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ABSTRACT

Single crystals of an iron(II) spin crossover (SCO) complex containing an N>O Schiff base
ligand, [Fe'(gsal-COOH)], were successfully prepared. The crystal structures from a single-

crystal X-ray diffraction study were obtained at 100 and 170 K, and yielded information
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regarding both the low-spin and high-spin phases, without any crystal breakage being observed
after the phase transition. Structural analysis was performed to visualize the origin of the SCO
phenomenon in the [Fe''(qsal-COOH):] complex. We report that the fundamental requirements
for an abrupt SCO, particularly in Fe-qsal complexes, are not only a combination of weak
interaction effects such, as n—n, P4AE (parallel fourfold aryl embrace), and hydrogen bonding,
but also the presence of solvents in the crystalline structure, since the solvent molecules can

influence the interactions between the [Fe'/(qsal-X)2] molecules.

INTRODUCTION

Transition metal compounds containing Schiff base ligands are of particular importance in the
domain of coordination chemistry, such as in the context of catalysts for the epoxidation of
olefins, and for use in Michael addition reactions, among others.! An attractive function of
transition metal compounds containing Schiff base ligands is the spin crossover (SCO)
phenomenon. As a result, considerable efforts have been devoted to finding a new SCO system
to understand the mechanisms of spin transitions, which could lead to their application in areas
such as optoelectronics and memory devices.>* The SCO phenomenon can be applied to
molecule-based materials because it is relatively easy to switch using external fields, and as a
result, it has been actively studied. For example, molecules exhibiting abrupt spin transitions
have attracted significant attention owing to not only the obvious abruptness of the transition, but
also the wide hysteresis, both of which are important factors in realizing novel devices. These
features are strongly correlated to the intermolecular interactions present in the system, such as
coordination bonds,> ¢ hydrogen bonds,” and n— interactions.® ° The stimuli caused by structural
changes in one SCO center can then propagate to neighboring centers through such interactions,

and this is known as the cooperative effect or the domino effect.
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One Schiff base ligand, gsal (N-(8'-quinolyl)-2-hydroxy-1-salicylaldimine), shown in Scheme
1, has been extensively studied in the context of Fe!' SCO complexes. The preparation and
structural and magnetic properties of four Fe(II) Schiff base complexes, i.e., [Fe(gsal-X)2] (X =F,
Cl, Br, and 1), have been previously reported.!*!* In addition, our group previously synthesized
[Fe''(qsal-COOH)] (1), an Fe(II) complex, which exhibits the SCO phenomenon with a
hysteresis of 21 K, in which the ascending ymT value rapidly increases at 150 K, and the
descending ymT value decreases sharply at 129 K, as determined by magnetic susceptibility
measurements.'®> Although we attempted to understand this magnetic phenomenon based on
structural science, unfortunately, we were unable to prepare samples for single-crystal structure

analysis.

Scheme 1. Structure of the gsal-X Schiff base ligand (X =F, Cl, Br, I, or COOH)

= X

N
= HO

Thus, we herein report the preparation of single crystals of [Fe'(qsal-COOH)] using
methanol/water as the solvent, followed by subsequent X-ray structural analysis. In addition, the
magnetic properties of the samples crystallized at different temperatures are compared in terms
of their SCO behavior. To understand the mechanism of the SCO phenomenon of complex 1, we
perform single-crystal analysis for both the high-spin (HS) and low-spin (LS) phases, and the

effects of the intermolecular interactions on the SCO properties are examined.
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EXPERIMENTAL SECTION

General Procedures. All reagents and solvents of special grade chemicals were commercially
available and were used as received unless otherwise stated. All preparations and manipulations
were performed under an argon atmosphere using Schlenk techniques. Single crystals of 1 were

obtained by crystallization at room temperature (1-RT) and at 323 K (1-HT).

Magnetic Studies. Magnetic susceptibility measurements in the temperature range of 2—400 K
were carried out on fresh microcrystalline samples with applying magnetic field of 1 T, using a
MPMSXL7 SQUID (Quantum Design) magnetometer. A diamagnetic correction to the observed

susceptibilities was applied using Pascal’s constants.

Single-crystal X-ray structure analysis. Measurements of complexes 1-RT and 1-HT were
performed using a PILATUS3 X CdTe 1M detector (DECTRIS) at the SPring-8/BL02B1
beamline in Japan. The wavelengths (1 =0.4176 A for 1-RT and 1 = 0.4149 A for 1-HT) were
selected using Si(311) monochromator crystals. Diffraction data were collected at 170 and 100 K
for complexes 1-RT and 1-HT, respectively, using the @ scan mode. Data were collected and
processed using the RAPID-AUTO program (Rigaku), and were corrected for Lorentz and
polarization effects. Fortunately, even after the structural phase transition based on the SCO

behavior, the single crystal of 1-HT survived measurement at 100 K.

All structures were solved by direct methods (SHELXTL-2014)' and were expanded using
Fourier techniques. The non-hydrogen atoms were refined anisotropically (SHELXL-2017).'¢
The hydrogen atoms were refined using the AFIX command. To stabilize the refinement, the
disordered methanol molecules were restrained to the same thermal displacement parameter and

bond distances using the EADP and SADI commands for 1-HT at 100 K. The total number of
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occupancies for the disordered methanol molecules for 1-HT at 100 K and the methanol and
water molecules for 1-RT at 170 and 100 K were restrained to 1.0 using the SUMP command.
All calculations were performed using Olex2!” and ShelXle.!® The crystallographic data for
complexes 1-RT and 1-HT are summarized in Tables S1 and S2, respectively. The atomic
coordinates, bond lengths, and bond angles are listed in the CIF files, under CCDC 2024556,

2073267, 2073268, and 2073269.

RESULTS AND DISCUSSION

Magnetic properties and single-crystal X-ray structure analyses. The magnetic
susceptibilities of the samples crystallized at room temperature (1-RT) and at 323 K (1-HT)
showed different magnetic properties. The thermal variations of ym7 for 1-RT and 1-HT are
shown in Figures S1 and S2, respectively. As indicated, the magnetic susceptibility curve of 1-
HT was similar to that of 1, with both exhibiting SCO properties. However, the magnetic
properties of 1-RT were able to maintain the high-spin (HS) state over all temperature ranges
examined. We then analyzed single crystals of 1-RT and 1-HT, independent of the temperature,
with the hypothesis that their different magnetic properties would be key to elucidating the origin
of the SCO behavior. Thus, single-crystal X-ray structural analyses were performed at 100 and

170 K for 1-RT and 1-HT.

Complex 1-RT was found to crystallize in the monoclinic C2/c space group, wherein the unit
cell of 1-RT contains crystallographically independent two molecules of [Fe'(qsal-COOH),] and
a solvent molecule of the disordered methanol and water, i.e., [Fe'((gsal-
COOH)2]*(CH30H)0.5(H20)0.5. The Fe centers coordinate to the N4O> donors of two tridentate

qsal-COOH™ ligands chelating in a meridional fashion, as shown in Figure S3. The distances of
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Fe—O and Fe-N in complex 1-RT are between 2.073-2.076 and 2.178-2.237 Aat 170 K,
respectively, and between 2.068-2.069 and 2.170-2.229 A at 100 K, respectively. The structure
of 1-RT with Fe—L bond lengths of Fe—Oaye. = 2.075 and Fe—Nave. = 2.206 A at 170 K, and Fe—
Oave. = 2.068 and Fe—Nave. = 2.197 A at 100 K, is typical for Fe' in the HS state. These measured
bond lengths are therefore consistent with the magnetic susceptibility results for 1-RT. In
contrast, the crystal structures of 1-HT obtained at 100 and 170 K yielded information regarding
both the LS and HS phases. More specifically, complex [Fe'(qsal-COOH),]+«(CH3OH) (1-HT)
crystallizes in the monoclinic P21/n space group at both temperatures, thereby differing from 1-
RT. In addition, no symmety breaking was observed during this phase transition. At both
temperatures, the asymmetric units of 1-HT contain a neutral molecule of [Fe'[(qsal-COOH);],
which possesses a crystallographically independent Fe atom and two qsal-COOH molecules. In
addition, the asymmetric unit of 1-HT contains a neutral molecule of [Fe'(gsal-COOH)], which
possesses a crystallographically independent Fe atom, two qsal-COOH molecules, and one
methanol solvent molecule. The Fe centers also coordinate to N4O> donors from two tridentate
qsal-COOH™ ligands chelating in a meridional fashion, as shown in Figure 1. In the crystal
structures of both 1-RT and 1-HT, the Fe centers coordinate to N4O2 donors from two tridentate

gsal-COOH' ligands chelating in a meridional fashion. The distances of Fe—O and Fe-N in

complex 1-HT at 170 K fall between 2.055-2.056 and 2.148-2.210 A, respectively. The
structure of 1-HT at 170 K with Fe—L bond lengths of Fe—Oaye. = 2.0553 A and Fe—Nave = 2.174
A is typical of Fe' in the HS state. The distances of Fe—O and Fe—N in complex 1-HT at 100 K
fall between 1.979-1.980 and 1.949-1.969 A, respectively. The structure of 1-HT at 100 K with
Fe—L bond lengths of Fe—Oaye. = 1.9795 A and Fe—Nave = 1.953 A is typical of Fe' in the LS

state. The bond lengths of 1-HT indicate that the Fe'' centers at 100 and 170 K are in the LS and
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HS states, respectively. The results of these bond lengths are consistent with the magnetic

properties of 1-HT.

Figure 1. Molecular structure of 1-HT at 170 K. Hydrogen atoms and methanol solvent

molecules are omitted for clarity.

Crystal packing and intermolecular interactions. As mentioned above, the crystal structures
of 1-HT and 1-RT belong to the monoclinic space group P2i/n and the C2/c space group,
respectively, wherein both crystallographic unit cells contain a [Fe'(qsal-COOH),] molecule. As
the overall packings in 1-HT and 1-RT were different, it was clear that the complex packings
differed from those of typical Fe-gsal-X complexes. According to reports by Murray et al.,'*!* a
chain of Fe'" moieties interacts through n—n and C-H- -7 interactions between the

salicylaldimine and quinoline rings of the gsal-X ligands. Moreover, C—X:--O interactions and
P4AE (parallel fourfold aryl embrace) interactions were found to link the Fe moieties into higher
dimensions. However, the [Fe'[(qsal-COOH),] molecules in 1-HT formed different pseudo-3D
packing arrangements involving C—H---O interactions. More specifically, the pseudo-3D packing

structure was formed by hydrogen bonding of the oxygen atoms originating from the hydroxyl



A Self-archived copy in RBAFEHWRY KT R Y
i1

N » .
I %B j( ? Kyoto University Research Information Repository KKp RRENAI

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp fomation Repository

and carboxyl groups of salicylaldimine, as shown in Figure 2. This results in intermolecular m—mn
interactions between the quinoline rings of the qsal-COOH ligands, which are similar to those
observed in the molecular packing of [Fe'l(gsal-X).]. However, no intermolecular C-H:--n
interactions were found to be present in the quinoline rings of the qsal-COOH ligands, which is
contrasting to the packing of Fe!' complexes consisting of gsal-X ligands bearing halogenated

substituents.

Figure 2. Perspective of the pseudo 3D packing structure of 1-HT at 170 K formed by hydrogen
bonding of the oxygen atoms originating from the hydroxyl and carboxyl groups of
salicylaldimine. Hydrogen bonds are represented by green dashed lines. Hydrogen atoms and

methanol solvent molecules are omitted for clarity.

In contrast, the [Fe'(qsal-COOH),] molecules in 1-RT form double-chain structural
arrangements involving C—H---O interactions. One chain structure is formed by hydrogen
bonding of the oxygen atoms originating from the hydroxyl and carboxyl groups of
salicylaldimine, similar to the case of 1-HT. However, the other chain structure is formed by
hydrogen bonding through the hydrogen atoms of the hydroxyl group of the methanol solvent

molecules and the oxygen atoms of the hydroxyl and carboxyl groups of salicylaldimine, as
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shown in Figure 3. Thus, no intermolecular m=—n or C—H---m interactions were present.
According to reports by W. Phonsri, in the [Fe'''(qsal-X)2] comlexes, hydrogen bonding through
solvent molecules shows that intermolecular interactions have a dramatic effect on the properties

of the SCO phenomenon. "’

Figure 3. Perspective of the pseudo 3D packing structure of 1-RT at 170 K formed by hydrogen
bonding of the oxygen atoms originating from the hydroxyl and carboxyl groups of
salicylaldimine. Hydrogen bonds are represented by green dashed lines. Hydrogen atoms and

methanol solvent molecules are omitted for clarity.

At both temperatures, one of the gsal-COOH ligands in both complexes 1-RT and 1-HT was
significantly distorted from the flat plane. More specifically, the dihedral angles between the
salicylaldimine and quinoline rings in complex 1-HT at 100 and 170 K were 28.19° for the LS
phase and 28.85° for the HS phase, while the other dihedral angles were 6.80 and 9.74°,
respectively, as shown in Figure 4. In contrast, in the crystal packing of 1-RT, two
crystallographically distinct [Fe"'(gsal-COOH)>] molecules exist; the dihedral angles between the

salicylaldimine and quinoline rings in complex 1-RT for the HS phase at 100 and 170 K were
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33.8 and 33.45°, respectively, while the other dihedral angles were 10.73 and 10.97°,

respectively, as shown in Figure 5.

170K(HS) 100K(LS)
) M |
8 gsal-COOH(A) \ gsal-COOH(A)
P/%
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/ |
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Figure 4. Dihedral angles between the salicylaldimine and quinoline rings in 1-HT at 100 and

170 K.
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| \ |
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Figure 5. Dihedral angles between the salicylaldimine and quinoline rings in 1-RT at 100 and

170 K. The labels of (A) and (B) show crystallographically independent molecules, respectively.

10
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The large distortion angles can be accounted for by considering that a portion of the molecular
packing of 1-HT and 1-RT forms a dimeric structure through C—H---O interactions, as shown in
Figures 6 and 7, respectively. The magnetic property of 1-HT corresponds to SCO behavior with
a wide hysteresis >20 K, which is likely due to the hydrogen-bonding network originating from
the carboxyl groups. However, 1-RT maintains its HS state at low temperatures without SCO
behavior, even in the presence of a hydrogen-bonding network between the [Fe'(qsal-COOH);]
molecules. This can be accounted for by considering that the main difference between 1-HT, and
1-RT is the crystallographic molecular symmetry of the [Fe'(qsal-COOH),] molecule. More
specifically, in the crystal packing of 1-RT, the Fe'l atom is the inversion center of the [Fe'(gsal-
COOH).] molecule, and so it is possible that 1-RT does not exhibit SCO behavior due to the fact

that the distorted coordination environments around the Fe!' atoms are not anisotropic.

Figure 6. Part of the molecular packing of 1-HT forms a dimeric structure through C—H---O
interactions. Hydrogen bonds are represented by green dashed lines. Hydrogen atoms are omitted

for clarity.

11
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Figure 7. Part of the molecular packing of 1-RT forms a dimeric structure through C—H---O
interactions between the methanol solvent molecules. Hydrogen bonds are represented by green

dashed lines. Hydrogen atoms are omitted for clarity.

With respect to the monoclinic structures at 100 and 170 K, it is well known that the unit cell
is larger when the spin state of Fe!! centers changes from LS to HS with an approximately 3—4%
increase in the cell volume from the primary cell in the LS state. In this context, it was found that
the unit cell volume of 1-HT in the high temperature HS phase increased by ~74 A3 (ca. 3%).
This change in the 1-HT unit cell volume is similar to those previously reported for Fe!!

complexes bearing N>O tridentate ligands, which exhibited complete SCO behavior. !4 2021

10, 11,22, 23 3 short intermolecular contact is known to correlate

According to previous studies,
with the cooperative nature of SCO, whereas the weak interaction effects of the PAAE and n—n
interactions are possibly responsible for the exceptionally high spin-transition temperatures
and/or different hysteresis behaviors in the SCO complexes of [Fe''(gsal-X),]. It was therefore

considered that weak interaction effects, such as hydrogen bonding in the crystal structure, can

be attributed to the NoO Schiff base ligand present in these iron(I) SCO complexes. Moreover,

12
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even if the octahedral coordination around the Fe!' atom in the [Fe''(gsal-X).] molecule is

distorted, the coordination environment must be anisotropic for SCO behavior to occur.

CONCLUSIONS

Iron(IT) atom complexes consisting of NoO Schiff base ligands have been found to exhibit
various magnetic properties with spin crossover (SCO) behavior. In this work, the crystal
packing of complexes 1-RT and 1-HT (prepared at room temperature and 323 K, respectively)
containing carboxyl groups on their gsal-X ligands, (i.e., [Fe'(qsal-COOH).]), were found to
differ completely from those of previously reported [Fe'(qsal-X).] complexes. In general, these
groups are more likely to form hydrogen bonds than other X substituents, and so in the crystal
packing of complex 1-HT, hydrogen bonds between the salicylaldimine moieties dominate the
intermolecular interactions. In contrast, in the crystal packing of complex 1-RT, hydrogen bonds
between the hydrogen atoms of the hydroxyl group of the methanol solvent molecules and the
oxygen atoms of the hydroxyl and carboxyl groups in salicylaldimine dominate the
intermolecular interactions. This can be understood by considering the dihedral angles of
quinoline and the salicylaldimine residues present in 1-HT and 1-RT, which are significantly
distorted. Thus, intermolecular interactions occur through n—m interactions between the quinoline
rings of the qsal-COOH ligands. For complex 1-HT, these weak interaction effects produce the
unique SCO behavior with a wide hysteresis >20 K. In contrast, complex 1-RT does not exhibit
SCO behavior, despite the possible presence of weak interactions between the [Fe''(gsal-
COOH).] molecules. These results therefore indicate that the key factors to achieving SCO
behavior are the coordination environments of the Fe'" atoms resulting from different crystal
packings and intermolecular interactions. In other words, the Fe!' atom is the inversion center of

the [Fe''(gsal-COOH),] molecule in 1-RT, which is dependent on the crystallographic molecular

13
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symmetry. Presumably, one of the reasons why 1-RT does not show SCO behavior is that the
distorted coordination environments around the Fe!' atoms are not anisotropic. In previous
studies, [Fe'(gsal-X)2] complexes (X = Cl, Br, I, or COOH) were found to exhibit abrupt SCO

M analogs [Fe''(gsal-X):](anion). In many

properties at high temperatures, in contrast to their Fe
cases, [Fe'l(qsal-X)2] complexes exhibit various advantages as switchable materials, and so the
precise design of their magnetic properties is of importance. In this context, we found that the
inclusion of solvents in the crystal structure is necessary, as the solvent molecules can influence
the interactions between the [Fe'l(gsal-X).] molecules. In the family of [Fe'l(gsal-X).] complexes,
the presence of halogen substituents in the qsal-X moiety is effective in yielding SCO properties
via n—n and P4AE (parallel fourfold aryl embrace) interactions. Our results therefore indicate

that hydrogen bonding is also effective in producing SCO properties. Thus, Fe!! complexes
consisting of Schiff bases containing N>O donors have the potential to exhibit a variety of
magnetic properties owing to differences in the formed 3D networks. In conclusion, for the
design of a potential SCO material, the fundamental requirement necessary to achieve an abrupt
SCO in Fe-gsal complexes is a combination of weak interaction effects, such as n—m, PAAE, and
hydrogen bonding interactions. Furthermore, the SCO properties can be produced by designing
the coordination environment around the Fe" atoms to be both distorted and anisotropic. In the

future, we will conduct to clarify the correlation between SCO behavior and weak interaction in

structure by solvent exchange for the family of [Fell(gsal-X)2] complexes.

ASSOCIATED CONTENT
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SYNOPSIS

A single crystal of an iron(II) spin crossover (SCO) complex containing an N>O Schiff base
ligand (i.e., [Fe'l(qsal-COOH),]) were successfully visualized by structural analyses. The
fundamental requirements for an abrupt SCO, particularly in Fe-gsal complexes, are not only a
combination of weak interaction effects, but also the presence of solvents in the crystal structure,

as solvent molecules can influence the interactions between the [Fe(qsal-X)2] molecules.
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