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ABSTRACT: The solvent-free spin crossover iron(IIl) complex [Fe™(Him),(hapen)]AsF4 (Him = imidazole, H,hapen = N,N'-
bis(2-hydroxyacetophenylidene )ethylenediamine), exhibiting thermal hysteresis, was synthesized and characterized. The Fe'" ion
has an octahedral coordination geometry, with N,O, donor atoms of the planar tetradentate ligand (hapen) and two nitrogen
atoms of two imidazoles at the axial positions. One of two imidazoles is hydrogen-bonded to the phenoxo oxygen atom of hapen
of the adjacent unit to give a hydrogen-bonded one-dimensional chain, while the other imidazole group is free from hydrogen
bonding. The temperature dependencies of the magnetic susceptibilities and MGossbauer spectra revealed an abrupt spin
transition between the high-spin (S = 5/2) and low-spin (S = 1/2) states, with thermal hysteresis.

B INTRODUCTION Weber reported an SCO Fe" complex [Fe"L(Him),] (L is a
The high-spin (HS) and low-spin (LS) states of the spin J’eige.r—‘t).rpe N;0, Schiff-base ligand,s and Him is imidazole)
crossover (SCO) complex are interconvertible by external ex.hlbltmg 2 hydrogen—.b onded 2D network Stmcmrg a“d,[ a70K

wide thermal hysteresis around room temperature.” This result
demonstrates the high potential of H-bonds for transmitting
cooperative interactions for SCO phenomenon and suggests a
possibility of SCO Fe™ compound with thermal hysteresis

steepness, multistep SCO, hysteresis, and light-induced excited when the network of the H-bonds is well-organized. We have
spin state trapping (LIESST) result from the cooperative effect.

physical perturbations such as temperature, pressure, and light
irradiation." While SCO behavior originates from the
phenomenon of a single molecule, SCO properties such as

been interested in the importance of hydrogen bond for SCO

Mainly three synthetic strategies have been employed to properties and reported that the H bonds can modify the SCO
achieve the cooperative effect: (1) covalent linker (bridging profile* and give an effective cooperativity even for SCO Fe'™
ligand) to form coordination polymers” (2) z—7 stacking complexes.” In this study, we report the first SCO Fe'™ complex
among the SCO sites,” and (3) hydrogen bonding.* Among of salen-type N,0, tetradentate ligand and two imidazoles with
SCO compounds, Fe' and Fe" compounds have been the most a small thermal hysteresis. A family of Fe" complexes with
intensively studied. A number of SCO Fe'' compounds showed salen-type N,O, ligands and two axial monodentate ligands was
abrupt spin transitions exhibiting thermal hysteresis, while SCO first synthesized by Nishida, and he showed that the spin states
Fe'" compounds generally exhibit gradual spin equilibrium and

show no thermal hysteresis except for several compounds with Received: November 27, 2013
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can be tuned primarily by the total ligand field strength
provided by the equatorial and axial ligands.” It has been known
for a long time that the Fe sites in some heme proteins exhibit
SCO behavior,” which plays a key role in their biological
functions. From the viewpoint of developing a model
compound of heme proteins, a number of iron porphyrins
have been studied.'’ Nishida studied his compounds as a
simple model compound of the Fe sites in some heme proteins.
Later, Matsumoto,'! Murray,'> and Real'® reported the SCO
Fe'" complexes with analogous N,0, Schiff-base ligands, and
they revealed the relevant factors to determine the SCO
properties, while the SCO with hysteresis has not been
observed for these complexes. In our previous paper,'* we
reported Fe'" complexes [Fe™(Him),(hapen)]Y-solvent (Y =
various anions, including BPh,”, CF;SO;~, PE,~, ClO,~, and
BF, "), where the equatorial N,O, Schiff-base ligand (H,hapen
= N,N'-bis(2-hydroxyacetophenylidene)ethylenediamine) and
the two axial ligands are fixed and the counteranion is varied.
These complexes showed three types of assembly structures
constructed of imidazole---phenoxo hydrogen bonds, consisting
of “linear dimers,” “cyclic dimers,” and “one-dimensional (1D)
chains.” Among them, the PF4~ salt with 1D chain showed an
abrupt spin transition, and its magnetic behavior is unusual for
SCO Fe'™ complexes reported so far. In this study, the AsF¢~
salt, with anion size than larger that of PF~, was synthesized in
the hope of the appearance of hysteresis, and the resulting
structure and magnetic property were investigated. As
anticipated, this complex showed an abrupt spin transition
with thermal hysteresis. We report here the synthesis, structure,
magnetic property, and Mdssbauer spectroscopy.

B EXPERIMENTAL SECTION

Materials. All reagents and solvents used in this study are
commercially available from Tokyo Kasei Co., Ltd., Tokyo,
Japan and Wako Pure Chemical Industries, Ltd.,, Osaka, Japan
and were used without further purification. All synthetic
procedures were carried out in an open atmosphere.

Ligand (H,hapen) and Precursor Iron(ll) Complex
([Fe'“Cl(hapen)]-O.SCH3OH). The tetradentate ligand
Hjhapen was prepared according to the literature."> Yellow
crystalline material. Yield: 99%. Anal. Calcd for H,hapen
(C1sHyoN,0,): C, 72.95; H, 6.80; N, 9.45%. Found: C, 72.93;
H, 6.82; N, 9.32%. mp =193 — 196 °C. The precursor iron(III)
complex [Fe™Cl(hapen)]-0.5CH;OH was prepared according
to the literature reported previously.'* To a solution of
H,hapen (10 mmol, 2.96 g) in 100 mL of methanol was added
anhydrous Fe™Cl; (10 mmol, 1.62 g), and the resulting
solution was warmed for 30 min on a hot plate. To the solution
was added a solution of triethylamine (20 mmol, 2.00 g) drop-
by-drop. Black crystals were collected by suction filtration and
washed with diethyl ether. Anal. Calcd for [Fe™Cl(hapen)]-
0.SCH;0H (C,4H;3N,0,FeCl-0.5CH;0H): C, 55.32; H, 5.02;
N, 6.97%. Found: C, 55.29; H, 4.72; N, 7.26%.

[Fe'"(Him)z(hapen)]AsF6. To a suspension of [FeCl-
(hapen)]-0.5CH;OH (0.50 mmol, 020 g) in 15 mL of
methanol was added an excess amount of imidazole (5.0
mmol, 0.34 g), and the mixture was stirred for 1S min on a hot-
plate and then filtered. To the filtrate was added a solution of
NaAsF; (0.50 mmol, 0.13 g) in S mL of methanol. The
resulting solution was allowed to stand for a few days, during
which time black platelike crystals precipitated; the crystals
were collected by suction filtration and washed with diethyl
ether. Yield: 0.107 g (32%). Anal. Calcd for
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[Fe(Him),(hapen)]AsFs (C,,H,oN¢O,Fe-AsF): C, 42.69;
H, 3.88; N, 12.45%. Found: C, 42.49; H, 3.90; N, 12.54%.

Physical Measurements. Elemental analyses (C, H, and
N) were carried out by Miss Kikue Nishiyama at the Center for
Instrumental Analysis of Kumamoto University. Magnetic
susceptibilities were measured by a Quantum Design MPMS-
XLS magnetometer in the temperature range of 5—300 K at the
sweeping rate of 0.5 K min~' under an applied magnetic field of
0.5 T. The magnetic susceptibilities were measured while
lowering the temperature from 300 to S K in the first run.
Subsequently, the magnetic susceptibilities were measured
while raising the temperature from 5 to 300 K in the second
run. The calibration was performed with palladium metal.
Corrections for diamagnetism were applied using Pascal’s
constants.'® For the ¥Fe Mdssbauer spectroscopic measure-
ment, *’Co in Rh was used as a Mdssbauer source. The spectra
were calibrated by using the six lines of a body-centered cubic
iron foil (a-Fe), the center of which was taken as zero isomer
shift. Mossbauer spectra were fitted with a MossWinn 3.0
program."”

X-ray Crystallography. X-ray diffraction data were
collected using a Rigaku RAXIS RAPID imaging plate
diffractometer using graphite monochromated Mo Ka radiation
(1=0.71073 A). The temperature of the crystal was maintained
at the selected temperature by means of a Rigaku cooling
device. The X-ray diffraction data for [Fe(Him),(hapen)]-
AsF¢ were collected at 200 K. The data were corrected for
Lorentz, polarization, and absorption effects. The structure was
solved by a direct method and expanded using the Fourier
technique.'"® Hydrogen atoms were fixed at the calculated
positions and refined using a riding model. All calculations were
performed using the CrystalStructure crystallographic software
package.'

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of [Fe''(Him),-
(hapen)]AsFs. In 1975, Nishida reported SCO Fe' com-
pounds with salen-type N,O, Schiff-base ligand and two
imidazoles [Fe™(Him),(salen-type)]*, where the SCO behav-
iors were gradual.8 Later Matsumoto,"* Murray,12 and Real®
synthesized SCO Fe" complexes with analogous Schiff-base
ligands. In our previous paper,"* Fe" complexes with the
formula of [Fe"™(Him),(hapen)]Y-solvent were synthesized by
varying the counteranion Y (Y = BPh,”, CF;SO;~, PF{,
ClO,~, and BF,"), where the equatorial N,O, Schiff-base ligand
(Hyhapen) and axial imidazoles (Him) were fixed. These
complexes showed three types of assembly structures
constructed of imidazole---phenoxo hydrogen bonds, consisting
of linear dimers, cyclic dimers, and 1D chains. Among them, the
PF,~ salt exhibiting hydrogen-bonded 1D chain structure
showed an abrupt spin transition, and its magnetic behavior is
unusual for SCO Fel complex. On the basis of that result, we
focused on the large-sized AsF¢~ salt in the hope of realizing an
abrupt SCO and thermal hysteresis. The complex [Fe™(Him),-
(hapen)]AsF was obtained as black platelike crystals from the
mixed solution of [FeCl(hapen)]-0.5CH;OH, imidazole, and
NaAsFq in a 1:10:1 molar ratio in methanol, according to the
similar method applied for the other salts."* The C, H, and N
elemental analyses agreed with the formula [Fe(Him),-
(hapen)]AsF,, demonstrating no existence of any crystal
solvents. The ground sample of the AsFs~ salt showed no
thermochromism, suggesting the spin transition occurs in a
temperature region lower than that of liquid nitrogen, as
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confirmed later by the magnetic susceptibility measurements,
while the SbF¢~ salt with larger anion size exhibited
thermochromism, from dark reddish violet at ambient temper-
ature to dark black green at liquid nitrogen temperature,
demonstrating a spin crossover of Fe'" complex with Schiff-base
ligand of N,O, donor atoms.

Crystal Structure of [Fe"'(Him),(hapen)]AsF, in the HS
State. The single-crystal X-ray structure was determined at 200
K. The crystallographic data are listed in Table 1. Relevant

Table 1. Crystallographic Data

formula C,H,(NO,FeAsF,
formula weight 67527
crystal system monoclinic
space group C2/c (No.15)
T, K 200
a, A 24.236(3)
b, A 9.5662(8)
o A 24.599(3)
B, deg 112.342(3)
v, A3 5274.9(9)
VA 8
Deyesy g cm ™ 1.700
#, mm™ 1.894
R% Rw” 0.0796, 0.2453

R = YIIF, — IEI/YIE. "Rw = [Sw(IF2l — [EA)2]/ S wlE2R]V2

coordination bond distances, angles, and hydrogen-bond
distances are given in Table 2. The complex crystallized into

Table 2. Coordination Bond Distances (A), Bond Angles
(deg), and Hydrogen Bond Distances (A) at 200 K

bond lengths (A)

Fe—N1 2.096(9) Fe—O1 1.886(6)
Fe—N2 2.109(7) Fe—02 1.904(8)
Fe—N3 2.133(6)
Fe—N$ 2.139(7)
average (Fe—N ) 2.119 average (Fe—O) 1.895
bond angles (deg)
Ol-Fe—02 101.3(3) N1-Fe—N3 89.5(3)
O1-Fe—Nl1 89.2(3) N1-Fe—NS$ 87.7(3)
02-Fe—N2 89.6(3) N2—Fe—N3 88.3(3)
N1-Fe—N2 79.9(3) N2—Fe—N5 852(3)
hydrogen bond lengths (A)
N6H--02% 2.808(9) N6H--O1* 3.257(12)

a monoclinic space group C2/¢, and its unique unit consists of
one cation []F"em(Him)z(hapen)]+ and one counteranion AsF;".
The molecular structure of the [Fe™(Him),(hapen)]* part with
the atom numbering scheme is shown in Figure la,b. The Fe'
ion has an octahedral coordination environment with the N,O,
donor atoms of electronically dinegative tetradentate ligand
hapen at the equatorial sites and the N, donor atoms of two
imidazoles at the two axial positions. The four Fe—N bond
distances are in the range of 2.096(9)—2.139(7) A, in which the
Fe—N(imidazole) distance is slightly longer than the Fe—
N(imine) distance. The Fe—O1 distance of 1.886(6) A is
slightly shorter than the Fe—O2 distance of 1.904(8) A, where
02 is hydrogen-bonded to N6* (*; 1/2 — x, 1/2 +y, 1/2 — 2)
of the imidazole group of the adjacent cation complex and Ol
is free from hydrogen bonding. These Fe—N and Fe—O
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Figure 1. (a) ORTEP drawing of the [Fe™(Him),(hapen)]* cation of
[Fe(Him),(hapen)]AsF,, with the selected atom numbering at 200
K, showing the distorted orientation of two benzene rings. The
thermal ellipsoids were drawn at the 50% probability level. (b) View of
the cation complex projected on the planar tetradentate Schiff-base
ligand, showing the orientations of two imidazole rings.

coordination bond distances at 200 K are consistent with the
bond distances reported for HS Fe™ complexes with similar
Schiff-base ligands. The O1—Fe—02 bond angle of 101.3(3)° is
indicative of the HS spin state at 200 K on the basis of the
structural parameters of the analogous [Fe'(Him),-
(hapen)]*,"* where HS compounds have the large angle
around 104°, while SCO compounds have smaller angle around
101°. Figure 1b shows the orientations of the two imidazole
rings, in which one imidazole ring bisects the angles defined by
the two N—Fe—O diagonals, and the other imidazole ring is
oriented nearly along the N—Fe—O diagonal. The five-
membered chelate ring involving ethylenediamine moiety
assumes a gauche conformation, in which C9 and C10 atoms
are deviated by —0.19 and +0.39 A, respectively, from the plane
defined by Fe, N1, and N2 atoms. The dihedral angle between
the N,0, coordination plane and the benzene moiety is —10.1°
and 22.4° for benzene rings A and B, respectively, in which the
ring B bound to O2 is much tilted. Murray et al. demonstrated
that the present type of distortion of two benzene moieties
makes the spin transition possible.'>

Figure 2a,b shows the 1D zigzag-chain structure of
[Fe™(Him),(hapen)]*. The 1D structure is constructed by
intercation hydrogen bonding between phenoxo oxygen O2
and imidazole nitrogen N6* of the adjacent cation complex,
whose hydrogen bond distance is O2--N6* = 2.808(9) A. The
adjacent cation complexes, linked by the hydrogen bond, are
related by a 2-fold screw axis along the b-axis, and the O2---N6*
hydrogen bond is repeated to form a 1D structure running
along the b-axis. The remaining imidazole nitrogen atom N4 of
the two imidazoles of one cation is close to the F3 and F9
atoms of the AsF¢~ ion, with N4---F3 = 3.02(2) and N4---F9 =
2.94(2) A. However, as the occupancy factor of 0.5 was adapted
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Figure 2. (a) 1D zigzag-chain structure constructed by the intercation hydrogen bonds running along the b-axis. (b) 1D structure projected along the

b-axis. (c) Packing diagram projected on the ac plane.

for F3 and F9 due to the disorder of the AsF;~ anion, and the
angles of N4—H---F3 = 114.1(7) and N4—H--F3 = 111.9(7)°
are far from 180° it can be considered that the interaction
between the imidazole nitrogen atom N4 and the anion is very
weak even if it exists. Figure 2c shows a packing diagram for
[Fe'"(Him),(hapen)]AsFy, in which 1D chains of
{[Fe"™(Him),(hapen)]*},, are arrayed along the b-axis and
the anions of AsFs~ occupy the space among the 1D chains.
The interaction among AsF,~ anions and the 1D chains must
be weak even if it exists. The 1D chain can be described as a
spring.

Magnetic Properties. The molar magnetic susceptibilities
(xrm) of the polycrystalline samples were measured in the
temperature range of 5—300 K, under an applied magnetic field
of 0.5 T, and at a sweep rate of 0.5 K min~. The magnetic
susceptibility was measured on lowering the temperature from
300 to 5 K as the first run and subsequently on elevating the
temperature from S to 300 K as the second run. The plots of
xmT versus T are given in Figure 3, showing a complete abrupt
spin transition between the HS (S = 5/2) and LS (S = 1/2)
states. On lowering the temperature from 300 to 5 K in the first
run, the T value at temperature higher than ca. 80 K assumes
a plateau value of ca. 4.5 cm® mol™! K, whose value is consistent
with 4.377 cm® mol™ K of the spin-only HS value (S = 5/2)
with g = 2.00. The yyT value in the lower-temperature region
(<50 K) assumes a plateau value of ca. 0.5 cm® mol™" K, which
is slightly larger than the 0.375 cm® mol™" K value of the spin-
only LS value (S = 1/2) with g = 2.00 but is comparable to
those of the reported LS Fe' complexes. On lowering the
temperature from 300 to S K, the y,T value keeps the constant
in the temperature region higher than 80 K, decreases abruptly
around ca. 68 K, and then reaches a constant value in the
temperature region lower than 60 K. The spin-transition
temperature in the cooling mode is evaluated at T, ,| = 69.4 K.
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Figure 3. yuT vs T plots for [Fe™(Him),(hapen)]AsF, in the
temperature region of S to 300 K. (inset) yyT vs T plots in the
temperature region between 50 and 100 K, showing hysteresis.

On elevating the temperature from 5 to 300 K in the second
run, the spin transition occurs at a higher temperature of T,
= 74.0 K than T,,,] = 69.4 K of the first run, as seen in the
inset. Thus, the width of thermal hysteresis is 4.6 K.
Mossbauer Spectra. To clarify microscopically the spin
states at various temperatures, we performed *’Fe Mdssbauer
measurements, as shown in Figure S1 (Supporting Informa-
tion). The Mossbauer spectra were recorded at 7, 50, 70, 71,
72, 73, 100, and 200 K in cooling and warming processes. A
deconvolution analysis of each spectrum successfully gave the
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appropriate Mossbauer parameters and the molar fraction of
the HS and LS states (Supporting Information, Table S1).

At 200 K, a doublet was observed with the isomer shift (§) of
0.47 mm s~ and the quadrupole splitting (AEq) of 1.34 mm
s™!, which is attributable to a HS Fe' species. With decreasing
temperature, a wider doublet, which can be attributed to the LS
Fe'' state (6 = 0.09—0.20 mm s™, AEq = 1.99—2.21 mm s™")
appeared and gradually increased as the temperature
approached 72 K. On further cooling, the intensity of the HS
doublet abruptly decreased, in contrast with the growth of the
LS doublet, corresponding to the spin-crossover transition. The
HS doublet disappeared below 50 K, indicating the complete
spin conversion.

In warming mode, the spin conversion from the LS to the HS
state was observed with a thermal hysteresis (ca. 1 K), which is
compatible with the magnetic susceptibility data. As shown in
Figure 4a,b, the spectrum at 71 K in warming mode consists of
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Figure 4. Selected Mossbauer spectra at 71 K upon (a) gradual

cooling from room temperature and (b) gradual warming from 7 K.
The transmission at the y-axis is taken.

a doublet attributable to LS Fel! species, while the spectrum at
71 K in cooling mode consists of two doublets attributable to
HS and LS Fe™ species with the relative fraction of HS/LS =
73.6:26.4. The Mossbauer spectral data indicate the thermal
hysteresis. However, the hysteresis width is somewhat different
from the T,;,; and T, values determined by the magnetic
behavior, as shown in Figure S. We can consider that the Ty,
and T, in the Mdssbauer results shifts to lower and higher
temperatures, respectively, because the Mossbauer measure-
ments require a longer time (afew days per measurement) than
magnetic measurements (several dozen seconds per measure-
ment). The behavior indicates a partial time-dependent
relaxation from the metastable HS (LS) state to the LS (HS)
ground one in the cooling (warming) process.

Concluding Remarks. The solvent-free Fe(III) complex
[Fe'(Him),hapen]AsF was synthesized. One of the imidazole
groups of [Fe(Him),hapen]® is hydrogen-bonded to a
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Figure 5. Molar fraction of HS vs total Fe™ in the cooling (blue V)
and warming (red A) modes obtained by deconvolution analysis of
the Mossbauer spectra, together with the molar fraction nyg obtained
from the magnetic susceptibility measurements (black @). nyg was
calculated by using the equation (yyT)eps = fus (mDus + (1 —
nps) (e Drsy with (s = 4.55 em® K mol™ and (3, T).s = 0.55
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phenoxo oxygen atom of hapen of the adjacent unit to give a
hydrogen-bonded 1D structure running along the b-axis. The
temperature dependencies of the magnetic susceptibilities and
Mossbauer spectra revealed an abrupt spin transition between
the HS (S =5/2) and LS (S = 1/2) states, with a small thermal
hysteresis. The 1D chains exhibiting rod-like shape are stacked
along the b-axis, and the anions occupy the space among the
1D chains. The anions are not hydrogen-bonded to the
imidazole group of the 1D chain, suggesting that each 1D chain
behaves as a spring and shrinks along the b-axis during the spin
transition.”® This work demonstrates that the SCO Fe™
complex can produce an abrupt spin transition and hysteresis
when the hydrogen bonding is well-organized.

B ASSOCIATED CONTENT

© Supporting Information

Méssbauer spectra (Figure S1), Mossbauer data (Table S1),
and crystallographic data in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.
CCDC 926684 contains the supplementary crystallographic
data for [Fe™(Him),(hapen)]AsF4 These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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