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The family of 3D Hofmann-like Fe' coordination polymers with the formula [Fe(opd)IM'(CN),II-2G, M = Pt, Pd,
and Ni is known for having a large capacity to host guest molecules (G) such as nitrobenzene or naphthalene.
The presence of the guest molecules modulates the spin-crossover properties. In fact, these clathrates present
a large hysteresis loop, in one single step or two well separated steps depending on the guest. In this work,
we analyse by means of state-of-the-art DFT-based calculations the main effects governing the occurrence of
the multistep spin transition, and the differences due to the nature of the divalent M metal and the

Received 15th March 2024, encapsulated guest molecules. The study determines the relative stability of the mixed-spin state, the

Accepted 7th August 2024 amplitude and nature of the host—guest and guest—guest intermolecular interactions, and the key role played
DOI: 10.1039/d4tc01041h by the C=N stretching modes of the M-cyanide units. Our results provide hints on the distinct roles of each

of these factors and how they promote or prevent a direct transition from the high-spin state to the low-
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1. Introduction

The first 3D Hofmann-like Fe"" coordination polymers with
spin-crossover (SCO) properties were reported by Real et al. '
two decades ago. Since this first study, the SCO Hofmann-type
family has grown rapidly.*™* These systems combine the
appealing properties of the metal-organic frameworks
(MOFs),"*™"” such as chemical stability, porosity and tunability,
with the spin crossover between the high-spin (S = 2, HS) and
the low spin (S = 0, LS) states of the Fe'' centres. As in the
molecular SCO complexes, the LS < HS switching is reversible
and is accompanied by detectable changes in the structural,
magnetic and optical properties of the system. The spin state
change can be promoted by external factors, such as tempera-
ture, pressure, light, pH, ... and in the case of the Hofmann-
like SCO MOFs, the transition can be additionally triggered by
the presence of guest molecules hosted on the pores of the
MOF framework.®'8>*

The SCO Hofmann 3D Fe" clathrates have the general
formula [Fe(L)M"(CN),]]|G and [Fe(L)[M'(CN),],]-G with L
being a pillaring bis-monodentate pyridine-like ligand, M" =
Ni, Pd, and Pt and M' = Cu, Ag, Au and G being the guest
molecule."*® Their structure is based on planar layers, where
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quasi-octahedral Fe ions alternate with M metal centres,
bonded to four cyanide ligands in a square planar geometry.
The layers are interconnected by the nitrogen-containing L
ligands, where nitrogen atoms occupy the axial position of Fe
centres. Different pillaring L ligands of increasing length have
been employed, resulting in accessible voids of increasing
volume: 18% of the unit cell for L = pz,%® 40% for L = bpe,*’
azpy,”® bpac,'® and 49% for L = bpeben,*® and dpsme.*°

Recently, a new SCO-MOF series with formula [Fe(L)[M"(CN),]J-
2G has been reported,”>*" where L = bis(4-pyridyl)butadiyne,
bpb and M" = Pt, Pd, and Ni (Fig. 1). They host two guest
molecules G of nitrobenzene or naphthalene, hereafter referred
to as M-nitro or M-naph, respectively. This family is character-
ized by the largest available volume within the isoreticular
series [Fe(L)-[M"(CN)4]]-G. Indeed, they undergo cooperative
spin transitions with large hysteresis loops, in two well defined
steps in the case of naphthalene clathrates, M-naph. For
M-nitro derivatives, the transition takes place in a single step,
except for Ni-nitro which displays two sharp steps separated by
a very narrow plateau (ca. 2 K wide). The average critical
temperatures and the thermodynamic parameters resulting
from differential scanning calorimetric measurements are
reported in Table 1. Ni-naph exhibits the lowest transition
temperature and the widest plateau (ca. 40 K wide). Transition
temperatures are lower for M-naph than M-nitro, for the three
M metals considered (Table 1). In fact, it is assumed that the
high-spin state is more stabilized for large guests, and then the
transition to LS occurs at lower temperatures.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

(a) General representation of the MOF-SCO, with nitrobenzene guest molecules. The two positions for the guest molecules are highlighted in

blue (G1) and red (G2). Blue and green circles correspond to Fe and M atoms, respectively. Coordination for guest molecules G1 (b) and G2 (c) with the

closest pyridyl groups.

Table 1 Thermodynamic parameters from calorimetric measurements
for M-naph and M-nitro systems. Average critical temperature, Tc = (T¢y +
Tc,)/2, average transition enthalpy (kJ mol™) and entropy (J K™ mol™?) per
Fe center??

Systems AH; As; T AH, As, T,

Two steps  Ni-naph 8.85 49.3 180.0 — — 131.3
Pd-naph 12.00 56.5 212.5 10.42 52.4 198.8
Pt-naph 9.45 449 210.5 8.62 44.1 195.5
Ni-nitro 8.53 36.4 234.0 7.60 32.2  226.0

One step Pd-nitro  20.22 87.1 2324 — — —
Pt-nitro 19.29 86.3 223.5 — — —

It is widely agreed that the way the guest molecules mod-
ulate the SCO properties of the MOF results from a subtle
balance of electronic, structural, and steric effects. But until
now, it has been difficult to establish universal relationships
that allow predicting the magnetic properties of the MOF-SCO
Fe" clathrates. We have recently analysed by means of quantum
chemistry calculations the different physical effects giving rise
to two-step transitions in Pt-naph clathrates and a one-step
transition in Pt-nitro derivatives.>” We mainly focused on three
aspects: the effect of ligand field on metallic sites, the relative
stability of the intermediate spin state, and the intermolecular
host-guest and guest—guest interactions. The aim of this work
is to extend this analysis to the whole family of M-naph and
M-nitro clathrates to discern the effect, if any, of the metal M
centre on the magnetic properties, the vibrational energy of the
host, the relative stability of the intermediate states and the

This journal is © The Royal Society of Chemistry 2024

amplitude and nature of the intermolecular interactions.
Briefly, the goal is to try to establish some general trends
common to all the members of the family that explain the
guest-dependent spin-transition behaviour of these MOF-SCO
Fe' clathrates.

2. Description of the systems and
computational details

The computational models were built on the basis of the CCDC
crystallographic data deposited by Pifieiro-Lopez et al.>* (CCDC
1550075-15500847) for low, middle and high temperature
phases. All compounds crystallize in the triclinic P1 space
group, apart from Ni-nitro that belongs to the monoclinic space
group P2/m.

2.1. Computational models and thermodynamics

The whole system (MOF and guest molecules) was optimized
employing periodic density theory functional (DFT) in the
framework of the Vienna ab initio simulation package
(VASP).>*7¢ In all the considered systems, the unit cell contains
four guest molecules and two Fe centres that can show a low-
spin state (LSLS solution), a high-spin state (HSHS solution) or
a mixed state (HSLS solution). For the HSLS mixed state of Ni-
nitro and Pd-nitro systems, no X-ray data are available, and the
computational models were obtained from two independent
optimizations starting from the high and low temperature
solutions. All the reported results correspond to the HSLS

J. Mater. Chem. C, 2024,12,14924-14935 | 14925
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model from the low temperature geometry, more stable than
those resulting from the high-temperature one. For Pd-nitro,
the X-ray data at low temperature present two different orienta-
tions of the nitrobenzene molecule on position 2. We have built
models with both sets of coordinates, and all the reported
results correspond to their average.

The revised Perdew-Burke-Ernzerhof (rPBE)*” functional
was used and the van der Waals dispersion effects were
included by the DFT-D3 method of Grimme et al*® with
Becke-Johnson damping.*® The projector-augmented wave
(PAW)* potentials were employed for all the atoms. The
optimization includes the lattice parameters of the unit cell
and the atomic positions. All the calculations refer to the I'-
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 performed until the change in the
total energy between two consecutive steps is smaller than
107° eV and the ionic relaxation has been performed until
the Hellmann-Feynman forces were lower than 0.01 eV A™",
Three different spin configurations were modelled: HSHS, LSLS
and a mixed spin solution, HSLS. The spin-polarized calcula-
tions were constrained to a fixed difference between the num-
ber of electrons in the spin up (N,) and spin down (N). Hence,
the HSHS, HSLS, and LSLS configurations require an N, — Ng =
8 (four unpaired electrons at each centre), N, — Ny =4, and N, =
Np, respectively. The optimized geometries for each system and
spin state are available in the ESI¥ file.

The transition enthalpy and entropy per Fe center were also
evaluated to compare with the experimental data. As previously
mentioned, the translational and rotational contributions to
the transition enthalpy (AHians and AHy,) and entropy (ASeans
and AS,.) were neglected and only the dominant vibrational
and electronic parts are finally considered.*'"*> Hence,

host-G1

host-G2
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AH(T) = AHgec + AZPE + AHy;p, + AH,oq +
AI_Itrans ~ AHelec + AZPE + AHvib

AS(T) = ASelec + ASvib + ASrot + AStrans ~ ASelec + ASvib

where AE. corresponds to the difference in the computed
energy for the HS and LS solutions, and AZPE is the difference
between the zero-point vibrational energy of both states, eval-
uated in the framework of the harmonic approximation as one-
half of the sum of the vibrational frequency shifts upon spin
transition: AZPE = %h >_[vi(HS) — v;(LS)]. The vibrational con-

1
tribution for each phase is computed at the average transition
temperature (Ter + Te)/2, as follows:*"***

hv;

hvie ksT
() = Y e
1 —¢keT

iz
Svib(T) = RZ 7ln<1 — eikB_T) +

hV,' 1

hv;
kg Tekn_’T 1

The electronic contribution to the entropy can be considered
as temperature independent and computed as Sejec = RIn(2S +
1), with S equals to the total spin of the system. To evaluate the
frequencies, the finite difference approach has been employed
to calculate the second-order derivatives of the total energy,
with exigent criteria in the optimization runs to obtain the
complete set of real frequencies. Hence, all calculations were
performed with accurate precision mode in VASP calculations,
with a convergence criterion for the forces of 0.01 eV A™*. The
finite difference approach has been used without imposing the
symmetry in the displacements (IBRION = 5), with a central
difference mode (NFREE = 2), i.e each ion is displaced in each

host-G1

Fig. 2 Types of host—guest and guest—guest interactions in M-naph and M-nitro systems. G1 and G2 molecules in blue and red, respectively.
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direction by a small positive and negative displacement
(POTIM = 0.02).

2.2. Host-guest and guest-guest interactions

The unit cell of the MOF contains two Fe sites and four guest
molecules (Fig. 2). We have evaluated different host-guest and
guest—guest interactions by specific single-point calculations.

The average interaction energy of the guest molecules with
the host is calculated as follows:

Eind(host-guest) = [Eqys — (Ey + 4Eg))/4

where Ey corresponds to the total energy of the MOF with four
guest molecules occupying the voids of the unit cell, Ey is the
energy of the MOF in the absence of guests, but with the same
geometry as the whole system, and Eg is the energy of an
isolated guest molecule.

The host-guest interaction energy for each position (G1 or
G2) can be estimated as:

Eint(hOSt—Gi) = [EHGZ' — (EH + 2E(;)]/2

where Eyg; is the total energy of the MOF containing just two

guest molecules in position 1 (Eygi) or position 2 (Eygs),

calculated with the optimized geometry of the whole system.
The interaction among guest molecules is evaluated as:
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Eint(Gi—Gj) = [EGiGj — (EGi + EGJ')]/Z

where Eg;q; is obtained from a single point calculation of the
four guest molecules in the optimized geometry of the whole
system. Eg; refers instead to single-point calculations of two
guest molecules on position i (1 or 2). Guest molecules occupy-
ing position 1 in the void are sandwiched between the pyridyl
groups of the bpb ligand and cannot interact among them-
selves, but they can interact with the neighbouring guest
molecules in position 2 (Fig. 2).

3. Results and discussion

We report the results obtained for Pd and Ni MOF-SCO
derivatives hosting nitrobenzene and naphthalene molecules.
We also include in the discussion our previous results for Pt
derivatives® to facilitate the comparison.

3.1. Optimized geometry

All systems were fully optimized for each electronic configu-
ration and the frequencies of the normal vibrational modes
were computed to ensure the minima on the potential energy
surface. Fig. 3 shows the Fe-N distances for each spin state of
the M-naph Fe(u)-SCO clathrates, for M = Ni, Pd, and Pt. Similar
trends are obtained for the M-nitro family. The corresponding

Ni-naph Pd-naph Pt-naph Ni-nitro Pd-nitro Pt-nitro

9 volume contraction

Fig. 3 Geometrical parameters obtained from DFT calculations. (a) Optimized Fe—N distances for M-naph compounds on different spin solutions HSHS,
HSLS and LSLS. (b) Two Fe(i) centers connected through the M(CN)4 units (M, Fe, N, C, H atoms represented by green, orange, blue, grey, and white balls,
respectively). (c) Volume of the optimized unit cell for M-naph and M-nitro systems. The green circles correspond to the percentage of volume
contraction when moving from high-temperature to low-temperature phases [100-(Vsys — Visis)/Visisl.

This journal is © The Royal Society of Chemistry 2024
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bond lengths around each Fe centre and the optimized cell
parameters are reported in Tables S1 and S2 (ESIT), respectively,
together with the available experimental data. A reasonable
agreement is found among the optimized and the X-ray data
structures for all the systems considered. For each centre, as
expected, the longest Fe-N bond distances correspond to the
axial positions (N1, N2, N9 and N10). The Fe-N distances are
almost insensitive to the nature of the M metal centre, follow-
ing similar behaviour when moving from the high-spin solution
to the low-spin one. The same behaviour is observed in the
experimental Fe-N distances (Table S1, ESIt). These Fe-N
distances modulate the strength of the Fe ligand field. As far
as the nature of the M metal centre does not modify the length
of these bonds, we expect similar trends on the Fe ligand field
parameters for Pd and Ni derivatives than those we have
previously evaluated for Pt clathrates.® Ab initio ligand field
theory calculations indicated that the field is slightly stronger
for the Fe centre close to the guest molecule in position 2, but
very similar for nitrobenzene- and naphthalene-containing
derivatives.®> Then, the strength of the ligand field around
the Fe site is not responsible for the dissimilar SCO behaviour
found for M-naph and M-nitro clathrates.

However, the metal M impacts on the unit cell volume
(Fig. 3) show the following trend: Pt > Pd > Ni, the same
trend than the atomic radii of these elements. The only excep-
tion corresponds to the high-temperature structures of M-nitro
where the order is reversed, the Ni-based system presenting
higher unit cell volume than the other two M-nitro compounds.
This could be correlated with the fact that Ni-nitro crystallizes
in the monoclinic space group P2/m, while the rest belongs to
the triclinic P1 space group. The unit cell volume is larger for
naphthalene derivatives than nitrobenzene ones, in line with
the volume of the guest molecule (Fig. 3). Moreover, the larger
the guest volume, the lower the transition temperatures, as can
be seen in Table 1. As usual the HS to LS spin transition is
accompanied by a unit cell volume contraction. This contrac-
tion represents about 6% of the low-temperature cell volume
for M-naph and Ni-nitro, while only 2-3% for Pt-nitro and Pd-
nitro (Fig. 3c). Interestingly, the larger contraction correlates
with those systems presenting two-step transitions.

The available X-ray data indicate that the mixed state is an
ordered intermediate, where the Fel centre close to the G1
guest rests on the LS state, while the Fe2 centre, close to the G2
guest, switches to the HS state.” This is correctly reproduced by
our calculations for M-naph and Ni-nitro, all systems with two-
step transitions, where the intermediate is stable. In the case of
Pd-nitro and Pt-nitro, in the hypothesized HSLS mixed state,
our calculations show that the Fel centre presents a HS state,
while Fe2 centre is the LS one. This distribution is more stable
than the reverse one and could be related to the occurrence of a
one-step SCO phenomenon.

3.2. Transition energy, enthalpy, and entropy

Regarding the relative stability, the LSLS solution is the
most stable, its geometry corresponds with the low-
temperature phase of all systems considered, separated by

14928 | J Mater. Chem. C, 2024,12,14924-14935
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about 70 k] mol™"' to the HSHS configuration. Fig. 4 reports
on the electronic energy difference AE.,s among the low-spin,
mixed state, and high-spin configurations (see details in Table
S3, ESIT). Regarding thermal corrections, the reported values
have been calculated at the experimental transition tempera-
tures, following the suggestion by Robert et al.** who previously
noted the non-negligible effect of temperature on AH,ns and
ASrans- To compare, we have also evaluated AHans and ASeans
at 298 K (Fig. S1, ESI{). No significant temperature dependence
of AH\ans is observed (changes due to temperature are about
2-7%) while the entropy is more sensitive (with changes about
4-38%).

It is worth noting that the electronic energy gap between the
different spin solutions, and hence, the transition enthalpies
are overestimated, as usual for DFT-based evaluations, reflect-
ing the inherent difficulties of DFT approaches in treating at
the same foot open and closed shell systems (the overall
experimental AH values are 16-22 k] mol ', Table 1).> But
what is more important is the ratio between the transition
enthalpies of the two subsequent steps are correctly repro-
duced, and relevant conclusions can be obtained from
these trends, even when the absolute values are overestimated.
On the other hand, entropy changes are mainly in line
with experimental estimates (the overall AS values are 70-
109 J K mol %, Table 1), as far as they only depend on the
vibration frequencies, and hence, on the optimized geometries,
nicely reproduced by this approach.

As stated previously*®™° the relative stabilization (d) of the
mixed state HSLS with respect to the barycentre of the HSHS-
LSLS separation is a necessary condition for the occurrence of a
two-step transition. The horizontal green line in Fig. 4 separates
those systems that accomplish this condition (above the line)
from those where a one-step transition is favoured (below the
line). The calculated AE,.,s between HSLS and LSLS solutions
correctly predicts the occurrence of one- or two-step transitions
for M-naph and M-nitro solutions, except for Ni-nitro, where
the HSLS solution is just 0.3 k] mol™" above the barycentre
(Fig. 4). The situation is reverted once the zero-point energy
correction (ZPE) and thermal contributions are included
(Table 2 and Table S3, ESIt). In fact, for Ni-nitro, the AE.ns
between HSLS and LSLS is 37.1 kJ mol ?, the difference in
the ZPE correction is AZPE(HSLS-LSLS) = —8.6 kJ mol
while the vibrational contributions to the enthalpy
transition is 3.4 k] mol " (Table S3, ESIf), which gives
AHrans = 31.9 k] mol™" (Table 2). In general, the AZPE correc-
tion is in the range of [-6, —8] k] mol ', and decreases the
separation between the high-spin and low-spin solutions while
the thermal corrections to the transition enthalpy is positive
and around 2-3 k] mol~". The calculated enthalpy transitions
are in line with the occurrence of one-step spin transition for Pt-
nitro and Pd-nitro and two-steps for M-naph and Ni-nitro (Fig. 4).
Additionally, the stabilization of the mixed spin state with
respect to the barycentre can be related with the plateau wide.
Hence, the larger the stabilization of the intermediate state, the
wider the plateau. Our calculations give a stabilization of
about 11 k] mol~" for the mixed state of Ni-naph and 7.7 and

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (top panel) Electronic energy difference per Fe center between HSHS, HSLS and LSLS solutions, and (bottom panel) enthalpy difference per Fe

center, AHyans, €valuated at the experimental transition temperatures. The horizontal green line separates the systems that accomplish the condition for
a two-step transition (above the line) to those undergoing a one-step transition (below the line).

Table2 Calculated transition enthalpies AH (kJ mol ™) and entropies AS (J K~* mol™) per Fe center for M-naph and M-nitro systems, transition enthalpy
barycentre, AH,, = %[HSHS(TCI) — LSLS(T ), and relative stabilization of HSLS state with respect to the barycentre, J. Enthalpies and entropies calculated

at the experimental transition temperatures reported in Table 1

HSHS-HSLS HSLS-LSLS Barycentre Stabilization

AH, (T.) AS, (T¢) AH, (T) AS, (T) AH,, 5= AH, — AH,,
Ni-naph 30.2 32.4 25.1 25.2 36.9 —11.8 Two steps
Pd-naph 37.7 64.2 29.3 42.4 37.0 -7.7
Pt-naph 34.6 67.6 29.1 33.1 35.5 —6.4
Ni-nitro 32.5 24.1 31.9 48.8 34.4 —2.4
Pd-nitro 31.3 24.0 33.4 49.9 324 1.1 One step
Pt-nitro 28.6 65.7 33.5 27.9 31.0 2.5

6.4 k] mol ! for Pd-naph and Pt-naph. This is in line with the
decrease of the plateau when moving from Ni-naph (ca. 40k
wide) to Pt-naph and Pt-naph (ca. 7-9k wide).

Additional insight can be obtained from the projected
density of states (pDOS), as shown in Fig. 5 for the LSLS state
of Ni derivatives. The pDOS shows the individual participation
of Fe, bpb ligands and guest molecules on the occupied and

This journal is © The Royal Society of Chemistry 2024

empty states of the whole system. These plots provide informa-
tion about the mixing of the bands of the host crystal, mainly
the 7 orbitals of the bpb ligands, with the orbitals of the guest
molecules. In these systems, the occupied bands close to the
Fermi level are mainly localized on Fe centres (black lines in
Fig. 5). In the case of Ni-naph, immediately below these bands
we find the HOMO and HOMO-1 orbitals of the G1 and G2

J. Mater. Chem. C, 2024, 12,14924-14935 | 14929
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(middle) Projected density of states of Ni-naph and Ni-nitro derivatives on Fe, guest molecules and bpb ligand for the LSLS state. Partial

electronic density for regions | (left) and Il (right) corresponding to the energy windows [Er —2.43, Er —1.88] eV and [Er —1.88, Er —1.28] eV, respectively

(isosurface value = 0.01 e bohr™).

naphthalene molecules (red and blue lines, respectively). While
the HOMOs do not mix with the host states, the HOMO—1
orbitals mix with the highest occupied bands of the bpb ligands
(region II in Fig. 5). The electronic density corresponding to this
region is represented on the right-hand of this figure and shows
a high degree of hybridization between the host and guest
molecules. This will be reflected on the adsorption energies of
naphthalene molecules, as shown in next section. In the case of
Ni-nitro, no relevant mixing between host and guest states
appears in this region. Indeed, nitrobenzene states appear at
lower energy than the naphthalene ones and are instead
slightly mixed with the HOMO—1 states of bpb, corresponding
to region I in Fig. 5 (left hand, bottom panel). In this case,
weaker interactions are expected between the host and the
nitrobenzene molecules. Similar trends are observed for Pd
and Pt derivatives,’” the main difference among them consists
of contribution of the M centred bands to the plots of the
electronic density (higher for Ni than Pd or Pt, in line with their
increasing electronegativity).

3.3. Host-guest and guest-guest intermolecular interactions

The intermolecular interactions established among host and
guest molecules has been invoked as one of the determinant

factors governing the occurrence of one-step or two-step
transition.>* Table 3 and Fig. 6 collects the different host-guest
and guest-guest intermolecular interactions for all considered
systems. These interactions act as an extra energy contribution
that stabilizes a specific spin state, in such a way that this extra
stabilization can play against spin switching. The stronger the
interactions, the higher the internal pressure disfavouring the
spin conversion and favouring a two-step transition. In general,
the host-guest interactions are stronger for naphthalene mole-
cules than for nitrobenzene, in both positions, in line with the
larger size of naphthalene that allows a larger number of
contacts with the host.>* This confirms the trends suggested
by our previous calculations on Pt-nitro and Pt-naph
derivatives,®® and corroborates the information provided by
the pDOS plots in Fig. 5. In fact, the amplitude of these
interactions is quite similar for Pd and Pt derivatives, while
Ni-based MOFs behave differently. The preferred adsorption
site is position 1 for both guest molecules. In this position,
the molecule is sandwiched between the pyridyl rings of
two close bpd ligands and stabilized by face-to-face n interac-
tions. In position 2, the interaction is driven by two types of
contacts, edge-to-face o-n between the C-H bonds of the
molecule and = rings of the bpb ligand, and face-to-face n
packing with the bpb ligand (Fig. 2). In this position, the guest

Table 3 Host—guest and guest—guest interaction energy (kJ mol™) for M-nitro and M-naph systems

Ni-naph Pd-naph Pt-naph Ni-nitro Pd-nitro Pt-nitro

HSHS LSLS HSHS LSLS HSHS LSLS HSHS LSLS HSHS LSLS HSHS LSLS
H-G —112.2 —106.4 —104.7 —103.0 —-107.7 —109.2 —-95.3 —-95.5 —100.4 —103.6 —-101.5 —-103.5
H-G1 —110.3 —-93.0 —-94.6 —88.9 —94.4 —-95.8 —-94.8 —-96.4 —-92.5 —98.0 —-95.1 —99.4
H-G2 —85.5 —-90.9 —85.4 —86.4 —89.6 —92.6 —69.6 —-71.9 —82.8 —84.9 —82.9 —84.1
G1-G2 —36.2 —37.8 —38.7 —38.8 —-37.9 —37.8 —27.6 —29.5 —30.6 —30.4 —29.7 -30.3
G2-G2 —26.2 —29.0 —24.4 —-17.7 —26.7 —26.6 7.7 13.8 —26.0 —20.6 —23.6 —-11.3
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Fig. 6 Host-guest and guest—guest interactions (kJ mol™) in M-naph and

molecules present weaker interactions with the host, particu-
larly for nitrobenzene.

The intermolecular G1-G2 and G2-G2 guest-guest interac-
tions are also stronger for naphthalene than nitrobenzene, due
to the larger size of naphthalene. A singular case is Ni-nitro
where G2-G2 interactions are repulsive due to the unique
orientation of the G2 molecules in the system, with a face-to-
face packing of the NO, groups of neighbouring molecules. The
0. - -0 distance between two NO, is 3.18 A in the HS state, and
3.12 A in the LS state, in line with a more repulsive interaction
for the LSLS state, that favours a two-step conversion.

- Ni-naph HS
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M-nitro systems.

Regarding the dependence on the spin state, some general
trends can be extracted from the data in Table 3 and Fig. 6. For
all systems, G1-G2 interactions are almost spin independent,
while the host-G2 interactions are stronger in the LS
state, playing in favour of a one-step transition. The host-G1
interactions are stronger for the HS state in M-naph systems,
while LS states are favoured by these interactions in the M-nitro
systems. This extra energy contribution in the HS state
could correlate with the presence of two-steps in M-naph
systems. The most significant case is Ni-naph, where the
host-G1 interaction stabilizes the HS state by an extra amount

2240 a c » »
B Ni-naph LS £ 30 30 ¢
2220 B PG-naph HS g E
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Fig. 7 (a) Frequencies of the C=N stretching modes for M-naph and systems in LS (light colour) and HS (dark colour) states. (b) Difference (in cm™?) of
the same vibration mode in the M-naph and M-nitro systems for the HS state, vjnapn(HS) — vjnitro(HS). Similar behaviour is found for the LS state. (c)
Redshift of the C=N frequencies (in cm~) when moving from the LS to HS state for M-naph (large light-coloured symbols) and M-nitro (small dark-

coloured symbols).
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of 17 k] mol™" with respect to the LS state, that can be
correlated with the 40k wide plateau of this system. In general,
G2-G2 interactions are more attractive for the HS state than the
LS one, which contribute to a two-step conversion.

3.4. Vibrational analysis

Additional insight into how the guest molecules modulate the
host properties can be obtained from the analysis of the
vibrational contributions,*"*° but the large number of vibration
modes prevents an exhaustive analysis. We focus on the C=N
stretching modes of the M-cyanide units (Fig. 7). These N atoms
occupy the equatorial position in the Fe coordination sphere,
then this vibration mode is directly involved in the structural
changes accompanying the spin transition. The nature of the
metal atom in the M-cyanide units affects the strength of the
C=N bonds, the strongest found in Pt-derivatives, followed by
Pd > Ni (Fig. 7a). This could be in line with the exceptionally
low transition temperature reported for Ni-naph.

Additionally, we observe that the guest molecules impact
the vibrational energy of the host structure. Fig. 7b shows
the wavenumber difference of the same vibration mode for
M-naph and M-nitro systems in the HS state. The individual
C=N frequencies are higher for systems containing naphtha-
lene as the guest molecule than for nitrobenzene. As in pre-
viously inspected parameters, Ni-containing MOFs do not
follow this trend.

For all systems, the C=N stretching modes present higher
frequencies for the LS than the HS states (Fig. 7a). This C=N
stretching redshift that accompanies the LS to HS transition,
weakens the C-N bonds and helps the volumetric expansion of
the crystal. The LS to HS redshift is larger for M-nitro than M-
naph, except for Ni where we observed the opposite behaviour
(Fig. 7c). These C=N stretching modes transmit an extra
vibrational energy contribution to the lattice in the case of M-
nitro and favours a single step transition.

4. Conclusions

The [Fe(bpb)[M"(CN),]]-2G grids synthesized by Real et al. show
the highest effective loading capacity so far described for the
family of Hofmann-like SCO-MOFs. The six M-guest clathrates
(M = Ni, Pd, and Pt, guest = nitrobenzene and naphthalene)
show very similar structures but different SCO behaviours. M-
naph and Ni-nitro derivatives show cooperative two-step SCO
transition, although with different stability of the HSLS inter-
mediate state, ranging from the 40k-wide HSLS plateau of Ni-
naph, to the quite narrow plateau (ca. 2k) of Ni-nitro. In
contrast, Pd-nitro and Pt-nitro display cooperative one-step
spin transitions.

In this work, we have analysed and quantified the different
electronic, structural and steric effects governing the
occurrence of one-step or two-step spin transitions in
[Fe(bpb)[M"(CN),]] Hofmann clathrates. This study relies on
DFT periodic calculations of the whole system to evaluate the
relative stability of the low-, high- and mixed spin solutions,
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and to separately assess the host-guest and guest-guest inter-
molecular interactions, as well as the relevance of the nature of
the metal in the [M"(CN),] units.

Our results indicate that the Fe-N distances are almost
insensitive to the nature of the M metal centre, following
similar behaviour for all systems when moving from the high-
spin solution to the low-spin one. We found very similar ligand
field around Fe centres for Pt-nitro and Pt-naph, and we expect
similar trends for Ni and Pd derivatives. Then the ligand field
on the Fe centre is not responsible for different behaviours
found for M-nitro and M-naph clathrates.

The optimized structures are in good agreement with the
available experimental data, and the volume contraction when
moving from the HS state to the LS state is correctly reproduced.
Indeed, it is found that this contraction is higher for all the systems
with a two-step transition. Then a high structural change accom-
panying the SCO plays in favour of the two-step transition.

The condition of the stabilization of the intermediate HSLS
with respect to the halfway between the LS state and the HS
state to observe two-steps is accomplished for M-naph and Ni-
nitro, where the calculated HSLS enthalpy is below the bary-
centre. A linear relationship is found between the stabilization
with respect to the barycentre and the width of the plateau.

In all systems, the host-guest and guest-guest interactions
are stronger for naphthalene than nitrobenzene and almost
independent of the M metal, except for Ni. These interactions
are slightly spin-dependent. Hence, host-G1 interactions are
stronger for the HS state in M-naph systems, and this extra
energy contribution could correlate with the presence of two-
steps in the M-naph family.

Finally, our calculations show the role of the vibronic effects
on the guest-dependent SCO transition. In particular, the
transition from the LS state to the HS state is accompanied
by the redshift of the C=N stretching frequencies of the
[M"(CN),] units. The redshift is larger for M-nitro than for M-
naph, except for Ni derivatives. These modes contribute addi-
tional vibrational energy to the lattice in the cases of Pt-nitro
and Pd-nitro, favouring a single step transition.

In summary, it is difficult to isolate a single factor governing
the strong cooperativity found in the [Fe(bpb)[M"(CN),]]-2G
Hofmann-like MOF-SCO and the dependence on the encapsu-
lated guest molecules. Electronic, structural, and non-covalent
effects act simultaneously and contribute differently to the spin
transition mechanism. This study provides hints on the distinct
roles of each of these factors and how they promote or block a
direct transition from the high-spin state to the low-spin state.
Our results provide clues that help in interpreting the differ-
ential SCO behaviour of these compounds and could be useful
to many other systems where the SCO phenomenon is modu-
lated by guest molecules.
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