymorphs class of Fe(dppa)(NCS)2 [dppa ) (3-
aminopropyl)bis(2-pyridylmethyl)amine] complex.28 While poly-

morph C in ref 28 exhibits a 8 K hysteresis loop, the
phenomenon is suppressed in polymorph A. To our knowledge,
however, much rationalization and interpretation arise from
weak bonds networks analysis, whereas there is little concern
for the purely electrostatic-origin mechanism, as summarized
in a Madelung field picture.

In the present work, we report a comprehensive analysis of
the hysteresis behavior in Fe(II) materials resulting from the
structure-induced changes of electrostatic contributions along
the transition. Using the information extracted from ab initio
multireference CASSCF (complete active space self-consistent
field) calculations26,27 and experimental observations,29 it is
demonstrated that such fluctuations allow for (i) a hysteresis
loop evaluation and (ii) a microscopic understanding of the
memory effect establishment. Based upon the LS and HS X-ray
structures of a series of synthetic Fe(II)N6 compounds 1, 2, and
3, we offer an expression and evaluation of the intermolecular
parameter Γ. To this purpose, the intermolecular interactions
are split and evaluated as the traditionally discussed van der
Waals (ΓvdW) contribution and a subsequent polarizing term
attributed to the crystal organization (Γpol). We finally suggest
that weak bonds might be of prime importance to organize
specific three-dimensional networks whereas the resulting crystal
structures induce specific electrostatic contributions which play
a determinant role in hysteresis loop growth. Our approach based
upon ab initio calculations is predictive since the computed
intermolecular parameter Γ values agree with the experimentally
observed reduction of ∆T from 1 to 3. To further validate our
strategy by including chemical changes in the Fe(II) coordination
sphere, similar calculations were performed upon 4 to evaluate
Γ and support the small hysteretic behavior in a prototype
Fe(II)N4O2 compound.

2. Computational Details

CASSCF calculations were performed upon the isolated basic
units of 1, 2, 3, and 4. Such methodology working with the exact
Hamiltonian is known to provide satisfactory description of
electronic structures, a major concern in our approach. A limited
number of electrons distributed over a set of valence molecular
orbitals (MOs) define the active space (CAS). As reported in the
literature,26,30-32 the standard CAS consists of (i) the mainly Fe
3d character orbitals extended with a set of virtual orbitals of the
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Figure 1. Molecular units of Fe(II)N6 SCO compounds under investigation (top). Despite similarities, the cooperativity manifestation distinguishes compounds
1, 2, and 3 [�MT (cm3 ·K ·mol-1) vs T (K) plots, bottom].6 Reproduced by permission of the Royal Society of Chemistry.
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same symmetry (so-called 3d′ orbitals) and (ii) two occupied “eg-
like” symmetry orbitals with mainly ligand character. Thus, a
CAS[10,12] including 10 electrons in 12 active orbitals (see Figure
2) is used in the calculations.

The valence MOs were then relocalized into atomic-like orbitals
to grasp the importance of the charge transfer (CT) contributions
accessible in the wave function expansion. This transformation
leaves any observable expectation value unchanged and affords a
valence-bond (VB) type analysis.33,34 In particular, one can evaluate
the amplitudes of the different electronic configurations and derive
atomic properties such as charges. All our calculations were
performed with the Molcas7.0 package35 including atomic natural
orbitals (ANO-RCC) as basis sets.36,37 As stated previously,26 finely
balanced basis sets are necessary to properly describe the energetics
of the SCO phenomenon. Thus, a [7s6p5d3f2g1h] contraction was
used for Fe, whereas the contractions [3s2p1d], [4s3p1d], [4s3p1d],
[3s3p1d], and [1s] were used for C, N, O, S, and H, respectively.

3. Results and Discussion

The search for cooperativity has led to intense experimental
works to control the weak interactions (i.e., van der Waals) in
chemical engineering strategies. Let us first concentrate on the
Fe(II)N6 series, namely compounds 1, 2, and 3. By use of the
recent LS and HS crystal structure determinations of 1 (2RT1/2

) 425 K),3,4 π-stacking interactions can be evaluated from
accurate ab initio calculations.38 The resulting “like-spin” ELS,LS,
EHS,HS and “unlike-spin” ELS,HS energies give access to the
intermolecular parameter based upon the van der Waals
contribution Γ ) ΓvdW as (2ELS,HS - ELS,LS - EHS,HS) ∼ 115 K.
Along this framework, the cooperativity factor in 1 is C ) 0.27,
a value that is incompatible with the existence of a thermal
hysteresis ∼40 K.3 The analogues 2 and 3 exhibit much smaller

hysteresis widths supported by variations in the three-
dimensional arrangements, π-π stackings, and carbon-sulfur
contacts. Indeed, 2 undergoes an abrupt transition with a sharp
hysteresis (5 K) around 170 K,5 whereas 3 shows a very gradual
spin conversion with no clear hysteresis (see Figure 1).6,39 Thus,
one may wonder how much the simultaneous (i) charge
redistribution upon the basic units (i.e., ligand field), (ii)
geometry reorganizations, and (iii) lattice expansion are likely
to modulate the electrostatic contributions generated by the
crystal environment (i.e., Madelung fields) along the transition.26,27

Assuming the additivity of the resulting polarizing effects (Γpol)
with the weak bond contacts (ΓvdW), we first derived an
expression for Γpol. Then the intermolecular cooperative pa-
rameter was calculated as Γ ) ΓvdW + Γpol.

On the basis of relocalized MOs extracted from the CASSCF
calculations, average charges upon the iron and nitrogen sites
of the LS and HS basic unit of 1 were estimated (see Table 1
and Figure 3 for notations).26,27 One should mention that the
nitrogen atom of the thiocyanate group (N) hold a negative
charge which is about as twice as large as that of the pm-pea
ligand nitrogen atoms (N′).

From the low- and high-temperature X-ray data of 1,3,4 the
LS and HS Madelung potentials were evaluated at the Fe, N,
and N′ atomic positions by growing until convergence the crystal
structure with the point charges given in Table 1. Interestingly,
the average potentials difference δVHS ) 〈V HS

Fe - V HS
N 〉 (see

Figure 3 for notations) between the iron and nitrogen positions
reaches ∼ -700 K in the HS phase, a value which might greatly
affect the intermolecular parameter Γ. As soon as the basic unit
is immersed in the crystal structure, additional electrostatic
contributions arising from these neighboring point charges
located at the crystallographic positions must be taken into
account. In the high-temperature phase, the on-site Fe and N
potentials difference δVHS generated by the rest of the crystal
units is likely to polarize the Fe-N bonds. Evidently, a similar
phenomenon characterized by δVLS is active in the low-
temperature regime. Quantitatively, a HS FeN6 unit undergoes
a supplementary mean Madelung potential arising from an
x/(1 - x) distribution of HS/LS sites:
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Figure 2. CAS[10,12] active space and selected “eg-like” and 3d localized
active orbitals for complex 1.

Table 1. Calculated Atomic Charges upon the Iron and Nitrogen
Atoms and Average Potential Differences 〈V R

Fe - V R
X〉 in 1a

QFe QN QN′ 〈V R
Fe - V R

X〉

LS 1.45 -0.36 -0.18 6.32 × 10-5

HS 1.92 -0.48 -0.24 -2.14 × 10-3

a R ) HS, LS and X ) N, N′, where N′ stands for the nitrogen
atoms of the pm-pea ligand. Values are given in atomic units, au.

Figure 3. Calculated charges and potentials generated by the rest of the
transiting units in the crystal at the Fe and N positions are indicated as QR

X

and VR
X (R ) HS, LS and X ) Fe, N). A polarization of the Fe-N bonds

is anticipated.
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while a similar expression holds for a LS unit. This particular
contribution cannot be excluded a priori in the Gibbs energy.
It has been shown27 that both the charge redistribution ∆Q
) QHS

Fe - QLS
Fe and polarization fluctuation δVLS - δVHS

accompanying the LS to HS change lead to an intermolecular
contribution Γpolx(1 - x) with

Not only is Slichter and Drickamer’s expression recovered
but a physical understanding of Γ is suggested. Averaging over
the 6 nonstrictly equivalent nitrogen positions (4 N and 2 N′),
a mean δVLS - δVHS value was calculated to be equal to 696 K
(see Table 1). Since the charge redistribution ∆Q is 0.47 from
Table 1, a Γpol ) 329 K value is found in 1. Therefore our
construction based upon ab initio information leads to a
cooperativity factor of 0.78, a value that stresses a propensity
toward hysteresis behavior driven by the polarization effects.

As soon as both contributions are included, the intermolecular
cooperative parameter can be calculated from Γ ) ΓvdW + Γpol

) 444 K (see Table 2), leading to C ) 1.04. Not only is this
value consistent with the experimental observations upon 1 but
it also demonstrates that rigorous ab initio calculations can give
access to relevant ingredients for hysteresis understanding. Using
precisely the same approach to evaluate both contributions in
the analogues of 1, we found that Γ ) 220 K in 2 whereas Γ is
negligible in 3. Our approach is effectively supported by
experimental data4 since the hysteresis loop is reduced in 2 and
turns out to be almost negligible in 3. From the literature,6 the
carbon-sulfur contacts, possibly among others, should not be
discarded in this class of compounds but remain to be accurately
quantified to fully recover the hysteretic behavior in 2. Let us
mention that a similar trend has been recently anticipated27 in
the polymorphs of Fe(dppa)(NCS)2 compound.28 Nevertheless,
the lack of low-temperature X-ray data did not allow one to
support this electrostatic-based analysis.

By changing the chemical environment of the Fe(II) center,
the hysteretic behavior was also examined in the synthetic
compound 4 (see Figure 4), a prototype Fe(II)N4O2 system
exhibiting a hysteresis loop between 125 and 129 K.9 Using
the calculated atomic charges (see Table 3) and the available
high- and low-temperatures X-ray data, the polarization effects
account for Γpol ) 150 K in 4. Since the weak-bond contribu-
tions are expected to be very similar to the previous Fe(II)N6

series, the cooperativity factor was calculated as 270 K (see
Table 2). Thus, our determination of Γ is suggestive of hysteretic
behavior. This result is not only in agreement with experimental
observations, but also supports the importance of the electrostatic
contributions in Fe(II)N4O2 spin-transiting compounds.

Whatever the coordination sphere, this quantitative and
predictive picture also offers a microscopic four-step scenario
as depicted in Figure 5. As the LS Madelung field is turned on
(step 1), the electronic distribution of the isolated units is
modified as compared to the “gas phase”. By raising the
temperature, the elementary unit undergoes a LS f HS
transition depicted by the coordination sphere expansion into a
metastable state (step 2). Step 3 corresponds to the stabilization
of the HS units as the Madelung field generated by the crystal
environment is modified from LS to HS (i.e., fluctuation of
polarization effects). The potential difference δVHS < 0 greatly

stabilizes the characteristic metal-to-ligand electron transfer.
Then on cooling (step 4), the settled HS Madelung field blocks
the electron flow from the N and N′ sites back to the Fe center
within the Fe(II)N6 core. This electron trapping phenomenon
results in T1/2V < T1/2v.

With an ever-growing demand for wider hysteresis loops, we
finally looked into some specific geometrical factors affecting

QHS
Fe [xVHS

Fe + (1 - x)VLS
Fe ] + ∑

N6,core

QHS
N [xVHS

N + (1 - x)VLS
N ]

Γpol ) ∆Q(δVLS - δVHS)

Table 2. Calculated Γ Values,aExperimental Hysteresis Widths
∆T, and 2RT1/2 Values in Compounds 1, 2, 3, and 4

1 2 3 4

2RT1/2 (K) 425 340 380 250
∆T (K) 40 5 ∼0 4
Γ (K) 444 220 ∼0 270

a Calculated as Γ ) Γpol + ΓvdW.

Figure 4. [Fe(3-MeO,5-NO2-sal-N(1,4,7,10))] compound (4). Fe, O, N,
and C atoms are depicted in pink, red, blue, and gray, respectively. H atoms
are not shown for clarity.9

Table 3. Calculated Atomic Charges upon the Iron, Nitrogen, and
Oxygen Atoms and Average Potential Differences in 4a

Q Fe Q N Q O 〈V R
Fe - V R

X〉

LS 1.48 -0.19 -0.36 3.43 × 10-4

HS 1.90 -0.25 -0.45 -5.65 × 10-4

a Values are given in atomic units, au.

Figure 5. Four-step scenario for the hysteresis loop opening. The Madelung
field modifications along the transition differentiate the warming and cooling
regimes.
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the cooperativity. Since the relative positions of the basic units
seem to be of particular importance,28 this specific issue was
also examined using a bistable system of Oh symmetry, namely
[Fe(NCH)6]2+. This particular system has been much debated
in the literature as a prototype bistable system.26,27,30 Thus, the
sensitivity of the memory effect with respect to the polarization
contributions (i.e., Γpol) was assessed. Starting from a hypotheti-
cal cubic lattice, the Madelung field fluctuations were evaluated
by allowing tetragonal disortions (Figure 6), featuring a typical
4% change of the unit cell volume as observed in SCO
compounds. Indeed, anisotropic lattice disortions traditionally
accompany the phase transition.

First, a reference Γpol value (750 K in Table 4) was evaluated
by considering a purely isotropic expansion of the cubic unit
cell. Then different lattice expansions were examined starting
from an orthorhombic structure, forcing a 4% change of the
volume. From Table 4, the lattice expansion along one particular
direction (i.e., “one-dimensional-like”) slightly reduces the
intermolecular interactions parameter calculated within our
approach (470 vs 750 K). In contrast, a “two-dimensional-like”
expansion is likely to greatly favor hysteresis behavior (3800
vs 750 K). Such observation might be of interest in the
preparation of memory effect materials.

4. Conclusion

In conclusion, the available ab initio information upon the
basic unit of SCO compounds sheds light on important charge
reorganizations that induce significant Madelung potentials
changes at a macroscopic level. Our inspection of Fe(II)N6

synthetic systems demonstrates the synergy between weak bonds
and electrostatic interactions in the growth of hysteresis loops.
We believe that the prime role traditionally attributed to weak
bonds in cooperativity phenomena should be reconsidered.
Quantitatively, it is suggested that the electrostatic contributions
significantly enhance the cooperativity factor (Γpol/Γ ∼ 0.74 for
compound 1) while weak bonds are determinant in the structur-
ing of three-dimensional networks. Our picture does not rely
on any parametrization of the intermolecular interactions but
uses the microscopic information to derive an expression for
the cooperativity parameter. In the synthetic compound 1, Γ is
found to be 444 K, a value that is consistent with the
experimentally observed memory effect. Our microscopic
analysis of the phenomenon holds for other coordination spheres
such as N4O2, since a large contribution to the cooperativity
factor arises from the electrostatic modulations (Γpol/Γ ∼ 0.56
for compound 4). We believe that such macroscopic description
based on numerical electrostatic predictions complements the
common phenomenological models for cooperativity40 and thus
should help the preparation of applied devices.
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Figure 6. Cubic to tetragonal lattice distortions in [Fe(NCH)6]2+. Counteranions are not represented for clarity.

Table 4. Calculated Γpol Values for “One-dimensional-like” and
“Two-dimensional-like” Lattice Expansions along the Transitiona

LS HS Γpol (K)

a ) b ) c ) 11.75 a ) b ) c ) 12.0 750
a ) b ) 11.75, c ) 11.5 a ) b ) 11.75, c ) 12.0 470
a ) b ) 11.75, c ) 11.5 a ) b ) 12.0, c ) 11.5 3800

a Orthorhombic lattice parameters a, b, and c are given in angstroms.
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