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ABSTRACT

Spin crossover (SCO) in transition metal (TM)-containing solid state materials remains a challenge for the electronic structure calculations
as some of the electronic states may have a significant multi-reference character. The periodic effective Hamiltonian of crystal field (pEHCF)
method accurately describes strong correlations in TM-containing crystalline systems. In this work, pEHCF has been applied to study the
electronic structure of the high spin and low spin states in the Fe(pyridine),Ni(CN)4 metal-organic framework (MOF). The relative energy
of the spin states involved in SCO has been calculated, and the degeneracy line exhibiting a strong dependence on the distance between
an Fe ion and the CN groups has been identified. The degeneracy line also displays a step-like dependence on the position of the pyridine
ligands in the narrow interval of 2.08-2.10 A, while outside this interval, the dependence is weak. Low-temperature paramagnetism of the
Fe(pyridine),Ni(CN)4 SCO-MOF has been explained by the triplet ground state of Ni in the square-planar coordination with the CN groups.
The electronic structure of a recently synthesized Fe;(Ho ¢7bdt)s SCO-MOF has been also investigated. This MOF contains two types of Fe ions
and exhibits unusual spin crossover behavior above room temperature. Our calculations confirm that in the temperature range of 300-423 K,
Fe; ions undergo a spin transition from quintet (S = 2) to singlet (S = 0), while Fe; ions exist in the low-spin configuration in both initial
(300 K) and final structures (423 K).

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0246625

I. INTRODUCTION electronic and spintronic devices'” ™

applications.”

and chemical sensing
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Rapid proliferation of stimuli-responsive materials brings
renewed and growing emphasis on the intricate reversible switching
capabilities of transition metal (TM) complexes with energetically
close-lying spin states as highly attractive for technological applica-
tions in information storage and quantum technologies. A diverse
range of molecular complexes, nanoparticles, thin films, and coor-
dination frameworks exhibit spin crossover behavior demonstrated
by a change in the spin state of a TM ion triggered by external
stimuli such as temperature, pressure, light irradiation,"” magnetic
fields, and the adsorption of guest molecules. Metal-organic frame-
works displaying spin crossover (SCO-MOFs) exhibit dramatic
changes in their physical and chemical properties associated with
the spin state change upon external perturbation. This further
expands the prospects and capabilities of SCO-MOFs in nanoscale

The most common ion used in design of SCO-MOFs is Fe(II)
having six electrons in the open d-shell. The first iron-containing
SCO-MOF, Fe(pyridine);Ni(CN)4, was synthesized by Kitazawa
et al.,'”* which belongs to the class of Hofmann-type MOFs.!* This
material exhibits thermally induced spin crossover in the temper-
ature range of 170-210 K, as evidenced by magnetic susceptibility
measurements and *’Fe Mossbauer spectroscopy.'” In the past 30
years, numerous representatives of the Hofmann-type SCO-MOFs
with general formulae FeL,M"(CN)4 and Fel,[M'(CN);]; have
been prepared and studied in detail” ** (here, M' = Ag, Au, M"
=Ni,Pd,Pt, and L is an organic ligand, such as pyridine and
pyrazine). In addition, various forms of iron-based SCO-MOFs that
do not belong to the Hofmann-type frameworks have been described
in the literature.”*”’
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The description of electronic and vibrational structure in SCO
systems involves many elaborate steps, including calculations of the
potential energy surfaces of HS and LS configurations, spin—orbit
coupling, and vibronic effects in the vicinity of the degeneracy
point. Spin transitions in iron-containing complexes present a par-
ticularly challenging case for the electronic structure calculations
because the 'A; state in the octahedral d°-shell has a significant
multi-reference character, while the >T, term can be described
with a single configuration.”® For iron containing molecular com-
plexes, the most reliable estimations of the relative energy between
the high spin (HS) and low spin (LS) states were obtained with
the coupled cluster theory [CCSD(T)] and combined CC/CASPT2
approaches,”’ " which accurately account for electron correlations
in the open d-shell. CASPT2 on its own gives a systematic error
for spin-crossover complexes of iron (II),” but in some cases, the
fully internally contracted CASPT2 method demonstrates a rea-
sonably good agreement.”” When we move from molecular sys-
tems to solid-state SCO-MOFs, the application of multi-reference
CCSD(T) and CASPT2 methods becomes computationally pro-
hibitive due to the periodic nature of these systems and large unit
cell size.

To circumvent these limitations, Kohn-Sham density
functional theory (DFT) has been routinely used to study
SCO-MOFs.””* With an appropriate selection of the density
functional,” DFT provides good results for SCO systems; however,
significant d-shell localization and multi-reference nature of the
low-spin state may cause well known problems with accuracy
and convergence of DFT when applied to strongly correlated
systems, including MOFs with transition metal atoms.””® Hybrid
quantum mechanical methods emerge as a viable alternative to
computationally expensive multi-reference approaches and DFT.
The effective Hamiltonian of crystal field (EHCF) method’’ is an
example of a hybrid quantum chemical method, which accurately
accounts for electron correlations in open d-shells of molecular TM
complexes.

In our recent study,” we generalized the EHCF method
to extended periodic systems containing TM ions with isolated
d-shells, either as a part of their crystal structure or as point defects.
We have also shown’"” that for a variety of solid state materials and
with modest requirements for computational resources, periodic
effective Hamiltonian of crystal field (pEHCF) accurately reproduces
the experimental energies of d-d transitions and spin symmetry
of both ground and excited states. The studied materials include
metal oxides, carbodiimides, hydrocyanamides, and a series of M-
MOF-74 (M = Fe, Co, Ni).”** An additional unique feature of the
pEHCF method is the ability to calculate the quadrupole splittings
(QS) in *Fe Mossbauer spectroscopy, which is frequently used in
experimental investigations of iron-containing SCO-MOFs.'>*

In this work, we extend the pEHCF study to calculate the
potential energy surfaces of the high spin and low spin electron con-
figurations of SCO-MOFs in the space of atomic coordinates varying
during spin crossover transitions. We demonstrate the viability of
the adopted hybrid method on the most thoroughly studied repre-
sentative of SCO-MOFs, the Hofmann-type Fe(pyridine),Ni(CN)4
(1) MOF. We further include the study of the electronic structure of
anovel non-Hofmann SCO-MOF based on 1,4-benzeneditetrazolate
(bdt), Fey(Hogrbdt)s (2), which exhibits interesting changes in
magnetic properties upon spin transition.”’
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Il. METHODOLOGY

The pEHCF method separates the space of one electronic state
into two subspaces describing independently the local d-shell(s) of
transition metal atoms (d-subspace) and the crystalline environment
embedding the d-shell(s) (I-subspace spanned by s, p-orbitals, where
I stands for ligand).”® All s, p-orbitals of TM are included in the
I-subspace together with the orbitals of light elements. The many-
electron wave-function of the system is expressed as

Y=V, AY, (1)

where ¥,; and ¥; are the many-electron wave functions built in
the d and [ orbital subspaces and A stands for the anti-symmetric
product. All local d-shells in the equivalent crystallographic posi-
tions are considered to be equal, i.e., to have the same electronic
state. This description of the electronic structure of TM-containing
insulators was first proposed by Harrison,”’ who suggested that the
electronic structure can be viewed as a set of delocalized sp-bands
augmented by the local d-multiplets of individual TM atoms. Fol-
lowing this idea, we express the wave function of the d-system as
an anti-symmetric product of the wave functions of individual local
d-shells,

W= Ar Af-‘zl‘l’gi'), (2)

where r goes over all unit cells in the system and index i enumerates
d-shells in the unit cell.

The wave functions ¥,; and YV, are treated at different lev-
els of theory. For each d-shell, the strongly correlated d-subspace
is described by the full configuration interaction (full CI) method,
which takes into account static electron correlations in the d-shell
and accurately reproduces the energy and spin multiplicity of the
excited d-multiplets. The wave function of the [-system is presented
as a single Slater determinant constructed from crystal orbitals
expressed as a linear combination of the Bloch sums of atomic
orbitals. In principle, the pEHCF methodology allows the use of
any method utilizing the one-electron approximation to describe
the electronic structure of the I-system. In this work, it is calculated
using the solid-state semi-empirical CNDO method with the stan-
dard parameters for the light elements and Clack’s parameters for s,
p-orbitals of transition atoms.*!

Taking into account that pEHCF is a hybrid method, the effec-
tive Hamiltonian contains specific terms describing interactions of
d- and I-subsystems, as described in our previous works.”*** The
wave function in (1) assumes fixed number of electrons in the
d- and [-subspaces, thus excluding the states involved in the electron
charge transfer. The charge transfer states are taken into account by
the Léwdin partitioning technique,*’ which provides effective cor-
rections to the Hamiltonian operators of the two subspaces through
the resonance coupling terms.”” This leads to the following form of
the effective Hamiltonian for the d-subspace:

H = 3 3 (Hit+ Hi™ + Hi ) dfo o
uw g

1
+ 5 Z Z (nuv|/1’1)d;adxrdqrdvu + h.c., 3)
wvdy ot
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where dy, (dys) are the electron creation (annihilation) opera-
tors for the uth d-orbital and ¢ corresponds to the spin projec-
tion. The last term in Eq. (3) describes the two-electron Coulomb
interactions inside the d-shell. The one-electron part of the Hamilto-
nian includes bare Hamiltonian of the d-system (H?) and Coulomb
(H*"") and resonance (H™*) interactions of d-electrons with elec-
trons and nuclei of the [-subspace. H*®"! and H™ terms determine
the splitting of d-orbitals; in the crystal field theory, these are con-
sidered as a parameter. In contrast to the crystal field theory, the
main contribution to the splitting of d- orbltals in the EHCF method
is due to the resonance interactions’ "’ corresponding to the trans-
fer of an electron between the d- and I-subspaces. Here, H™ becomes
the most important factor in the analysis of variations in the splitting
parameters in spin crossover processes. Therefore, we will describe
the functional form of the resonance term in more detail. The matrix
elements of H™ have the following form:**

'“memmuHMMmH (4)

where the summation goes over atomic orbitals a and b of the
I-subspace, 8, are the resonance (hopping) integrals between the
pth d-orbital and orbital a, and I; and A, are the ionization potential
and electron affinity of the d-system. The orbital-projected Green’s
functions G%, of the I-subspace are expressed as

(al k) (nk| b)

Gin(©) = Jim 52 (1 ) ¢ LIS ©
EM—MZfﬂ@%% ©6)

In Egs. (5) and (6), k is a vector in the first Brillouin zone, #n enu-
merates bands of the I-subspace, and ¢,k and fx are the energy and
occupation number of the [-bands. Spin variables are omitted for
clarity. The resonance term and, hence, the splitting of the d-orbitals
depend on three main factors: (i) geometry of the first coordina-
tion sphere through the resonance integrals between the local atomic
orbitals, 8, ;; (ii) occupation of the local atomic orbitals forming the
first coordination sphere; and (iii) energy difference between the
d-states and valence/conduction bands of the I-subsystem.

The quadrupole splittings of the *’ Fe Mossbauer spectrum can
be calculated from the multiplet structure of the d-shell as described
in Ref. 39. In this work, we mostly focus our attention on the lowest
lying high spin (S = 2) and low spin (S = 0) states in the d-shells of
iron (II) ions.

Ill. RESULTS AND DISCUSSION

Figure 1(a) shows the crystalline structure of 1 in which Fe and
Ni ions are arranged in the corrugated 2D layers coupled by CN
groups so that N atoms coordinate with Fe and C atoms are con-
nected to Ni. Pyridine molecules are axially attached to Fe ions,
which have the total coordination number of six. The distance
between Fe and the N atoms of CN groups (denoted as N1) is smaller
than the Fe-N, distance between Fe and pyridine. This results in
a distorted octahedral coordination sphere corresponding to the
Dy, symmetry [see Fig. 1(b)]. Ni has a square-planar coordination
corresponding to the same point group.

ARTICLE pubs.aip.org/aipl/jcp

The room- temperature (RT) structure'’ of 1 has the distance
d(Fe-Nj) = 2.155 A and d(Fe-N;) = 2.208 A, whereas in the low-
temperature (LT) structure,” d(Fe-N;) = 1.935 A and d(Fe-N,)
=1.985 A. The results of the pEHCF calculations for these two
structures are collected in Tables I and II. In agreement with
experiment,'’ the calculated spin of the ground state of Fe ions is
S = 2 (high-spin) in the RT structure and S = 0 (low-spin) in the LT
geometry. The calculated values of the > Fe Méssbauer quadrupole
splittings are 3.62 mm/s at room temperature and 1.65 mm/s at low
temperatures, which can be compared with the reported experimen-
tal difference in the quadrupole splitting of 0.86 mm/s in favor of the
RT value.”” In agreement with experiment, the RT structure is char-
acterized by a higher quadrupole splitting; however, the calculated
difference is overestimated by 1.11 mm/s.

Although the LT structure of 1 contains dlamagnetlc iron (II)
ions, it exhibits paramagnetic behavior in experiments.'”' " Moss-
bauer”” and temperature-dependent EXAFS** studies show that the
spin-transition of Fe (II) is complete below 100 K, so the residual
paramagnetism of LT had been associated with paramagnetic impu-
rities, such as Fe (III).">" The presence of paramagnetic impurities
is additionally supported by the effective magnetic moments in the
RT structure that can be extracted from the experimental value of
magnetic susceptibility. The reported values of y,, T, measured for

the RT structure, are 3.2,° 3.49-3.73,° and 3.8 cm® K mol™.,*°
which yield the effective magnetic moments of 5.06p, 5.28-5.46yy,
and 5.51uy, respectively. All these experimental values are noticeably
higher than the theoretical estimation of 4.90u; for the magnetic
moment of high-spin Fe (II), thus suggesting the existence of other
paramagnetic ions. Assuming that the higher effective moment
comes solely from Fe (III) impurities, we can express it as

s = xyéen +(1- x)pt;ez+, (7)
where pip 2+ = 4.90up and pp s+ = 5.92up are the magnetic moments
of the respective high-spin Fe jions and x is the percentage of Fe (III),
which can be estimated as x = 14%-58% for the experimental values
of Uegt extracted from Refs. 13, 15, and 45. In addition, the experi-
mental ratio of the effective magnetic moments in the RT and LT
structures, u5r : pbi = 2.15-2.53,"" gives a comparable estimation
of the percentage of Fe (III) lying in the range of 15%-20%. Such
a concentration of impurities is extremely unlikely in a good qual-
ity sample. By contrast, the estimation of the Fe (III) concentration
from the Mossbauer spectrum yields ~3% for system 1, which is
also consistent with the elemental analysis reported there.

An alternative source of the higher magnetic moment of sys-
tem 1 could potentially be Ni (II) ions, which have d® configuration
and can exist in the triplet state. The ratio of the effective magnetic
moments, uf : uf = 2.0, calculated using the magnetic moment of
2.83uy for the triplet Ni ion, is reasonably close to the experimen-
tally observed range. The predicted effective magnetic moment of
the RT structure in the presence of high-spin Fe and Ni ions equals
5.664i5, which is only 3% higher than that observed in Ref. 45 and
4%-7% higher than the values reported in Ref. 15. Therefore, the
high-spin Ni represents a plausible alternative explanation of the
magnetic properties of 1. It means that Ni is not involved in the
spin crossover process, but it is responsible for the augmented mag-
netic moment of the RT phase as compared to the pure high-spin
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FIG. 1. (a) Crystal structure of 1: the dark-red polyhedra correspond to the coordination spheres of Fe ions, the gray spheres correspond to Ni, the blue spheres represent
N, the black spheres represent C, and the H atoms are not shown; (b) splitting diagram of Fe d-orbitals in the Dy, crystal field and spin-crossover transition for the d®
configuration; (c) two-dimensional diagram of the relative energy between the high-spin and low-spin electronic states as a function of d(Fe-N;) and d(Fe-N,) distances
within the Fe coordination sphere; (d) the energy of the states with different spins relative to the ground state as a function of d(Fe-N) and d(Fe-N;): the blue line

corresponds to S = 2 (HS), red to S = 0 (LS), and magentato S = 1.

Fe (II) and a residual paramagnetism of the LT phase. Our calcu-
lations of the electronic structure of 1 support this hypothesis and
yield high-spin (S = 1) configuration of Ni (II) ions in both RT and
LT structures; see Table I.

Although compatible with the magnetic measurements, the
high-spin ground state of the Ni atom in the presence of cyanide
groups, usually referred to as strong-field ligands, might appear
surprising. This result can be readily compared to similar solid com-
pounds Ni(CN),MX (M = Rb, Cs; X = Cl, Br) exhibiting low-spin

TABLE I. Spin of the ground state, splitting parameters (in eV), and %’Fe Mdss-
bauer quadrupole splitting (in mm/s) calculated for open d-shells of Fe and Ni ions in

of Ni (II) ions coordinated with cyanide ligands.*® The splitting dia-
gram of Ni d-states corresponds to square-planar geometry, and the
splitting parameters A;_3 are given in Table I. The parameter A3
corresponds to the splitting of the octahedral e, manifold, and
its value determines spin of the ground state of nickel. Although

TABLE II. Calculated energies (in eV) of d—d transitions for open d-shells of Fe and
Ni ions in system 1. Letters “A” and “E” in parentheses indicate if the state is non-
degenerate or doubly degenerate, respectively.

system 1.
Fe Ni

Room T Low T Room T LowT
S 2 0 1 1
Ay 0.48 0.69 0.04 0.02
Ay 1.57 3.90 0.11 0.10
A3 0.03 0.59 1.72 0.81
Qs 3.62 1.65

Room T LowT
Fe Ni Fe Ni

Spin  Energy Spin Energy Spin Energy Spin Energy
2(A) 0 1(A) 0 0(A) 0 1(A) 0
2(E) 048 1(E) 022 1(E) 258 1(E) 0.13
0(A) 101 0(A) 072 O0(E) 367 1(A) 059
1(E) 126  1(A) 092 1(E) 375 1(A) 0.80
1(A) 168 1(A) 172 1(A) 379 1(E) 084
1(E) 1.85 1(E) 179 1(A) 392 0(A) 144
2(A) 205 0(A) 193 2(A) 405 0(A) 187
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the RT structure of 1 has the same geometry of the first coor-
dination sphere of Ni as Ni(CN),MX, the calculated value of the
As splitting parameter in Ni(CN),MX is 3.72 eV,*® which is twice
larger than that obtained in this work for the RT structure of 1
(A3 = 1.72 eV; see Table ). Such a substantial difference in the split-
ting parameter is responsible for different spins of the ground state
of the Ni ion in these two systems. Our analysis shows that the larger
value of Az in Ni(CN),;MX is due to the higher resonance contri-
bution expressed in Eq. (4), which corresponds to electron transfer
from ligand orbitals to the d-shell of Ni. For Ni(CN),MX, the energy
of electron transfer between the frontier orbitals of CN and Ni 3d
orbitals is equal to 2.30 eV, while the same energy for the RT struc-
ture of 1 is 5.56 eV. The value of the Green function RG™ entering
Eq. (4) is inversely proportional to the energy of the electron trans-
fer, which explains a larger splitting in Ni(CN),MX as compared to
structure 1.

The density of states (DOS) for the RT and LT structures has
a similar profile, and the atom-projected DOS at RT is shown in
Fig. 2. The valence band of the I-subspace below the Fermi level has
a frontier peak corresponding to CN groups, whereas the orbitals of
pyridine nitrogen atoms (N3) contribute to the deeper lying states.
The local one-electron d-states of Fe and Ni are located in the
bandgap of the I-system. Splitting of the Fe d-orbitals corresponds
to irreducible representations of the Dy, group [see Fig. 1(b)], and
the splitting parameters for the RT and LT structures are also col-
lected in Table I. Parameters A; and Az correspond to the distortion
of the ideal octahedron and are rather small compared to A, repre-
senting 10Dg parameter in octahedral complexes. The LT structure
exhibits a much stronger splitting, which naturally leads to the low-
spin ground state. The calculated difference in A; for the RT and LT
structures can be attributed to a combination of the increase in the
value of resonance integrals between the d orbitals of Fe and N and
the decrease in the relative energy of N 2p and Fe 3d states. At the
same time, the variation in the population of N atomic orbitals of the
RT and LT structures is negligible and it does not contribute to the
change in A;.

The calculated spectra of the excited d-d states for the RT and
LT structures are presented in Table II. In both cases, the energy
difference between the ground state and the excited state with a
different spin is high, Exs — Ers = 4.05 eV for the LT structure and

—_—
Q
S

(b)
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Ens — Ers = —1.01 eV for the RT structure. This means that both
structures are relatively far from the degeneracy point. We next
investigate the behavior of the Ens — Ers energy difference as a func-
tion of structural deformation accompanying spin-transition. To
do that, we must first identify the relevant structural deformations.
Raman spectroscopy of 1 shows*’ that when moving from the RT to
LT structure, the change in frequencies corresponding to vibrations
of CN and pyridine groups is very small, suggesting that the geom-
etry of the ligands does not undergo a significant change during
spin-transition. However, in the RT to LT transition, Fe-N bonds
become shorter while Ni-C bonds increase in length, and SCO is
accompanied by a shift of CN and pyridine groups as a whole. This
conclusion is supported by XRD* and EXAFS* studies of 1 and
similar structures where Ni is substituted by Pd and Pt. XRD exper-
iments also demonstrate that the change in the unit cell volume is
rather small (~3%) and preserves the symmetry of the compound.
As we show below, this small contraction of the volume has lit-
tle effect on the behavior of Eys — Ers. These careful considerations
allow us to describe the deformation as a two-dimensional man-
ifold with coordinates corresponding to d(Fe-N;) and d(Fe-N;)
distances.

The values of Eys — Ers as a function of these two distances are
plotted in Fig. 1(c). The yellow boundary indicates the line of degen-
eracy between the HS and LS states, while the orange-red region
corresponds to the stable LS state and the green-blue region corre-
sponds to the stable HS state. Figure 1(c) shows that the dependence
of the degeneracy line on the distance Fe-N is rather sharp, and spin
transition occurs in a narrow region of d(Fe-N;) = 2.08-2.12 A.
The dependence on d(Fe-N;) is weak in the intervals 2.05-2.08
and 2.12-2.18 A and exhibits a step-like change in a narrow range
d(Fe-N3) = 2.08-2.10 A. The observed trend that the relative energy
is more sensitive to Fe-N; separation is due to the fact that the N;
2p-Fe 3d hopping is much stronger because of the frontier peak in
the valence band attributed to the CN groups. A cut through the two-
dimensional diagram in Fig. 1(c) is shown in Fig. 1(d), which looks
similar to Tanabe-Sugano diagrams but is expressed as a function of
the principal geometrical parameter describing SCO deformation.
The degeneracy point is located at d(Fe-N;) = 2.085 A, and for all
d(Fe-Nj) < 2.085 A, the ground state remains to be the LS state.
The state with S =1 (magenta) is never the ground state, but for

FIG. 3. Relative energies of the states
with different spins (a) and splitting para-
meters A, (b) as functions of d(Fe-N1).
The solid lines correspond to the defor-
mation that does not change the volume
J of the unit cell, and the circles corre-
spond to the case of uniform volume
B compression. The blue line corresponds
to S=2 (HS), red to S=0 (LS), and
1 magentato S = 1.
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2b (423K)

Fe, ﬂ
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FIG. 4. (a) Crystal structure of 2. The
color code is the same as in Fig. 1. (b)
Fragment of the structure showing coor-
dination spheres of Fes and Fe; ions.

Fe,
C, group

(c) Splitting diagrams, local point groups,
and spin-states of Fe; and Fe, ions for
structures 2a and 2b corresponding to
temperatures 300 and 423 K.

HS LS

the LT structure, it lies lower in energy than the HS term S = 2 and,
therefore, it is the lowest excited state.

Finally, we analyze how the variation of the unit cell volume
affects the behavior of the relative energies of the HS and LS terms.
We consider a deformation corresponding to the uniform compres-
sion of the volume, calculate the energies of the HS and LS states, and
plot them as a function of the d(Fe-N, ) distance [see Fig. 3(a)]. The
relative energy follows the same trend for both deformations, and its
values are very close in a wide range of Fe-N; separations, except
for the vicinity of the LT structure. Here, the position of the degen-
eracy point remains almost the same. Figure 3(b) demonstrates that
the values of the splitting parameter A,, equivalent to 10Dg, are also
very close for both deformations. This implies that the only signifi-
cant effect of the volume compression is contraction of the Fe-N;
and Fe-N; distances and justifies neglecting ~3% compression of
the unit cell volume (as observed for 1 in experiment) in the two-
dimensional manifold of the full potential energy surface shown in
Fig. 1(c).

A recent study” reported a SCO-MOF Fe;(Hpe7bdt)s (2)
exhibiting unusual spin crossover when heated above the room
temperature. This system contains two types of iron (II) ions, Fe;
and Fe,, each surrounded by six nitrogen atoms of tetrazole frag-
ments as illustrated in Figs. 4(a) and 4(b). Tetrazole fragments act
as bidentate ligands, one nitrogen atom of which coordinates Fe;
ions while the other chelates Fe; ions, thus forming bridges between
the two iron atoms. At room temperature, system 2 is paramag-
netic (y, T =3.18 cm’ K/mol) and has the crystal structure 2a
determined experimentally by XRD.” It contains water molecules
in pores yielding the overall composition Fe;(Hoe7bdt)s - 9H,O.
In this structure, Fe; is found to have low-spin (S = 0), while Fe;,
has high-spin (S =2) and is responsible for paramagnetism of 2a.
Once heated above 300 K, the value of X begins to fall with
temperature, which is unusual as typically the magnetic moment is
increased upon heating in an SCO system. This happens due to the
loss of water absorbed in the pores and consequent adjustment of
the crystal geometry that involves the change of the coordination

paramagnetic
(Fe, quintet)

diamagnetic

spheres of the iron ions. At about 423 K, the system reaches dia-
magnetic state 2b with the composition Fe;(Hge;bdt)s - 2H,O.
The Fe;-N and Fe,-N interatomic distances experimentally deter-
mined in structures 2a and 2b are collected in Table III. The
experimental study Ref. 27 also identified an additional structure of
system 2 with composition Fe, (Ho67bdt)s - 4H,O corresponding to
340-345 K with an intermediate value of the magnetic susceptibility
X T =189 cm® K/mol. However, the structure of this compound
was found to be substantially disordered® and therefore not
considered in this work.

We investigate the electronic structure of 2a and 2b using the
pEHCF method (Fig. 5). Water molecules existing in the pores are
not coordinated to the iron ions and affect the magnetic properties
of system 2 indirectly through the structural deformations associated
with the loss of water. Therefore, in our analysis, the water molecules
are omitted. The pEHCF calculations show that structure 2a has
low-spin Fe; ion and high-spin Fe; ion in the ground state, while
2b contains both ions in the low-spin configuration [Fig. 4(c)]. This

TABLE IIl. Fe-N separation (in A), spin of the ground state, splitting parameters (in
eV), and % Fe Mdssbauer quadrupole splitting (in mm/s) calculated for open d-shells
of Feq and Fe; ions in system 2 for two different structures 2a and 2b corresponding
to temperatures of 300 and 423 K.

Fe; Fe,

2a 2b 2a 2b
d(Fe-N) 1.97 1.91 2.18 1.97
S 0 (LS) 0 (LS) 2 (HS) 0 (LS)
Aq 0.81 0.12 0.14 0.14
AV 0.12 0.07 0.02 0.05
A3 3.45 5.75 1.59 3.85
Ay 1.85 0.93 0.06 1.91
QS 0.43 0.27 3.02 0.47
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result is in complete agreement with experimental measurements
and DFT+U calculations performed previously.”’

The pEHCEF calculated splitting parameters of the one-electron
d-states are collected in Table I11. From these values, it is evident that
the degeneracy within t,, and e; manifolds is completely lifted, the
energy separation between these manifolds is given by Az, and the
splitting within the manifolds is characterized by A;_; and A4. The
six nitrogen atoms surrounding the Fe; ion can be divided into three
groups according to their values of the partial atomic charges. As a
result, the total symmetry of Fe; crystal field is lowered to Cyy. An
analogous picture is observed for the Fe, ion with the local symmetry
of charge distribution corresponding to Cs group. Such asymmetry
in the population of nitrogen atoms is caused by two geometrical fac-
tors: distortions of the coordination spheres of iron ions and the fact
that only two of six tetrazolate rings in the unit cell are protonated.
This makes the ligands in system 2 non-identical.

IV. COMPUTATIONAL DETAILS

The crystalline structures of systems 1 and 2 were taken from
Refs. 13 and 27 as deposited in the CSD database.”” Calculations
were performed in the software implementing pEHCF and reported
in our previous work (Ref. 39). The resonance integrals entering
Eq. (4) are calculated as

ﬁya = ﬁML(I[I + Ia)sya; ue M, ac€l, (8)

where Sy, is the overlap integral between orbitals 4 and a that
depends on the distance between atoms M and L, I, and I,; are corre-
sponding ionization potentials, and S are scaling parameters for a
given pair of atoms M and L.** These scaling parameters were orig-
inally fitted for a series of iron-containing molecular complexes,”!
and in this work, we use these values without any additional repa-
rameterization. The values of the resonance scaling parameters are
BN = 1,505, pFC = 1.263, NN = 1.535, gNC = 0.857, while for
all other pairs of atoms, ™" = 1, as their contribution is minor due
to the exponential decay of the overlap integrals with the interatomic
separation.

The band structure and density of states of the [-subsystems
were calculated using the periodic Hartree-Fock method in the basis
of local atomic orbitals with the Ewald summation for the long-
range Coulomb interactions. (5 x 5 x 5) Monkhorst-Pack k-mesh
was used for 1, and (3 x 3 x 3) Monkhorst-Pack k-mesh was used
for system 2. Linear CI equations for the d-shells were solved in
the basis of the Young tableaux as implemented in the CARTE-
SIUS FORT library.”” The two-dimensional graph shown in Fig. 1(c)
was obtained by calculating the relative energy of HS and LS states
for each point of a discrete 11 x 11 mesh and interpolating the
data.

V. CONCLUSIONS

The pEHCF method has been used to study the electronic
structure and energetics of HS and LS states of spin crossover
MOFs containing strongly correlated d-shells of iron (II) ions. For
the Hofmann-type framework, Fe(pyridine),Ni(CN)4 SCO-MOF,
we have identified a two-dimensional manifold of structural para-
meters describing deformations accompanying spin transition and

ARTICLE pubs.aip.org/aipl/jcp

calculated the energy of HS and LS states in this manifold. We have
also found a line of degeneracy of the spin states and described its
dependence on the interatomic distances d(Fe-N;) and d(Fe-N,).
Our results show that the Ni ion of system 1 exists in high spin
configuration, which explains the non-vanishing magnetic moment
observed at low temperatures.

The electronic structure of two configurations of
Fe;(Hog7bdt)s SCO-MOF was also studied by the pEHCF
method to elucidate the changes in the d-shells of iron ions
upon spin transition. Our results show that Fe; ions undergo a
transition from quintet (S = 2) to singlet (S = 0) state in the range
of temperature 300-423 K. At the same time, Fe; ions have the
low-spin ground state in both structures corresponding to 300 and
423 K.

Frequently, SCO studies have been focusing on macroscopic
characteristics of this process, such as temperature dependence of
magnetization or relative fraction of ions with high spin and low
spin electronic configurations. These macroscopic features of SCO
can be accurately described using classical methods of thermo-
dynamics and statistical physics, which include the phenomeno-
logical Slichter-Drickamer model,” the Ising-like model,”* ° and
elastic’”* models, among many others.”"** Although these meth-
ods provide a detailed description of SCO for a large ensemble of
spin centers, they are not capable of capturing the intricate changes
in the electronic structure accompanying a transition. The miss-
ing atomic-scale insight, as provided by this study, is critical for
deepening our understanding of SCO as it relates the change of the
ground state of an individual TM ion with structure deformations
and provides a quantitative estimate of the energy parameters used
in statistical macroscopic models.
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