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Spin transition in a ferrous chloride complex supported
by a pentapyridine ligand

It is well known from textbooks that weak-field ligands
stabilise the high-spin state of divalent iron. The above
artwork illustrates an unusual example of a chloride-bearing
ferrous complex, which undergoes a temperature-induced
transition to the low-spin state.
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Ferrous chloride complexes [Fe'"L,Cll commonly attain a high-spin
state independently of the supporting ligand(s) and temperature.
Herein, we present the first report of a complete spin crossover with
Ti» = 80 K in [Fe'"(PySOH)CU* (Py50H = pyridine-2,6-diylbis[di-
(pyridin-2-yl)methanol]). Both spin forms of the complex are analyzed
by X-ray spectroscopy and DFT calculations.

Spin-crossover (SCO) systems are excellent examples of bistable
materials in which magnetic and optical properties,' structure,’
and chemical reactivity’ can be switched between two distinct
states. This crossover process is known for certain families of
3d*-3d” metal complexes. The re-configuration of their electronic
structures is induced by changes in temperature, pressure, light
irradiation or absorption of guest molecules.” In the case of ferrous
complexes, the spin conversion occurs between the diamagnetic
low-spin (S = 0, LS) state, in which all d-electrons are paired,
and the paramagnetic high-spin (S = 2, HS) state, in which four
d-electrons are unpaired. Because of the difference in the
occupation of the anti-bonding molecular orbitals, metal-to-
ligand distances in the HS state are significantly larger than in
the LS state. Consequently, SCO occurs when the enthalpy of
the stronger iron-to-ligand bonds in the LS state is overcome by
the configurational and vibrational entropy of the HS form.’
Thus, the rational choice of ligands with a favorable ligand field
strength is a key factor to design complexes with switchable
behavior. There are a few families of known SCO-active iron(u)
complexes in the literature, including molecular complexes,®®
1D coordination polymers,”'® 2D layered structures and 3D
metal organic frameworks.'* Within the realm of discrete ferrous
complexes with SCO, those with 2,6-bis(pyrazolyl)pyridine®
and scorpionate ligands,” as well as bis(thiocyanate) complexes
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supported by polypyridine ligands [FeL,(NCS),],® are among the
best studied switchable materials. Polymeric 1,2,4-triazole-based
iron(n) complexes have been a focus in both early studies of the
SCO phenomenon and the most recent developments of functional
materials.” They have been used, for example, to design prototypes
of thermochromic materials, microthermometers, chemical
sensors, actuators and chiral switches.'® Heterobimetallic 2D
and 3D coordination frameworks, known in literature as
Hofmann-like clathrates, are excellent examples of the SCO
systems due to their simplicity, universal design approach and
porous structure.'* They are constructed of iron(n) ions coordinated
by cyanometallic anions [M(CN),P"~ (where M = Ni, Pd, Pt, Cu, Ag,
Au) and N-donor heterocyclic ligands. Notably, all these complexes
feature the Fe"Ng chromophore that is frequently considered as a
prerequisite for the existence of the SCO. However, a handful of
SCO complexes with Fe"N,0,,"> Fe"N;0,"* Fe™N,S,,'* Fe''N;s,"
Fe"N,C,,"® Fe"™N;C,0," and even FeC;N'® coordination spheres
have been also reported.

Ferrous complexes bearing at least one chloride ligand exist
in the HS state due to the relatively large anionic radius of
the chloride anion and its associated weak ligand field
strength.™® It was, therefore, not surprising when the title complex
[Fe"(Py5OH)CI|(PF,) (Py50H = pyridine-2,6-diylbis[di(pyridin-2-yl)-
methanol]) was reported as HS, based on its single crystal X-ray
diffraction analysis at 100 K.*° The complex was employed as a
catalyst in photo-induced water oxidation to dioxygen.

In an effort to trap and identify catalytically relevant inter-
mediates, we observed the herein reported spin transition in
[Fe"'(Py50H)CI](PF,) with a critical temperature of 80 K. This is
confirmed by temperature dependent SQUID magnetic
susceptibility measurements and synchrotron X-ray absorption
studies, analyzing both the X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS).
The conclusions are supported by density functional theory
(DFT) calculations of the title complex and the related HS analog
[Fe"(PysOMe)CI]"."?

Compound Py50H was synthesized starting from 2,6-
dibromopyridine and di(2-pyridyl)ketone (see ESIt for details).
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Fig. 1 Magnetic properties of [Fe'(Py50H)CI(PFg) powder in the form of
amT vs. T recorded in cooling (open circles) and warming (filled circles)
modes with a scan rate of 2 K min~*. The molecular structure of the
complex is shown as an inset.

The [Fe"(Py50H)CI](PFs) complex was obtained as microcrystalline
yellow powder. Its powder X-ray diffraction (PXRD) profile shows
a good match with the simulation that is based on the single
crystal XRD structure reported previously (Fig. S1, ESIT).>°
All iron ions in the structure, which are crystallographically
identical, are coordinated by the five nitrogen atoms from
Py50H and by one chloride anion, which results in a distorted
octahedral Fe"'N;Cl environment.

The magnetic properties of the complex recorded in the
cooling and warming regimes are shown in Fig. 1. The product
of the molar magnetic susceptibility with temperature, y\T, as
a function of temperature, reveals a complete one-step spin
transition for this compound. At room temperature, yu7T is
3.4 ecm® K mol ™, indicating that all iron(n) sites exist in the HS
state. Upon cooling to ca. 140 K, y,T remains constant, as
expected on the basis of Curie’s law for the paramagnetic
compound with S = 2. However, further cooling reveals a
gradual decrease in yyT down to 0.3 cm® K mol™ ", which is
due to a HS to LS transition of the iron centers. The transition is
virtually complete at ~40 K, and the Ty, (the temperature at
which half of the complex is in the LS state) is 80 K. Upon
warming of the sample in the magnetic field, its susceptibility
behavior was completely reversible, with only a narrow hysteresis at
low temperatures, caused by kinetic effects and not cooperativity of
the lattice (Fig. S4, ESIt).* Due to a pronounced thermochromism
of the spin transition, the yellow powder of [Fe"(Py50H)CI](PF,)
turns green upon cooling.

Compared to the common SCO systems, the transition
temperature in the title complex is unusually low—the continuous
spin conversion is observed down to ca. 40 K on cooling.®™ In
general, at temperatures below ca. 100 K, kgT is smaller than the
energy difference between HS and LS states, which usually leads to
a trapping of the HS state upon fast cooling.* Thus, for iron(u)
complexes with expected T3/, below this point, the SCO is usually
incomplete or is not observed at all.>’ One of the recent
examples is the molecular Fe"Ng complex with T;, = 95 K
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Fig. 2 XANES spectra of [Fe'(PySOH)CII(PFs) powder recorded at differ-
ent temperatures. The inset shows enlargement of the pre-edge area.

reported by Bao et al.; relaxation of its quenched HS state at
80 K occurs over the period of several hours.”’® In contrast,
[Fe"(Py50H)CI](PF,) shows a complete transition even at lower
temperature with a scan rate of 2 K min~", indicating a weak
cooperativity between the SCO centers in the compound.*?
A similar SCO behavior with T;, = 81 K was reported for an
organometallic four-coordinate complex with a pseudotetrahedral
FeC;,N ligation.'®

X-ray absorption spectroscopy is a well-established technique
for measuring metal-ligand distances in transition metal com-
plexes (EXAFS) and for monitoring their oxidation and spin
states (XANES). The XANES spectra of [Fe'(Py50H)CI](PFg)
acquired at different temperatures using synchrotron radiation
are shown in Fig. 2. The spectra obtained at 150 K and 293 K are
virtually identical. The position and shape of the Fe K-edge are
consistent with those expected for iron() in the HS state,*
which corroborates our magnetic susceptibility measurements.
In the XANES spectrum recorded at 20 K, the shift of the edge to
higher energy reflects the completed HS to LS conversion. The
inflection that occurs at about half-height (7123 eV) in the XANES
spectrum of the LS complex (arrow B in Fig. 2) is as previously
identified as a structure-sensitive above-ionization multiple-
scattering resonance.’?” On the basis of the well-established
correlation between edge absorption intensity and bond distance,
this feature can be assigned to the presence of short Fe-N bonds in
the LS state.* In addition, the intensity of the pre-edge peak at
7112 eV (arrow A in Fig. 2), corresponding to the 1s — 3d
excitation, increases upon transition to the LS state, similar to
what has been observed for other iron SCO complexes.?>%*

The EXAFS spectra and Fourier transform of EXAFS for the
title complex are shown in Fig. S5 (ESIt) and Fig. 3. At 150 K
and 293 K, the EXAFS of the title compound can be simulated
well with Fe-N and Fe-Cl distances of 2.18 A and 2.38 A,
respectively. These values are in good agreement with the
X-ray diffraction data reported previously ((Fe-N) = 2.177 A;
Fe-Cl = 2.417 A at 100 K)*° and indicate the HS state of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Fourier transform (FT) of k>-weighted EXAFS spectra of

[Fe''(Py50H)CII(PFe) powder recorded at different temperatures (EXAFS is
shown in Fig. S5, ESIt). Simulations of the experimental data based on the
molecular structure of the complex are shown as thin lines. The filled areas
represent FT of the simulated single metal-to-ligand shells, Fe—Ns, blue;
Fe—Cl, green. The sum of the single shells in the FT is not equal to the shown
final simulation due to destructive interference between neighboring shells.
Temperature color code: 20 K, blue; 150 K, black; 293 K, red.

divalent iron. When the sample is cooled below the SCO
temperature, a clear contraction of the nitrogen shell can be
observed in the Fourier transform of EXAFS. The spectrum at
20 K can be simulated with Fe-N and Fe-Cl bond distances of
1.99 A and 2.38 A, respectively, without notable contribution
from possible HS residues. Remarkably, the Fe-Cl bond is not
affected by the spin transition, while shortening of the Fe-N
bonds by ca. 0.2 A is as well documented for SCO complexes
with the FeNg chromophore.’ The essential characteristics of
the title complex in both spin states derived from the XANES
and EXAFS are summarized in Table 1. Full details of the
simulation can be found in Table S1 (ESIf).

In contrast to the title compound, the ferrous chloride
complex with a pentapyridine ligand, which differs from Py50H
only by methylation of its hydroxy groups, remains HS down to
4 K. We performed DFT calculations to rationalize the con-
trasting spin state behavior between [Fe"(Py50H)CI]* and
[Fe''(Py50Me)CI]". Optimization with the B3LYP functional
reproduces the structural changes seen in EXAFS upon transi-
tion to the LS state, with Fe-N bonds shortening by 0.19 A while
the Fe-Cl bond length changes only marginally (by 0.03 A). To
reproduce the transition temperature of 80 K for the title
complex we used energies from the B3LYP* functional

Table 1 Positions of the Fe K-edge (in eV) and iron-to-ligand distances
(A) derived from the synchrotron X-ray absorption spectra for [Fe"(Py5OH)CU(PFe)
at both spin states

Temperature 20 K 150 K 293 K
Spin state LS HS HS
K-edge 7120.5 7119.7 7119.7
(Fe-N) 1.993(3) 2.178(6) 2.169(7)
(Fe-Cl) 2.378(6) 2.38(2) 2.38(2)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Calculated free energy of the LS state, relative to the HS state, as a
function of temperature for both the title complex with hydroxo groups
(thick blue line) and the reference complex with methoxy groups (thick
purple line). The thin lines for each complex show the enthalpy, AH(T),
while the shaded areas represent the electronic and vibrational entropy
contributions. The effects of rotations are too small to be visible, and those
from translations are zero.

(see ESIt for further details).>® At 0 K, the LS state of the title
complex is stable by 0.6 kcal mol " (Fig. 4). As the temperature
increases, the entropy contributions favor the HS state, leading
to the spin transition at 80 K. The largest factor driving the
transition to the HS state with temperature is the vibrational
entropy contribution. This effect comes from the less stiff
metal-ligand bonds in the quintet state with two electrons in
the anti-bonding e, orbitals.

For the complex with methoxy groups, the HS state is stable
by 2.3 keal mol " at 0 K. Consequently, there is no SCO for this
complex in agreement with experimental data.'® Methylating
the ligand thus favors the quintet relative to the singlet by
2.9 kecal mol . The significant effect of methylating a position
far from the potential SCO center comes from steric rather than
electronic effects, with significant distortions of the axial
pyridine ring. In [Fe"(Py50H)CI]", the axial pyridine plane is
parallel to the z-axis, while in [Fe"(Py50Me)Cl]" it intersects at
19° and 30° degrees for singlet and quintet, respectively. The
distortion weakens the iron-to-ligand bond, which contributes
to stabilizing the HS state.>® Similar calculations show that
substitution of the coordinated chloride by bromide in the title
complex favors the HS state down to 0 K (Table S2, ESIt).

In conclusion, we report a temperature-induced spin transition
behavior of a mononuclear iron(n) complex with a coordination
environment Fe"N5CL. To the best of our knowledge, this is the first
observation of spin transition in a ferrous chloride complex.
Despite an unusually low critical temperature, the compound
shows a complete transition to the LS state as confirmed experi-
mentally by magnetic susceptibility measurements, XANES and
EXAFS spectroscopy. DFT calculations show that both spin states
can be stabilized in the title complex depending on temperature.
Our study demonstrates that SCO can be found in a priori HS
complexes, and the design principles revealed a new route towards

Chem. Commun., 2020, 56, 2703-2706 | 2705
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the search for new switchable materials. As complexes with the
pentapyridine ligands, including the title complex, are well-known
for their catalytic activity,”®* tuning the SCO temperature via
modifications to the ligand molecule may be promising for the
design of multifunctional materials.
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