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a b s t r a c t

Guest molecules in the 3D Hofmann-type FeII spin-crossover (SCO) metal-organic frameworks modulate
the magnetic properties of the host, modifying the spin state, transition temperature, width of the
hysteresis loop and are responsible for the occurrence of a single-step or multistep spin transition. In this
work we explore the guest-dependent SCO properties of the Hofmann-like FeII SCO clathrates with
formula {Fe(bpb)[Pt(CN)4]},2G. We use a computational strategy based on DFT periodic calculations on
the whole system, CASSCF/NEVPT2 calculations on single metal fragments and plots of the reduced
density gradients to identify and quantify the dominant effects governing the occurrence of one-step or
two-step spin transitions in these systems. Our results inform about the strength of the ligand field
around Fe sites, the relative stability of the different spin states, the amplitude and nature of the host-
guest and guest-guest interactions, and the role of the vibronic effects on the SCO properties of
Hofmann-type FeII clathrates.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since Kitazawa and co-workers synthesized the first Hofmann-
type coordination polymer displaying spin-crossover (SCO)
behavior [1], the SCO Hofmann-type family has received wide-
spread attention and rapidly grown following different synthetic
strategies [2e6]. Hofmann-like FeII SCO clathrates are the most
popular [5,7], combining the chemical stability, porosity and
tunability of 2D and 3Dmetal-organic frameworks (MOFs) with the
FeII SCO phenomenon. This property refers to the transition be-
tween the high spin (S ¼ 2; t42ge

2
g ) and the low spin (S ¼ 0; t62ge

0
g )

states of the Fe centers. The switch can be triggered by an external
stimulus such as light, temperature, pressure, among others, that
produces magnetic, structural, or optical changes as a response
[8e20].

In the case of Hofmann SCO clathrates, the SCO properties can be
modulated by the presence of guest molecules within the pores of
the host framework [6,21e26]. Hofmann 3D FeII SCO clathrates have
the general formula {Fe(L)[MII(CN)4]}$G and {Fe(L)[MI(CN)2]2}$G
with L being a pillaring bis-monodentate pyridine-like ligand,
r Ltd. This is an open access article
MII ¼ Ni, Pd, Pt, MI ¼ Cu, Ag, Au and G being the guest molecule
[21,27]. If monodentate ligands are used (usually pyridine de-
rivatives), a 2D network is obtained with a general formula of
{Fe(L)2[MII(CN)4]}. Their structure is based on planar layers, where
quasi-octahedral FeII ions alternate with divalent group 10 metal
centers, bonded to four cyanide ligands in a square planar geometry.
The layers are interconnected by nitrogen-containing ligands, where
nitrogen atoms occupy the axial position of Fe centers (Fig. 1).

The 3D FeII SCO-MOFs have permanent porosity and, depending
on the nature and load of guest per Fe site different SCO behaviors
have been reported [2,28e31], ranging from abrupt single step to
multistep spin transitions, with transition temperatures that can be
shifted to room temperature, providing the system with sensing
properties toward guest adsorption.

The guest dependent SCO behavior is related to electronic and
steric effects [23,32,33] such as the size and shape of the guest
molecules, the pore loading content, the location and arrangement
of the guest, the chemical properties of the guest, the cavity of the
host, the interaction type and strength (p-stacking, CeH$$$p and
guest…M’ contacts, hydrogen bonding interactions),… The subtle
balance between the competition and cooperation of these effects
makes it difficult to establish clear and universal relationships be-
tween SCO and the host-guest interactions. In fact, some experi-
ments have recently shown that even slight changes in these
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) General representation of the MOF. The two different crystallographic positions for the guest molecules are highlighted in red (G1) and blue (G2). The horizontal layers
contain the Fe octahedrons and the metal-cyanides units. These layers are connected through pillaring ligands as bpb (d). Naphthalene (b) and nitrobenzene (c) are the guest
molecules considered in this work. (e, f) Relative orientation of the Fe octahedrons with respect to the layers containing the metal-cyanides units for both systems. The octahedrons
close to G1 molecules are more tilted in 1-nitro than 1-naph.
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interactions can lead to completely different SCO behaviors
[26,31,34].

It is the aim of this work to reveal and quantify the different
physical effects giving rise to the two-step transition in Hofmann-
like FeII SCO clathrates. We have investigated by means of quan-
tum chemistry-based calculations the synergic effects of the
geometrical conformation, the vibrational contribution to the lat-
tice dynamic, the hosteguest and guest-guest interactions, and the
ligand field strength of FeII centers. We focus in two Hofmann-like
FeII SCO clathrates with formula {Fe(bpb)[Pt(CN)4]},2G, synthe-
sized and characterized by Real and co-workers [35] (Fig. 1), with
bpb ¼ bis(4-pyridyl)butadiyne acting as the pillaring ligand. The
system presents a two-step transition when the guest molecule is
naphthalene (1-naph), while for nitrobenzene (1-nitro) the spin
switching occurs in a single step. Similar behavior has been found
for parent compounds containing Ag, Ni, Pd, and Zn [2,28].

Our results indicate that the ligand field experienced by Fe sites
is not the leading effect governing the dissimilar SCO properties of
these two systems, but intramolecular and intermolecular in-
teractions. Our main contribution consists in the evaluation of
these host-guest and most importantly guest-guest interactions,
which consistently reflect their nature and strength, and can be
considered at the origin of the differential SCO behavior of these
two FeII Hofmann clathrates.
2. Description of the system and computational details

Systems1-naph and1-nitrowere synthesized and characterized
by Real et al. [35]. They are isostructural, both crystalized in the
triclinic P1 space group. The special bent conformation of the bpb
ligand allows the pyridine moieties to locate slightly perpendicular
to each other and provides the largest available guest free volume of
the isoreticular series {Fe(L)[M(CN)4]},G [2]. Hence the accessible
volume at low temperature is 849.6 Å3 and 801.8 Å3 for 1-naph and
1-nitro, corresponding to 53.8% and 52.6% of the unit cell volume,
respectively. In system 1-naph, the spin transition occurs in two
stepswith critical temperatures of TYc1 ¼205Kand TYc2 ¼ 188K in the

cooling mode and T[
c2 ¼ 203 K and T[c1 ¼ 216 K in the heating way.

This results in two hysteresis loops of 11 K and 15 K wide. The
average changes of the enthalpy and entropy for the high- and low-
2

temperature loops are: DH1 ¼ 9.45 kJ/mol, DS1 ¼ 44.9 JK/mol and
DH2 ¼ 8.62 kJ/mol, DS2 ¼ 44.1 JK/mol, respectively. On the contrary
in system 1-nitro, the spin transition takes place in one step at TYc ¼
210 K and T[c ¼ 237 K, with a hysteresis loop of 27 K wide and
DH ¼ 19.29 kJ/mol and DS ¼ 86.3 JK/mol.

There are two crystallographic different positions in the voids of
the MOF that can be occupied by the guest molecules, G1 and G2
(Fig. 1). Molecules in position 1 are sandwiched between the pyr-
idyl group of the bpb ligands connected to two neighbor Fe1 cen-
ters, while molecules in position 2 are in between Fe1 and Fe2
octahedrons, parallel to the pyridyl group connected to Fe2 center,
but rotated about 90� with respect to the pyridyl of Fe1 site, in a T-
shaped configuration.

2.1. Optimization and evaluation of the thermodynamic data

The computational models were built on the basis of the avail-
able crystallographic data of the synthesized compounds (CCDC
971021e971,025) [35]. For both systems, the unit cell contains two
FeII centers and four guest molecules. To study the spin crossover
behavior, three possible spin configurations were modeled: high
spin or low spin for both Fe centers (HSHS and LSLS solutions) and a
mixed spin solution (HSLS). For system 1-naph, the available X-ray
data corresponds to structures at 120, 195 and 250 K, matching the
LSLS, mixed HSLS and HSHS states, while for system 1-nitro, we
built a model for the hypothetic mixed-spin HSLS solution starting
from the available high (250 K) and low (120 K) temperature
crystallographic data. Two independent optimizations were carried
out, resulting two quasi-degenerate models. The results reported
hereafter concerns the most stable one, obtained from the low
temperature X-ray data, with Fe1 and Fe2 centers in high and low
spin configuration, respectively.

The whole system (MOF and guest) was optimized employing
periodic boundary conditions in the frame of the density functional
theory (DFT). The optimizations, carried out with the Vienna ab-
initio simulation package (VASP) [36e39], include the lattice pa-
rameters of the unit cell and the atomic positions. The revised
PerdeweBurkeeErnzerhof (rPBE) [40] functional was used as in
previous studies dealingwith SCO compounds [41e44]. The van der
Waals dispersion effects were included by the DFT-D3 method of
Grimme et al. with Becke-Johnson damping [45,46]. The projector-
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augmented wave (PAW) [47] potentials were employed for all the
atoms. All the calculations refer to the G-point of Brillouin's zone,
with an energy cut-off of 800 eV for the plane-wave basis set
representing the valence electrons. Electronic relaxation was per-
formed until the change in the total energy between two consec-
utive steps is smaller than 10�6 eV and the ionic relaxation has been
performed until the HellmanneFeynman forces were lower than
0.01 eV/Å.

To obtain the different solutions the spin-polarized calculations
were constrained to a fixed difference between the number of
electrons in the spin up (Na) and spin down (Nb) components
(NUPDOWN option in VASP code). Hence, the HSHS, HSLS and LSLS
configurations require an Na-Nb ¼ 8 (four unpaired electrons at
each Fe center), Na-Nb ¼ 4, and Na ¼ Nb, respectively.

To compare with the experimental data, the transition enthalpy
and entropy were also evaluated. As well known, the enthalpy
variation associated to the SCO can be separated in different con-
tributions: DHðTÞ ¼ DEelec þ DZPEþ DHvib þ DHrot þ DHtrans, where
DEelec corresponds to the difference of the computed energy for the
HS and LS solutions, DZPE is the difference between the zero-point
vibrational energy, and DHvib, DHrot and DHtrans are the vibrational,
rotational and translational thermal contributions to the transition
enthalpy. Similarly, the transition entropy can be separated as
DSðTÞ ¼ DSelec þ DSvib þ DSrot þ DStrans.

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

DZPE¼1
2
h
X
i

½niðHSÞ� niðLSÞ�

The translational and rotational contributions to the transition
enthalpy and entropy can be neglected and consider only the
dominant vibrational and electronic parts. The vibrational contri-
bution to the total enthalpy and entropy are computed as follows
[9,48]:

HvibðTÞ¼
X
i

hnie
� hni

kBT

1� e�
hni
kBT

SvibðTÞ

¼R
X
i

"
� ln

�
1� e�

hni
kBT

�
þ hni
kBT

1

e
hni
kBT � 1

#

The electronic contribution to the entropy can be considered as
a good approximation to be temperature independent and
computed as Selec ¼ Rlnð2S þ 1Þ, with S equals to the total spin of
the system. Hence, it is mandatory the computation of the normal
vibration modes to get the vibrational contribution to the ther-
modynamic expressions. The second-order derivatives of the total
energy have been evaluated using the finite differences approach,
Table 1
Selected bond lengths (Å) and cell volume (Å3) for 1-naph and 1-nitro in the optimized
rentheses. RMSD refers to the root-mean-square displacements of the optimized atomic

1-naph

HSHS HSLS LSLS

Volume 1637.44 1582.22 1543.33
Fe2eN11,12 2.11 (2.116) 1.89 (1.938) 1.89 (1
Fe2eN3,4 2.08 (2.106) 1.88 (1.935) 1.88 (1
Fe2eN1,2 2.14 (2.193) 1.96 (2.000) 1.96 (1
Fe1eN7,8 2.10 (2.127) 2.10 (2.127) 1.90 (1
Fe1eN5,6 2.06 (2.115) 2.07 (2.124) 1.88 (1
Fe1eN9,10 2.17 (2.189) 2.17 (2.229) 1.97 (2
RMSD 0.43 0.32 0.25

3

with exigent criteria in the optimization runs to obtain the com-
plete set of real frequencies (all forces were lower than 0.01 eV/Å
with an accurate precision mode, PREC¼Accurate).

Although it is usual to consider DSvib and DHvib almost inde-
pendent on the temperature during the spin transition, it has been
previously noted by Robert et al. [49] that this approximation could
be questionable in the case of Fe SCO complexes. Fig. S3 represents
DS andDH for systems 1-naph and 1-nitro at temperatures ranging
from 120 K to 250 K, the transition enthalpy shows a slight
dependence with temperature (about 6%) while the entropy is
much more sensitive (changes of 30% in the considered tempera-
ture range). Hence, we report in Table 2 the enthalpy and entropy
values obtained at themean transition temperature (Tc[þTcY)/2 for
each step, i.e., 196.5 K and 209.5 K for system 1-naph and 223.5 K
for system 1-nitro.

2.2. Ab initio ligand field parameters

We have also evaluated the ligand field around Fe sites using the
ab-initio ligand field theory (AILFT) [50] approach implemented in
ORCA 5.0.3 package [51]. Each Fe center was modeled separately,
using the optimized geometry obtained from the periodic DFT
calculations on the whole crystal. The model contains the close 4
CN ligands and the pyridyl groups of the bpb ligand in the axial
positions. The rest of the bpb ligand was removed and replaced by
an extra hydrogen atom, with CeH bond length of 1.085 Å, the
mean value of the pyridyl CeH bond lengths.

State-average complete-active space self-consistent field
(CASSCF) calculations were done with active spaces containing 6
electrons of FeII center in the 3d orbitals, i.e. CAS(6,5). All the roots
with spinmultiplicity of 5, 3 and 1 (5, 45, and 50 roots, respectively)
were considered. The total energy was corrected with the inclusion
of dynamical correlation effects through the strongly contracted
version of the NEVPT2 approximation [52e55]. Basis sets of quality
SVP [56] were used for all atoms, except for Fe modeled with the
def2-TZVPP basis set [57,58].

2.3. Non-covalent interactions

The non-covalent interactions between the guest molecules and
the MOF were analyzed via NCIPlot4 code [59], using the clustering
approximation to provide insights in the MOF-guest interaction
[60]. This approach uses the electron density and its derivative to
visualize the non-covalent interactions as real-space surfaces. The
central idea is that the regions far from the molecule in which the
density r decays to zero exponentially, the reduced gradient s,
(s ¼ 1/(2(3p2)1/3)|Vr|/r4/3) will have very large positive values,
while for regions of both covalent bonding and non-covalent in-
teractions, the reduce gradient takes very small values. To distin-
guish between these interactions, the sign and amplitude of the
HSHS, HSLS and LSLS electronic configurations. Available experimental data in pa-
positions with respect to the experimental ones (Å).

1-nitro

HSHS “HSLS” LSLS

1528.37 1535.10 1493.33
.938) 2.09 (2.161) 1.89 1.89 (1.937)
.935) 2.08 (2.145) 1.89 1.89 (1.933)
.996) 2.16 (2.232) 1.96 1.97 (1.997)
.944) 2.11 (2.168) 2.08 1.89 (1.934)
.935) 2.08 (2.141) 2.09 1.88 (1.933)
.001) 2.15 (2.199) 2.16 1.96 (2.000)

0.61 No data 0.22



Table 2
Relative energy DEelec for the optimized structures, zero-point correction DZPE,
transition enthalpy DH and entropy DS per Fe center evaluated at the experimental
mean critical temperature (Tc[þTcY)/2. Energy values in kJ/mol, transition entropy
in J/mol/K.

1-naph 1-nitro

HSHS-HSLS HSLS-LSLS HSHS-LSLS

DEelec 39.8 33.5 70.7
DZPE �8.1 �6.8 �14.1
DH 34.9 29.2 62.0
DS 45.1 40.0 54.9

Fig. 2. Structural analysis for 1-naph and 1-nitro. For clarity, the hydrogen atoms were
omitted and only the first neighbor atoms around Fe centers are shown. Bond dis-
tances (Å) for 1-naph system in the HSHS state are included, the complete data set is
reported in Table 1.
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second eigenvalue of the electron-density Hessian matrix, l2, is
employed [61]. Hence, it is possible to distinguish bonded l2 < 0 to
non-bonded contacts l2 > 0, while very weak, van de Waals in-
teractions present very low densities (rz0Þ and very low Hessian
eigenvalues l2 z 0. Here, only values close to zero were found,
indicating weak and attractive non-covalent interactions. The
gradient isosurfaces (s ¼ 0.03 au) are represented in Fig. 6. The p-p
stacking is depicted as a green plateau, while the other attractive
non-covalent interactions correspond to small green rods.

A 2 � 2 � 2 supercell was constructed for system 1-naph and
3 � 3 � 3 supercell for system 1-nitro to ensure a representative
environment for the inner guest. The code plots only the in-
teractions around the guest molecule within a radius of 2.0 Å
(keyword LIGAND of NCIPlot4) [62]. The electron density was ob-
tained by means of the promolecular approximation (independent
atom model) which is in qualitative agreement with the density
provided by self-consistent methods [63]. It is worth to mention
that recently the NCI approach in combination with the extremely
localized molecular orbitals (ELMO-NCI methodology) have been
presented as potential tool to be applied to MOFs with periodic DFT
approaches [64].

3. Results

3.1. Geometries and transition parameters

Both systems were fully optimized for each electronic configu-
ration and the frequencies of the normal vibration modes
computed, ensuring that the calculated geometries are minima on
the potential energy surface. Selected geometric parameters are
collected in Table 1 and optimized cell parameters reported in
Table S1. Fig. 2 shows a detail of the cyanide-bridged FeIIePtII

bimetallic 3D network. The root-mean square displacement
(RMSD) of the optimized structure for each electron configuration
with respect to the crystallographic data was evaluated with the
VMD code [65], aligning as pivot the Fe and Pt atoms, while the
whole cell is computed. The RMSD values indicate a nice agreement
with the experimental data, in particular for the LS solution in both
systems.

In the transition from HS to LS, the Fe centers increase their local
symmetry from D2h to D4h in both systems, but the guest just in-
troduces rather small differences in the average FeeN bond distances.
However, the distortion of the Fe octahedrons with respect to the
plane of the Pt(CN)4 units is larger for 1-nitro than 1-naph (Fig. 2).

The LSLS configuration presents a significant volume contrac-
tion with respect to HSHS solution, as usual for this type of com-
pounds, the change of volume corresponds to 94.0 Å3 (5.7%) and
35.0 (2.2%) Å3 in 1-naph and 1-nitro, respectively. Fig. 3 shows the
superposition of the HSHS and LSLS geometries for each system, the
contraction of the MOFwhen going from the HSHS configuration to
the LSLS is notorious around the metal and pyridyl groups.

Among the effects usually invoked to explain the guest-
dependent SCO properties of Hofmann clathrates, the ligand field
4

around Fe site and the way it is modified by the guest occupy a
predominant place. It has been suggested that the weaker the ligand
field around Fe site, the higher the probability of a two-step spin
transition [66e68]. The ligand field strength of the Fe site on each
spin statewas evaluated bymeans of the ab-initio ligand field theory.
Fig. 4 recreates the transition steps for Fe1Fe2 from HS1HS2 (left)
/HS1LS2 (middle) /LS1LS2 (right). The separation between the
barycenters of the t2g- and eg-like orbitals, D0, is about 10,000 cm�1

for the HS phase and 20,000 cm�1 for the LS states, in line with
previous evaluations for molecular FeII SCO complexes [41,42]. The
ligand field parameters are sensitive to the local environment of each
site, showing D0 values slightly different for Fe1 and Fe2 centers in
the same spin state, in line with the observed (small) geometrical
differences (Table 1). In general, the field is slightly stronger for Fe
center close to the guest molecule in position 2 (center Fe2). The
largest difference is observed for the HS state of system 1-nitro,
where the D0 values of Fe1 and Fe2 differ by about 400 cm�1. For this
state, the ligand field is the weakest of all considered. However, non-
significant differences are found between 1-nitro and 1-naph that
can justify the dissimilar SCO behavior. It is interesting to note that in
the intermediate state, the spin transition in the first center does not
induce substantial changes in the field of the neighboring center,
what was suggested as a likely effect in the case of dinuclear FeII SCO
with two-step transitions [67].

Regarding the relative stability, the LSLS configuration is the
most stable in line with the experimental data, the separation with
the HSHS state is about 70 kJ/mol (DEelec ¼ 73.3 and 70.7 kJ/mol for
1-naph and 1-nitro, respectively). As stated previously [66e69],
the relative stabilization of the intermediate state HSLS with
respect to the barycenter of the HSHS-LSLS gap is a necessary
condition for the occurrence of a two-step transition. For system 1-
naph, we found that the HSLS lies 3.1 kJ/mol below the barycenter
(ed), in line with the observed two-step transition (Fig. 5), while in
the case of system 1-nitro, our model for the hypothetic HSLS state
lies 1.6 kJ/mol above the barycenter (þd), in accordance with a
single step transition. It is also relevant that the cell volume of this
hypothetic intermediate state does not follow the expected trend
(Table 1), the calculated volume being larger than that obtained for
the pure HS state.

Thermodynamical analysis had been developed according with
the equations exposed previously (Table 2). The computed transi-
tion enthalpy values for 1-naph are DH1 ¼ 29.2 and DH2 ¼ 34.9 kJ/
mol for the two successive transitions in the heating mode. In the



Fig. 3. Superposition of HSHS (blue) and LSLS (red) configurations for systems 1-naph and 1-nitro.

Fig. 4. Ab-initio ligand field parameters for Fe centers in systems 1-naph and 1-nitro. The ligand field strength D0 (in cm�1) is measured between the barycenters (in red) of the t2g-
like and eg-like orbitals.

Fig. 5. Relative electronic energy for each state in kJ/mol. The red line represents the
barycenter and the mixed state shows the ±d displacement around the barycenter.
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case of 1-nitro, the computed transition enthalpy between the pure
HS and LS states is of 62.0 kJ/mol. These values are overestimated
with respect to the experimental ones as usual for the DFT-based
5

evaluations of the Fe SCO complexes [24,69e73]. Better agree-
ment can be found by using TPSSh functional [69,73] or DFT þ U
approach [74]. Unfortunately, the former is quite expensive for a
periodic scheme, while DFT þ U presents the bias of the choice of
the on-site Coulomb interaction U. Notice that despite the over-
estimation, the computed values correctly predict the ratio be-
tweenDH1 andDH2 in system 1-naph (DH2/DH1 ~1.1), as well as the
ratio with the transition enthalpy of 1-nitro. The calculated tran-
sition entropy is nicely in good agreement with the experimental
data for both systems (44.1 and 44.9 Jmol/K for 1-naph, and
86.3 Jmol/K for system 1-nitro).

3.2. Intermolecular host-guest and guest-guest interactions

The unit cell of the MOF contains two Fe sites and four guest
molecules. Different host-guest and guest-guest interactions can be
envisaged and isolated by specific single-point calculations. The
average interaction energy of the guest molecules with the host is
calculated as follows:

Eintðhost� guestÞ¼ �
Esys �ðEH þ 4EGÞ

� �
4



Fig. 6. Short contacts between host and guest molecules in position 1 (blue molecule) and position 2 (red molecule) for (a) naphthalene and (b) nitrobenzene guest molecules. Note
that G1-G1 interaction is hindered by the presence of the pyridyl rings of the bpb ligand. (c) Gradient isosurfaces (s ¼ 0.03 au) representing non-covalent interactions for
encapsulated naphthalene and nitrobenzene (in brown) in positions 1 and 2 based on the HS geometries. Green regions represent weak interactions with the MOFs (red fragments)
and close guest molecules (blue fragments).
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where Esys corresponds to the total energy of the MOF with four
guest molecules occupying the voids of the unit cell, EH is the energy
of the MOF in absence of guests, but with the same geometry than
thewhole system, and EG is the energy of an isolated guestmolecule.

As mentioned, there are two different positions in the voids of
the MOF that can be occupied by the guest molecules, G1 and G2.
To distinguish between them, we have calculated the interaction
6

energy of the host with molecules G1 and G2 separately as
follows:

Eintðhost�G1Þ¼ ½EHG1�ðEH þ2EGÞ� =2

Eintðhost�G2Þ¼ ½EHG2�ðEH þ2EGÞ� =2
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where EHG1 (EHG2) is the total energy of the MOF containing just
guest molecules in position 1 (position 2), calculated with the
optimized geometry of the whole system.

Guest molecules occupying position 1 in the void cannot
interact among themselves, since they are sandwiched between the
pyridyl rings of the bpb ligands (Fig. 6a), but they can interact with
the neighbor guest molecules in position 2. It is possible to evaluate
the amplitude of this interaction as EintðG1 � G2Þ ¼ ½EG1G2 �
ðEG1 þ EG2Þ�=2. EG1G2 is obtained from single point calculation of
the four guest molecules in the geometry resulting from the opti-
mization of the whole system. EG1 and EG2 refer instead to single-
point calculations with two guest molecules on position 1 or 2,
respectively. Also, there exists the possibility of intermolecular in-
teractions between molecules in position 2, with energy EintðG2 �
G2Þ ¼ EG2 � ð2EGÞ.

Table 3 collects the different interaction energies for 1-naph and
1-nitro on the high and low-spin states. These values can be
compared with the adsorption enthalpy of N2 and CO2 on the
parent [Fe(pz)Ni(CN)4] Hofmann clathrate [75] with values of
15e20 kJ/mol and 30 kJ/mol, respectively, estimated from the gas
adsorption isotherms. In general, the interactions between the
guest molecules and the MOF are stronger for naphthalene than
nitrobenzene, the adsorption energies being slightly spin-
dependent, larger for the LS configuration than the HS one. This
is in line with the fact that the number of host-guest and guest-
guest intermolecular contacts decreases in the HS state [2], due
to the change of volume associated with the population of this
state.

This result contrasts with the behavior observed by Aravena
et al. [24] in related [Fe(pz)Pt(CN)4] compound, with higher inter-
action energies for the high-spin state. It is important to note that
the MOF family explored by Aravena corresponds to frameworks
with smaller available volume, where the size effect of the guest
molecules play a major role. Here, however, the pillaring bpb ligand
maximizes the available volume of the unit cell, and the size of the
guest should not be the effect controlling the occurrence of a one-
or two-step spin transition, but the number and strength of the
intermolecular interactions.

The preferred adsorption site is position 1 both for naphthalene
and nitrobenzene, with very close interactions energies (Table 3). In
this position, the guest molecule is sandwiched between two pyr-
idyl rings of the bpb ligands, stabilized by face-to-face p-p in-
teractions (similar short p-p contacts for both systems: 3.705 Å,
3.503 Å 1-nitro HSHS, 3.548 Å, 3.649 Å 1-nitro LSLS; 3.644 Å,
3.711 Å 1-naph HSHS, 3.588 Å, 3.787 Å 1-naph LSLS) (Fig. 6). The
slightly shortest contacts for 1-nitro LSLS can account for the
strongest host-G1 interactions. Guest molecules in position 2 pre-
sent weaker interactions with the MOF, in particular for nitroben-
zene. In this position 2, the guest molecule interacts with the
pyridyl groups of two close bpb ligands (Fig. 6). One interaction is
driven by the face-to-face p packing between the rings, at larger
distances than in position 1 (3.895 Å, 3.950 Å 1-nitro HSHS,
3.848 Å, 3.901 Å 1-nitro LSLS; 3.678 Å, 3.671 Å, 1-naph HSHS,
Table 3
Host-guest and guest-guest interaction energy (kJ/mol) for 1-naph and 1-nitro.

Interaction 1-naph 1-nitro

HSHS LSLS HSHS LSLS

host-guest �107.7 �109.2 �101.5 �103.5
host-G1 �94.4 �95.8 �95.1 �99.4
host-G2 �89.6 �92.6 �82.9 �84.1
intermolecular G1-G2 �37.9 �37.8 �29.7 �30.3
intermolecular G2-G2 �26.7 �26.6 �23.6 �11.3
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3.686 Å, 3.511 Å 1-naph LSLS) and with larger relative slippage of
the p rings in the case of 1-naph, while the second interaction is
controlled by edge-to-face s-p type interactions between the CeH
bonds and p orbitals of the rings (Fig. 6). These host-G2 interactions
are greater for 1-naph than 1-nitro and can act as an internal
pressure effect disfavoring the HS to LS conversion and assisting the
two-step transition.

Additional guest-guest intermolecular interactions can be
distinguished: G2-G2 interactions between guest molecules in
position 2 (Fig. 6) and G1-G2 interactions between molecules in
position 1 and 2. The strength of these interactions is noticeable
representing a significant percentage of the host-guest ones (about
30e40%). Considering that each molecule is involved in several of
these interactions (Fig. S5), they can be responsible for the different
SCO behavior of 1-naph and 1-nitro.

The intermolecular G2-G2 interactions are offset p-p in nature,
while G1-G2 interactions are of edge-to-face s(CeH). p type
(Fig. 6). These two intermolecular interactions are stronger for 1-
naph than 1-nitro, as puts in evidence the green surfaces in
Fig. 6c, smaller in the case of nitrobenzene. This can be attributed to
the presence of the nitro group, an electronwithdrawing group that
decreases the p electronic density in the benzene ring and atten-
uate the edge-to-face and offset p interactions. In the case of 1-
nitro the G2-G2 interaction is particularly weak for the LSLS state
(Table 3). In fact, the analysis of the non-covalent interactions
suggests the presence of repulsive NO2/NO2 interactions in the LS
form, absent in the HS state (Fig. S4). The nitrobenzenemolecules in
position 2 change their relative orientation during the conversion
fromHS to LS, reducing the number of short contacts and impacting
directly on the strength of this interaction. This internal pressure
effect is then softened and the direct conversion to LS is then
favored.

The interactions between the guests and the MOF are also
reflected in the projected density of states (PDOS), as shown in
Fig. 7, S1 and S2. The PDOS show the participation of Fe, pyridyl
groups and guest molecules on the occupied and empty states of
the whole system, i.e., the mixing of the orbitals of the guest
molecules and the host crystal bands. The states of the guest
molecules are stabilized by both the adsorption on the MOF and
the contacts with neighbor molecules. They present a remarkable
mixing with the pyridyl groups, that reflect the interaction pro-
vided by the p-p and s-p contacts. The degree of hybridization
(mixing) is different for nitrobenzene and naphthalene as ex-
pected, the nitrobenzene states being in general at lower energy
than the naphthalene ones. Hence, the highest occupied band
centred on the pyridyl ligands is highly mixed with the HOMO-1
of naphthalene (region II), but it is not hybridized with the
nitrobenzene molecules. Nitrobenzene molecules are instead
highly mixed with the HOMO-1 states of pyridyl, corresponding
to region I in Fig. 7. In the case of 1-naph, in this region only
naphthalene molecules in position 2 presents a certain mixing
with pyridyl bands.

Finally, the analysis of the vibration modes of the system pro-
vides additional insight about the ways the guest molecules
modulate the host properties and could significantly contribute to
the spin transition in one or two steps [9,76]. The large number of
vibration modes prevents an exhaustive analysis, but some clues
can be obtained from the comparison of a selected set of them.
Hence, Fig. 8 shows the C≡N stretching modes of the Pt-cyanide
units for 1-naph and 1-nitro in the different spin states (Fig. S6
and animated gif files as supporting material). Notice that these N
atoms occupy the equatorial positions in the Fe coordination
spheres, then they are directly involved in the structural changes
accompanying the spin transition. These modes present higher
frequencies for 1-naph than 1-nitro in both spin states. These C≡N



Fig. 7. (Left) Projected density of states of 1-naph and 1-nitro on Fe, guest molecules on position 1 and 2 (G1 and G2) and pyridyl groups for LSLS state. (right) Partial electronic
density for regions I and II corresponding to the energy windows [EF-2.48, EF-1.88] eV and [EF-1.88, EF-1.30] eV, respectively (isosurface value ¼ 0.01 e/bohr3).

Fig. 8. Evolution of the C≡N stretching modes for 1-nitro and 1-naph in the different spin states. The inset shows the frequency change when moving from HS to LS form.
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stretching modes red-shift in the transition from LS to HS, the CeN
bonds are weakened, and this helps the volumetric expansion from
LS to HS. Similar trends are observed in some vibrational modes of
the metal-organic framework Fe(1,2,3-triazolate)2 [77]. The red-
shift is larger for 1-nitro than 1-naph as shown in the inset of
Fig. 8. In other words, these modes impart larger amount of
vibrational energy to the lattice in the case of 1-nitro, easing a
single step transition. Interestingly the frequencies of the inter-
mediate state of 1-naph are in average closer to those of the LSLS
state than the HSHS state, in line with the stabilization observed for
this mixed state with respect to the barycenter of the HSHS-LSLS
gap.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.mtchem.2023.101489
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Additionally, in the case of 1-nitro some of the vibration modes
of the host are coupled to those of the guest, such as the C¼N
tension of pyridine rings (these N atoms occupy the axial positions
in the Fe octahedrons) with the asymmetric stretching of NO2
groups (1506 cm�1) and breathing of the nitrobenzene ring
(1005 cm�1). Even more, vibrational modes such as the rocking of
the pyridyl rings at 845 cm�1 (843 cm�1 in system 1-nitro) are less
intense in system 1-naph due to the p-p stacking of naphthalene
with the pyridyl groups, weakening the amplitude of the vibration.

Considered together, all these complementary elements suggest
the existence of elastic frustrations [78] in the case of 1-naph,
correlated with the stronger host-guest and guest-guest in-
teractions, that prevent the direct conversion from HS to LS, and
favors instead the presence of the intermediate state.

https://doi.org/10.1016/j.mtchem.2023.101489
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4. Conclusions

Several effects have been invoked to explain the guest-
dependent spin-transition behavior of FeII Hofmann-type coordi-
nation polymers, and different routes have been explored to control
the way the guest modulates the spin-crossover (SCO) properties.
The subtle interplay between electronic, structural and steric ef-
fects makes it difficult to establish a universal relationship that
allows to interpret and predict the magnetic properties of these
systems. In this work we have explored the possibility of isolating
and quantifying the dominant effects governing the occurrence of
one-step or two-step spin transitions in [Fe(bpb)Pt(CN)4] Hofmann
clathrates by means of a computational strategy combining DFT
periodic calculations of the whole system, CASSCF/NEVPT2 calcu-
lations on monometallic fragments and the plots of the reduced
density gradients obtained with the promolecular version of NCI
approach. Three main aspects have been analyzed: the ligand field
on metallic sites, the stability of the mixed state and the intermo-
lecular interactions.

Our results indicate that the ligand field of each Fe site is almost
independent of the guest molecule. Nitrobenzene and naphthalene
modify in a similar way the Fe ligand field, despite their different
size (107.1 and 121.8 A3, respectively) [23], different polarity (non-
negligible dipole moment for nitrobenzene, while naphthalene is
non-polar) and the presence of the electron withdrawing NO2

group in nitrobenzene, that could indirectly alter the electron
density distribution around the Fe center. This result is in line with
the structural similarities of Fe sites in both compounds, collected
in Table 1.

On the other hand, the stabilization of the mixed state with
respect to the halfway point of the total enthalpy change between
the HS and the LS states is considered a necessary condition for the
occurrence of a two-step transition. The computed relative energy
for the intermediate states reveals that this condition is fulfilled in
the case of 1-naph, but not in 1-nitro, in agreement with the
single-step transition observed for the latter. Together with the
intramolecular interactions, a significant cooperativity inside the
crystal lattice is required to exhibit a two-step transition [66]. In our
case, this cooperativity is reflected in the nature and strength of the
host-guest and guest-guest intermolecular interactions, that can be
separately evaluated. Both systems present the same kind of non-
covalent interactions, but they are stronger for naphthalene than
nitrobenzene, and slightly spin-dependent, higher for LS than HS
state, a fact that can be related to the increasing number of short
contacts accompanying the volume reduction when going from HS
to LS state. Our calculations allow to distinguish between the two
crystallographic different positions occupied by the guest, which
adsorption energies reveal the nature of the interactions with the
host. Unexpectedly, the intermolecular guest-guest interactions are
particularly strong, in special for naphthalene, representing an
additional contribution in favor of a two-step transition. Both the
presence and strength of these interactions are evidenced by the
analysis based on the reduced density gradients, represented by
green gradient isosurfaces in Fig. 6, and manifested also in the
projected density of states. Finally, our calculations also show the
role of the vibronic effects on the guest-dependent SCO transition,
how the nature of the guest modulates in different way the
vibrational energy of the host, introducing elastic frustration that
can prevent the direct conversion from HS to LS state.
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