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A family of single-chain magnets (SCMs), of which the SCM character originated from the spatial arrangement of high
spin Fe" ions with easy-plane anisotropy, was synthesized, and their magnetic properties were investigated. The chain
complexes including alternating high-spin Fe" ions and low-spin Fe" ions, catena-[Fe'(CIO,),{Fe"(bpca),}I-
CIO, -3MeNO, (1-3MeNO,), catena-[Fe"(Cl0,)(H,0){Fe" (M°L),}](Cl04),-2MeNO, - H,0 (2-2MeNO, -H,0),
catena—LFe"(CIO4)(H20){Fe”(B“L)g}](CIO4)2-3.5MeN02 (3-35MeNO,), and catena-[{Fe"(Cl0,)(H,0)Fe"(Hx0)x} 0.5
{Fe"(P"L),}1(ClO4), 5 - 4EINO, (4-4EtNO,), were synthesized with the use of bridging ligand Hbpca (bis-(2-pyridyl-
carbonyl)amine)) and its derivatives of YL, H®L, and H™"L each incorporating methyl, tert-butyl, or phenyl group on
the 4-position of pyridyl ring. These complexes showed a typical ferrimagnetic behavior on direct current (dc)
susceptibility data, and from an alternating current (ac) susceptibility measurements, SCM or superparamagnetic
behaviors were confirmed with the A/kg values of 22.5(4), 21.8(18), and 28.8(3) K for 1-3MeNO,, 2 - 2MeNO; - H,0,
and 3-3.5MeNQO,, of which the easy-axis anisotropy was originated from the orthogonal arrangement of easy-planes
of Fe' ions. In the crystal structures, cylindrical voids were formed along the chain axis being surrounded by four chains
in 1-3MeNO,, 2-2MeNO,-H,0, and 4-4EtNO, and two chains in 3-3.5MeNO,, and solvent molecules as well as
coordination-free perchlorate anions occupied these voids in a slightly different fashion depending on the complexes.
2-2MeNO, - H,0O maintains its chemical composition in a dried condition, whereas 1-3MeNO,, 3-3.5MeNO,, and
4. 4EtNO, easily release solvent molecules to give 1, 3, and 4, respectively. 1 and 3 maintain the crystalline character
showing slightly different X-ray diffraction (XRD) patterns from those of 1-3MeNO, and 3-3.5MeNO,, and an
enhancement of SCM character after release of the solvent molecules was observed for both. 4 lost crystalline

y

character to become amorphous, and it lost the SCM character at the same time.

Introduction

One of the most fascinating developments in the past
decade in the field of molecular-based magnetism is one-
dimensional magnetic chains. One-dimensional magnetic
chains that exhibit slow relaxation of the magnetiza-
tion, known as superparamagnetic behavior, are called
single-chain magnets (SCMs). SCMs are very hot topics in

*To whom correspondence should be addressed. E-mail: kajiwara@
cc.nara-wu.ac.jp (T.K.), moto@ch.wani.osaka-u.ac.jp (M.N.).

(1) Bogani, L.; Vindigni, A.; Sessoli, R.; Gatteschi, D. J. Mater. Chem.
2008, 18, 4750.

(2) (a) Coulon, C.; Clérac, R.; Lecren, L.; Wernsdorfer, W.; Miyasaka, H.
Phys. Rev. B2004, 132408. (b) Vindigni, A. Inorg. Chim. Acta 2008, 361,3731.
(c) Coulon, C.; Clérac, R.; Lecren, L.; Wernsdorfer, W.; Miyasaka, H. Phys. Rev.
B2004, 69, 132408. (d) Luscombe, J. H.; Luban, M.; Reynolds, J. P. Phys. Rev. E
1996, 53, 5852. (e) Bogani, L.; Caneschi, A.; Fedi, M.; Gatteschi, D.; Massi, M.;
Novak, M. A.; Pini, M. G.; Rettori, A.; Sessoli, R.; Vindigni, A. Phys. Rev. Lett.
2004, 92, 207204.

pubs.acs.org/IC Published on Web 08/19/2010

chemistry and material physics' because of their fundamental
physical properties,> such as finite-sized effects. Such SCMs
have been strategically constructed by linearly arranging the
spin carrier components having an easy-axis type magnetic
anisotropy (D <0) to form Ising-type one-dimensional chains
and a “double-well potential” which prevents the reversal
of the molecular magnetic momentum. The following are
a few examples: Co" /nytronyl nytroxide radical,* Mn™/Ni",?
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Figure 1. (a) Crystal structure and (b) spin arrangement of the cationic
part of catena-[Fe"(ClO,),{Fe""(bpca),}]ClO,-3MeNO, (1-3MeNO»).
Gray circles in (a) corresPond to the equatorial planes (or easy-planes)
of high spin Fe''ions. Fe''ions, orange; Fe''ions, green; Cl, yellow; O,
red; N, blue; C, gray.

Co"/Fe' © lanthanide (e.g., Dy"™)/nytronyl nytroxide radi-
cal’ chains, and so on.® We have reported a novel SCM
constructed by using a twisted arrangement of spin carrier
components with easy-plane type magnetic anisotropy
(namely, hard-axis or XY plane anisotropy with D > 0),
which generally helps avoiding bistability that leads to a
“double-well potential”.” The mixed-valence'® chain complex
catena-[Fe"(ClO,),{ Fe"(bpca),}]ClO04- 3MeNO, (1 3MeNO,,
here Hbpca denotes bis-(2-pyridylcarbonyl)amine)), shown
in Figure 1, is constructed with an alternating arrangement of
high-spin Fe'" ions and low-spin Fe'"! ions along the chains
axis,” and Fe'' (S = 2) and Fe'"" (S = 1/2) ions are connected
in a ferrimagnetic manner. In 1-3MeNO,, bpca™ coordinates
to the Fe' ion in a mer-manner, and the equatorial planes of
Fe'" ion, which correspond to easy-plane magnetic anisotro-
py, are in a twisted arrangement along the chain as a result.
Consequently, the anisotropic planes (equatorial planes)
of the Fe'" ions were arranged in a slightly tilted orthogonal
manner along the chain. Each easy-plane has an easy-axis
component along the chain, and an additive effect of these
components results in the formation of an easy-axis aniso-
tropy throughout the entire chain, thus giving 1:-3MeNO,
SCM character. The alternating current (ac) susceptibilities
of 1:3MeNO, showed strong dependency on the frequency,
which is typical for the SCM. The temperature dependency
of their peak tops obeyed the Arrhénius law, and the activa-
tion energy barrier, A/kg, was estimated to be 22.5(4) K.
Moreover, the SCM behavior of 1-3MeNO, was affected by
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Figure 2. Structure of bis(4-R-2-pyridylcarbonyl)amine, where R de-
notes hydrogen, methyl, zerz-butyl, or phenyl group.

the absorption/desorption of the crystalline solvent mole-
cules,'! which is known as magnetic sponge-like behavior.'?
1-3MeNO, can reversibly release or absorb nitromethane
(MeNO,) molecules, which causes a drastic change in mag-
netic properties.'" Because of the uniaxial anisotropy of
1-3MeNO, that originates from the strict arrangement of
the easy-plane of Fe' ions and the magnetic interaction
between Fe(Il)—Fe(I1l) ions, the magnetic properties of this
system might be very sensitive to the subtle change in the
chain structure. In the other words, the magnetic properties
of this system respond to changes in the chain structure.
Thus, this twisted arrangement of easy-plane anisotropy
shows that the magnetic properties can be controlled by the
design of the molecular structure and the chain arrangement.

In this paper, we report a correlation between subtle
changes in the structure and the magnetic properties and
details of solvent induced changes in the magnetic proper-
ties of a family of twisted XY chain complexes derived from
1-3MeNO,, including catena-[Fe"(ClO4)(H,0){Fe(M°L),}]-
(ClOy4),-2MeNO, - H,0O (2:2MeNO, - H50, Mep,~ denotes bis-
(4-methyl-2-pyridylcarbonyl)aminate),'® catena-[F e”%?lO;;)-
(H,0){Fe"™(®"L),}](ClO4), - 3.5MeNO, (3-3.5MeNO,, 'L~ =
bis(4-tert-butyl-2-pyridylcarbonyl)aminate) and carena-[{Fe"-
(ClO4)(H,0)Fe' (H0),}0 s{Fe' (""L),}](Cl0y), 5 4ENO,
(4-4EtNO,, P'L™ = bis(4-phenyl-2-pyridylcarbonyl)ami-
nate). To induce the structural changes in 1-3MeNO, keep-
ing its SCM character, we introduced various substituent
groups onto the bpca™ ligand at the 4-position, as shown in
Figure 2. The alternating arrangement of Fe'' and Fe"" jons
as well as the twisted arrangement of easy planes of the Fe!l
ions was retained in the resultant complexes; however, the
positional relationship among the neighboring chains changed,
leading to changes in the configuration of the pores that include
solvent molecules. In addition, the steric repulsion among the
bulky substituent groups caused structural perturbations in the
chain complexes themselves. These two factors strongly affect
both the SCM and the magnetic sponge characters.

Experimental Section

General Procedures and Materials. All chemicals and reagents
were purchased as reagent grade and used without further
purification. Solvents for syntheses were degassed with nitro-
gen. All chemical reactions and sample preparations for the
measurement were carried out under an inert atmosphere.

Synthesis of 1,3,5-Tris(4-methyl-2-pyridyl)triazine (5).'*
4-Methyl-2-cyanopyridine was obtained by reacting 4-methylpridine
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N-oxide and trimethylsilylcyanide according to the reported
procedure.'® This cyanopyridine (3.0 g, 25 mmol) was heated
at 125 °Cfor 24 hin the presence of a catalytic amount of sodium
hydride (60% dispersion in mineral oil, 0.1 g) to afford 1,3,5-
tris(4-methyl-2-pyridyl)triazine. The crude product was dis-
solved in 100 mL of dichloromethane, and then 70 mL of
n-heptane was added. The black precipitate was removed by
filtration, and the resulting yellow solution was slowly concen-
trated to about 1/3 of the volume in air. The triazine was
obtained as yellow crystalline compound (2.14 g, yield =71%).

"HNMR (CDCly): 6 = 8.81 (1H, d,J = 4.8 Hz), 8.68 (1H, 5),
7.35(1H, d, J = 4.9 Hz), 2.54 (3H, s) ppm.

1,3,5-Tris(4-tert-butyl-2-pyridyl)triazine (6)'*. 4-terz-Butyl-2-
cyanopyridine was obtained using the same procedure to pre-
pare 5 with 4-fert-butylpridine N-oxide as the starting
material.'> The mixture of 4-rert-butylcyanopyridine (4.0 g,
25 mmol) and NaH (0.12 g, obtained from the 60% sodium
hydride dispersed in mineral oil by washing with n-hexane) was
heated at 125 °C for 24 h to give a black solid. The crude product
was purified by column chromatography on alumina with
chloroform as the eluent. The triazine was obtained as pale
yellow crystals. Yield 1.59 g (40%).

"HNMR (CDCls): 6 = 8.47 (1H,d, J = 5.1 Hz),8.23 (1H, d,
J =19Hz),743(1H,dd, J = 5.2, 2.0 Hz), 1.35 (9H, s) ppm.

1,3,5-Tris(4-phenyl-2-pyridyl)triazine (7)'*'°. 4-Phenyl-2-cy-
anopydine was obtained using the same procedure to prepare 5
with 4-phenylpridine N-oxide as the starting material. The
cyanopyridine (3.3 g, 18 mmol) was heated at 125 °C for 24 h
in the presence of a catalytic amount of sodium hydride (60%
dispersion in mineral oil, 0.17 g) to afford 1,3,5-tris(4-phenyl-2-
pyridyl)triazine. The crude product was first purified by column
chromatography on alumina with chloroform as the eluent, and
from the main fraction, a brown oily product was obtained. This
oily product was dissolved in 50 mL of dichloromethane, and
then 150 mL of n-heptane was added. The black precipitate was
collected by filtration and was again purified by column chro-
matography on alumina using chloroform as the eluent. The
triazine was obtained as a yellow solid. Yield 2.17 g (66%).

"H NMR (CDCl5): 6 = 9.05 (1H, d, J = 1.7 Hz), 9.00 (1H,
dd,J = 5.1,09Hz),7.81 (2H, dd, J = 6.8,9.8 Hz), 7.76 (1H, d,
J = 5.1, 1.7 Hz), 7.57—7.54 (2H, br m), 7.51—7.49 (1H, br m)
ppm.

Bis(4-methyl-2-pyridylcarbonyl)amine (8, HM°L). An ethano-
lic solution (50 mL) of 5 (1.77 g, 5 mmol) and an aqueous
solution (60 mL) of copper(Il) nitrate (1.21 g, 5 mmol) were
mixed, and the resulting deep brown solution was refluxed for
4 h. The resulting green solution was slowly evaporated to about
1/10 volume in the air, and blue plate crystals were obtained in a
yield of 0.95 g, of which the composition was confirmed to be
[Cu™(M°L)(H,0),]NO5-3H,0 (9-3H,0) by using X-ray ana-
lysis (see Supporting Information, Figure S1). IR (cm™"): v (CO)
1714 (s).

9-3H,0 (0.95 g) and an excess of Na,H»edta (2.0 g, 5.4 mmol)
were suspended in a H,O (80 mL)/CHCI; (50 mL) mixture, and
the suspension was vigorously stirred for 1 h. The resulting clear
solution was separated, and the yellow organic layer was dried
with sodium sulfate and evaporated under reduced pressure.
8 was obtained as yellow crystals with a yield of 0.28 g (22%
based on 5).

Elemental anal.; Found: C, 65.50; H, 5.40; N, 16.67. Calcd. for
C,H3N;0, (HMCL): C, 65.87 ; H, 5.13; N, 16.46. IR (cm™'):
W(CO) 1758 (s) 'H NMR (CDCls): 6 = 2.45(s, 6H), 7.26 (d, 1H),
7.37 (d, 1H), 8.04 (s, 1H), 8.17 (s, 1H), 8.42 (d, 1H), 8.60
(d, 1H) ppm.
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Bis(4-tert-butyl-2-pyridylcarbonyl)amine (10, H®"L). An aque-
ous suspension (6 mL) of 6 (1.44 g, 3 mmol) and an aqueous
solution (24 mL) of copper(Il) sulfate (1.50 g, 6 mmol) were
mixed, and the resulting deep green solution was refluxed for 4 h,
during which the color changed to deep blue. This solution was
cooled to room temperature, and a blue powder of {Cu''(*"L)}*
compound precipitated, which was collected by filtration and
dried. This powder was used for the next reaction without further
purification. Yield 0.90 g. IR (cm™'): v (CO) 1711 (s).

The blue powder (0.90 g) and excess Na,Hedta (2.0 g, 5.4 mmol)
were suspended in a H,O (80 mL)/CHCI; (50 mL) mixture, and the
suspension was vigorously stirred for 1 h. The resulting clear
solution was separated, and the pale green organic layer was
dried with sodium sulfate and evaporated under reduced pressure.
10 was obtained as pale green crystals in a yield of 0.18 g (18%
based on 6).

Elemental analysis calcd for CygHys5.67N305.33 (10-1/3H,0):
C 69.54, H 7.49, N 12.16; Found: C 69.39, H 7.27, N 12.31. IR
(em™1): w(CO) 1758 (s) '"H NMR (CDCl;): 6 = 1.38 (s, 18H),
7.53(d, 1H), 7.54 (d, 1H), 8.34 (d, 1H), 8.35(d, 1H), 8.64 (d, 1 H),
8.65 (d, 1H) ppm.

Bis(4-phenyl-2-pyridylcarbonyl)amine (11, H"L). An ethano-
lic suspension (60 mL) of 7 (1.08 g, 2 mmol) and an aqueous
solution (20 mL) of copper(II) perchlorate (2.22 g, 6 mmol) were
mixed, and the resulting deep brown solution was refluxed for
4 h, during which the color changed to deep blue. The solution
was cooled to room temperature, and the blue powder that
precipitated was collected by filtration and dried. Yield 0.92 g.
The composition of this compound was confirmed to be
[Cu"(P"L)(H,0),]ClO, (12) by using X-ray analysis (see Sup-
porting Information, Figure S2). This powder was used for the
next reaction without further purification. IR (cm™'): v (CO)
1711 (s).

The blue powder (0.90 g) and excess Na,Hyedta (2.0 g, 5.4
mmol) were suspended in a H,O (80 mL)/CHCI; (50 mL)
mixture, and the suspension was vigorously stirred for 7 days.
The resulting clear solution was separated, and the pale green
organic layer was dried over sodium sulfate and evaporated
under reduced pressure to give pale green crystals of 11 in a yield
of 0.15 g (19% based on 7).

Elemental analysis (%) calcd for C,4H9N3O3 (11-H,0): C
72.53, H 4.81, N 10.57; found: C 72.28, H 4.73, N 10.81. IR
(em™: w(CO) 1758 (s) "H NMR (CDCl5): 6 = 7.51 (t, 3H), 7.76
(d, 2H), 7.78 (d, 1H), 8.60 (s, 1H), 8.81 (d, 1H) ppm.

Synthesis of [Fe™(™°L),]Cl0,4 (12). To a solution of HML
(351 mg, 1.37 mmol) in 20 mL of acetone was added an aqueous
solution (10 mL) of iron(III) nitrate (284 mg, 0.81 mmol). To the
mixture was added excess EtyNCIO,4 (987 mg, 4.3 mmol), and
the resulting dark green solution was allowed to stand for 4—5
days to afford 12 as dark brown crystals. They were collected by
suction filtration, washed with a minimum amount of acetone,
and dried in vacuo. Yield 310 mg (66%)

Elemental analysis (%) calcd for FeCrgH»6INgOoCl (12 H,0):
C 49.32, H 3.85, N 12.32; found: C 49.23, H 4.24, N 12.15. IR
(em™1): w(CO) 1758 (s); W(ClOy4) 1095 (s).

Synthesis of [Fe™(B'L),]C10,4 (13). To a solution of HE'L
(500 mg, 1.4 mmol) in 70 mL of acetone was added an aqueous
solution (20 mL) of iron(III) perchlorate (384 mg, 0.83 mmol).
The brown suspension was stirred at room temperature for 5 h,
and the resulting orange solution was allowed to stand for 1—2
days to afford 13 as orange crystals. They were collected by
suction filtration, washed with a minimum amount of acetone,
and dried in vacuo. Yield 350 mg (56%)

Elemental analysis (%) caled for FeCyoHs4NgO,,C1 (13- 3H,0):
C 5421, H 6.14, N 9.48; found: C 54.27, H6.02, N 9.61. IR (cm '):
W(CO) 1758 (s); W(ClOy4) 1758 ().

Synthesis of [Fe"(*"L),]C10,4 (14). To a solution of H""L
(530 mg, 1.3 mmol) in 140 mL of acetone and 15 mL of methanol
was added an aqueous solution (20 mL) of iron(I1I) perchlorate
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(384 mg, 0.83 mmol). The obtained orange solution was allowed
to stand for 1—2 days to yield 14 as orange crystals. They were
collected by suction filtration, washed with a minimum amount
of acetone, and dried in vacuo. Yield 220 mg (36%).

Elemental analysis (%) caled for FeCysH34NgOoCl
(14-H,0): C 61.98, H 3. 68, N 9.04; found: C 61.60, H 3.97, N
8.99. IR (cm ™ "): W(CO) 1758 (s); v(ClOy) 1758 (s)

Preparation of catena-[Fe"(Cl0,4)(H,0){Fe™(™°L),}](Cl0),-
2MeNO; - H,0 (2:2MeNO; - H,;0). To a nitromethane solution of
12-H,0 (10 mM, 2 mL) was added a solution of [Fe'(H,0)]-
(ClOy); (7.24 mg, 20 umol) in one drop of water. The resulting
solution was allowed to stand for 2 weeks, during which time black
rod-like crystals of 2-2MeNO, - H,O suitable for X-ray crystallo-
graphy formed. They were collected by using filtration under a
nitrogen atmosphere and washed with a minimum amount of
nitromethane. Yield 1.0 mg, 4.7%.

Elemental analysis (%) caled for Fe,Cs;oH34NgO4,Cls
(2:2MeNO,-H,0): C 3347, H, 3.18; N, 10.37; found: C 33.31, H
3.39, N 10.32.

Preparation of catena-[Fe"(C104)(H,0){Fe™(®"L),}1(Cl10,),-
3.5MeNO, (3:3.5MeNOQO,). Complex 3-3.5MeNO, was synthe-
sized similar to 2-2MeNO, using 13-3H,0 instead of 12-H,O.
Black needle-like crystals of 3-3.5MeNO, suitable for X-ray
crystallography grew from the reaction mixture in 3—4 days.
They were collected by using filtration under nitrogen and
washed with a minimum amount of nitromethane. Yield 30.6%.

Elemental analysis (%) caled for Fe,Cy3Hs9NgO»3Cl5
(3:3.5MeNO,): C 39.62, H 4.62, N 10.09; found: C 39.78, H
4.65, N 9.88.

Preparation of catena-[{Fe"(Cl04)(H,0)Fe"(H,0),}¢.5{Fe™-
(""L);}1(C104),.5-4EtNO, (4-4EtNO,). To a nitroethane solu-
tion (2mL) of 14- H,O (18.6 mg, 20 umol) was added a solution of
[Fe"'(H,0)6](ClOy), (7.24 mg, 20 umol) in one drop of methanol.
The resulting solution was allowed to stand for 1—2 days, during
which time black needle-like crystals of 4-4EtNO, suitable for
X-ray crystallography formed. They were collected by using
filtration under a nitrogen atmosphere and washed with a mini-
mum amount of nitroethane. Yield 5.4 mg, 18.2%.

Elemental analysis (%) caled for Fe,CsqHssNj9O,s.5Cls
(4-4EtNO,): C 45.02, H 3.71, N 9.37; found: C 44.93, H 3.78,
N 9.20.

Magnetic Measurements. Magnetic susceptibility measure-
ments were performed on a Quantum Design SQUID magneto-
meter MPMS-5S. The solvated samples 1:3MeNO,, 2-2Me-
NO,-H,0, 3:3.5MeNO,, and 4-4EtNO, were encaged into
closed capsules or covered with grease to avoid the removal of
solvent molecules. Since the dried samples were hygroscopic,
completely dried samples 1, 3, and 4 were prepared in a glovebox
and attached quickly to the equipment to avoid the exposure to the
air. The direct current (dc) measurements were performed in the
temperature range of 2.0—300 K and in a field range from —50 to
50 kOe. The alternating current (ac) measurements were per-
formed at various frequencies from 5 to 997 Hz with an ac field
amplitude of 3 Oe and no dc field applied. Diamagnetic corrections
for the samples were determined from Pascal’s constants.

The investigation of dc susceptibility in the temperature
range of 0.5—1.8 K was made on an iQUANTUM iHelium3
apparatus.

Crystal Structure Analyses. Single crystal X-ray data were
collected at low temperature ona Bruker AXS SMART-APEX/
CCD area detector using graphite monochromated Mo Ko
radiation (0.71079 A). The 1nten51ty data were empirically
corrected for absorption with using the program SADABS 16
The structures were solved by direct methods using SIR97,'® and
structure refinements were carried out using Full-matrix least-
squares calculations (SHELXL-97).'® Non-hydrogen atoms
except for some solvent molecules and disordered molecules

(16) SHELXTL, PC Package; Bruker, AXS Inc.: Madison, W1, 1998.
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were refined anisotropically, and the hydrogen atoms were
treated using a riding model.

X-ray powder diffraction patterns were collected on a Rigaku
RINT 2500 powder diffractometer with Bragg—Brentano geo-
metry using Cu Ko radiation (1.5418 A)

Thermo-Gravimetry (TG) Measurements. TG measurements
were carried out under a dry nitrogen atmosphere on a Shimadzu
DTG-60H analyzer.

Results and Discussions

Structures. The structure for 1-3MeNO,, which has
already been reported and discussed,’ is presented to-
gether with the other chain complexes for the compari-
son. Crystal structures of the complexes are shown in
Figures 3 and 4, and crystallographic data for all com-
plexes are summarized in Table 1. Each of these com-
plexes is co I[I)osed of an alternate arrangement of Fe''
ions and {Fe'"(L),} units (L = bpca~ and its derivatives)
to form mixed-valence infinite chains. The equatorial
sites of the octahedral Fe' ions are occupied by four
carbonyl oxygen atoms from two {Fe'"(L),} units, and
the axial positions are occupied by water molecule(s) and/
or perchlorate ion(s), depending on the complex.

Compound 2-2MeNO,-H,O crystallized in the tricli-
nic space group Pl (Z = 42. The unit cell included two
independent pairs of {Fe™(™°L) ,}* and {Fe'"(ClO,)-
(H,0)} " units with similar structures and two MeNO,
molecules and a water molecule per each Fe''/Fe' pair as
solvents of crystallization. The formula of complex 2 was
determined to be [Fe''(Cl04)(H ,0){Fe'(M°L),}](CIO 4),
which includes one water molecule and one perch-
lorate ion axially coordinated to the Fe'' ions. Selected
bond distances for each complex are summarized in
Table 2.

Complex 3-3.5MeNO, crystallized in the monoclinic
space group P2/n (Z = 42 The structure contains an
independent pair of {Fe'(®'L),}™ and {Fe"(ClOy)-
(H>0)}" units and three and a half MeNO, as sol-
vents of crystallization. The Fe'' ions in 3-3.5MeNO,
are coordinated by one water molecule and one perchlo-
rate anion in axial positions similar to 2-2MeNO, - H,O.

The structure of complex 4-4EtNO, was more compli-
cated compared to those of 2:2MeNO,-H,O and
3:3.5MeNO,. 4-4EtNO, crystallized in the monoclinic
space group P2;/n (Z = 8). In the structure, there is a
crystallographically independent array of {Fe'"(""L),} *,
{Fe''(Cl04)(H,0)} ", {Fe'"'(""L),} ", and {Fe''(H,0),}*"
units arranged in an alternating manner to form infinite
chains. The complex includes two different Fe'' ions in
axial coordination patterns in which a water molecule and
a perchlorate ion are coordinated to one and two water
molecules to the other. Many solvent molecules were
included in the cell showing heavy disordering, and exact
analyses were hard to be carried out. From the elemental
analysis as well as the thermo-gravimetric measurement,
eight EtNO, molecules were found per each Fe''/Fe''!/
Fe''/Fe'' array giving the formula of catena-[{Fe"'(ClO,)-
(H20)}{Fe'"'( hL)z}{Fe“(HZO»}{Fe“‘(l’hpr(CIOos
8EtNO,, which is written as catena-[{Fe"(ClOy4).s-
(H,0);.5}{Fe'(""L);})(Cl04)2. 5+ 4ENO,  (4-4EtNO,)
hereafter.

In all complexes, each high- sgln Fe'' ion in the {Fe'-
(C104)(H>0)} " or {Fe''(H,0),}*" unit has an elongated
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Figure 3. ORTEP drawings of the cationic parts of (a) 1-3MeNO, with symmetry operation (*): —0.54+x, 0.5—y, 0.5+z, (b) 2:2MeNO, - H,O with the
symmetry operation (¥): +x, —1+y, =14z, (c) 3-3.5MeNO, with the symmetry operation (*): 0.5+x, 0.5—y, 0.5+z, and (d) 4-4EtNO, with the symmetry
operation (*): 0.5+x, 0.5—y, 0.5+z, with the selected atom numbering scheme based on the unique atoms (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity.

2:2MeNOxH.0

Figure 4. Arrangement of two adjoining chains in four complexes.
Ligands are represented by the space filling models.

octahedral coordination sphere with four equatorial car-
bonyl oxygen atoms (Fe—Ocarbonyt = 2.057(3)—2.077(3)
A, 2.069(3)—2.082(3) A, and 2.050(4)—2.100(5) A for
2:2MeNO,-H,0, 3-3.5MeNO,, and 4-4EtNO,, res-
pectively) and two axial oxygen atoms from a perchlorate
ion (Fe—Opercnioraie = 2-141(3) and 2.143(3) A, 2. 167(3)
A, and 2.101(13) A for 2:2MeNO,-H,0, 3-3. 5MeNOz,
and 4. 4EtN02, respectively) and a water molecule
(Fe—Ouyatey = 2.117(3) and 2.132(3) A, 2.086(4) A, and
2.131(3) A for 2:2MeNO,-H,0, 3-3.5MeNO,, and

4-4EtNO,, respectively) or two water molecules (2.120(3)
and 2.168(3) A for 4-4EtNQO,). The shortest intrachain
Fe'l—Fe!!! distances were estimated to be 5.2155(9) A,
5.2294(11) A, and 5. 2012(195), respectlvely These dis-
tances were slightly longer than that in 1-3MeNO, by
0.0135 A to 0.042 A.

As shown in Figure 4, each chain lies along the b+c
vector in 2:2MeNO,-H,O and along the a+c¢ vector in
3:3.5MeNO, and 4-4EtNO,. The distances between the
chains possessing the large substituents (zert-butyl or
phenyl) were longer, of which the interchain Fe—Fe
distances are listed in Table 2. Especially in the case of
4-4EtNO,, interchain w—x stacking with C---C dis-
tances of ~3.72 A and CH—u interaction with C---H
distances of ~3.73 A were found between the pyridyl
moieties and phenyl moieties, respectively (Supporting
Information, Figure S3). The interchain interactions and
arrangements were not uniform, the disturbance occurred
in the {Fe™(*L),}* units arrangement, and that would
cause the disturbance of the equatorial coordination
geometry of {Fe''(H,0),}*" unit from elongated octahe-
dral geometries. The shortest interchain Fe—Fe distance
was estimated to be 11.774(3) A (Fe''— Fe”) however, the
chains of 4-4EtNO, interacted, meaning that interchain
magnetic interactions could be valid for 4-4EtNO,.

In all complexes, each Fe'' ion is surrounded by four
carbonyl oxygen atoms in a planar manner, and each Fe'"!



Article

Table 1. Crystallographic Data for 1:3MeNO,, 2:2MeNO,-H,0, 3:3.5MeNO,, and 4-4EtNO,
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1-3MeNO, 2:2MeNO,-H,0 3-3.5MeNO, 4-4EtNO,
empirical formula C,7H,5Cl3Fe;NgOss C30H3,CliFe;NgOss Cy3.5Hs5.5Cl3Fe;Ng 5054 Cs6Hs5ClFe;N 19055 5
formula weight 1045.61 1074.69 1316.55 1494.15
temperature/K 200(2) 100(2) 100(2) 100(2)
wavelength/A 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic monoclinic
space group P2,/n P1 P2,/n P2,/n
a/A 13.701(3) 13.7728(16) 15.207(2) 12.5869(13)
b/A 18.414(4) 16.1281(19) 21.014(3) 24.806(3)
c/A 15.352(3) 19.790(2) 19.542(3) 40.164(4)
o/deg 109.849(3)
p/deg 90.469(9) 91.070(3) 107.860(4) 93.120(3)
y/deg 90.302(3)
VA 3872.9(15) 4133.8(8) 5943.7(14) 12522(2)
Z 4 4 4 8
density (caled.)/g cm 1.793 1.727 1.471 1.585
absorption coeff./mm ™" 1.057 0.992 0.708 0.685
F(000) 2116 2188 2724 6144
reflections collected 21541 41980 32236 80535
independent reflections (R(int)) 5918 (0.1578) 18980 (0.0997) 12618 (0.0781) 24602 (0.1619)
data/restraints/parameters 5918/0/558 18980/0/1180 12618/0/762 24602/0/1571
goodness-of-fit on F* 1.043 0.801 0.878 0.847
Rl and wR2 (I > 20(1)) 0.0851, 0.2307 0.0531, 0.0985 0.0688, 0.1594 0.0842, 0.1894
R1 and wR2 (all data) 0.1283, 0.2454 0.1192,0.1075 0.1406, 0.1815 0.2068, 0.2198

largest diff. peak and hole/e A

0.823 and —0.563

Table 2. Selected Atom- - - Atom Distances (A)

1.036 and —0.997

1.055and —1.111

1.654 and —0.703

complex 1-3MeNO, 2-2MeNO,- H,0 3-3.5MeNO, 4-4E(NO,
Fe'=0 a1 (C1O4) 2.119(6), 2.159(7) 2.141(3), 2.143(3) 2.167(3) 2.101(13)
Fe!'—0,0 (H0) 2.117(3), 2.132(3) 2.086(4) 2.120(6)—2.168(6)

Fe _Oeqatrial
Fe- - -Fe (intrachain)
Fe- - -Fe (interchain)®

2.030(6)—2.077(6)
5.1878(19), 5.1954(19)
10.011(2)

2.057(3)—2.077(3)
5.2155(9)—5.2346(9)
9.5549(11)

2.069(3)—2.082(3)
5.2294(11), 5.2560(11)
10.6864(19)

2.050(5)—2.100(5)
5.2012(15)—5.2522(15)
11.774(3)

“Only the shortest one is given.

ion is coordinated by two bpca™ analogues in an ortho-
gonal manner. To estimate the effects of steric repulsion
from the adjoining chains, which is induced by the sub-
stituents on the pyridyl groups, deviations from the ideal
plane of the four oxygen atoms around the Fe'' ions,
as well as from the ideal orthogonal coordination of the
two bpca~ analogues around Fe'", were considered. As
shown in Figure 5, the former was estimated from a larger
dihedral angle(s), 6,, between two O; coordination planes
including three carbonyl oxygen atoms surrounding the
Fe'' ion(s) (01/02/03* and 02/03*/04* for complex 1,
for example), and the latter was estimated from the di-
hedral angles between the two O—C—N—-C—0O planes
surrounding one Fe'"! ion bound through imide nitrogen
atoms (0y,). The values are summarized in Table 3. The
orthogonality of the two chelating sets (0y) is close to the
ideal one for all complexes reflecting the rigid fac-coordi-
nation of the bpca™ analogues, which is essential for the
formation of twisted XY systems. On the other hand,
the 6, values clearly indicate that the larger substituent
groups cause a greater distortion to the coordination
geometries around Fe(II) ion, especially in the case of
aromatic phenyl groupsin 4-4EtNO,. For 4:-4EtNO,, the
deviation from ideal O4 plane was remarkably large,
which should weaken the easy-plane anisotropy of the
Fe''ions itself. We concluded that the uniaxial anisotropy
of 4-4EtNO, would be reduced, which is disadvanta-
geous in relation to the SCM behavior.

The Fe'' ions in these complexes have an elongated
octahedral coordination surrounded by four carbonyl

Figure 5. Dihedral angles of two bpca™ analogues around Fe(Il) ion
(0,) and Fe(III) ion (6,), which were estimated to evaluate the deviation
from the ideal equatorial coordination for the former and from the
orthogonal arrangement of the easy-planes for the latter.

Table 3. Dihedral Angles (deg) Used to Evaluate the Coordination Geometry and
the Degree of the Divergence of Orthogonal Arrangement of the Easy-Planes

0, (deg) 0y, (deg)
1-3MeNO, 0.53) 80.4(2)
2-2MeNO,-H,0 3.10(15), 3.46(16) 84.97(6), 89.35(6)
3-3.5MeNO, 3.65(15) 80.26(10)
4-4EtNO, 17.6(3), 17.9(3) 84.61(19), 84.4(2)

oxygen atoms from two bpca™ analogues as equatorial
donor atoms. The sz-donor character of Oc,rbonyi Splits the
tr, orbital into e, and b,, orbitals, and therefore the
orbital angular momentum should be quenched as found
in 1-:3MeNO,.° The ground state of the Fe'l jons is 5B2g
rather than 5T2g. This coordination geometry leads to
easy-plane anisotropy (D > 0), showing that the S = 2
spin on Fe'' ions is located in the equatorial plane
involving the carbonyl oxygen atoms.
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1-3MeNO2

2:2MeNO2-H20

Figure 6. Packing diagram of all compounds viewed from the chain
directions. Blue and gray spheres denote cationic chains, green spheres
denote perchlorate anions, and pink areas denote the pores.

The cylindrical voids form along the chain axis which
are surrounded by four chains in 1-3MeNO,, 2-2Me-
NO,-H»0, and 4:-4EtNO,, and two chains in 3-3.5-
MeNO,, as shown in Figure 6. Solvent molecules as well
as coordination-free perchlorate anions occupied these
voids in a slightly different fashion depending on the
complexes. Three nitromethane molecules in 1:3MeNO»
are loosely bound in the pore, and they gradually escape
even at room temperature (complete to release for nearly
100 h)."" In the case of 2-:2MeNO, - H,0, the pores were
filled with two coordination-free perchlorate anions, two
nitromethane molecules, and a water molecule. The per-
chlorate anions occupied constricted positions in the
voids, which act as spikes, and as a result, the solvent
molecules are not easily removed from 2-2MeNO, - H,O.
As described above, 4-4EtNO, contains many larger
solvent molecules which are loosely fixed in the pore
showing strong disorder, and loss of them could cause a
drastic change in the structure of the chain moiety which
will be discussed below.

Structural Changes upon the Loss of Crystalline Sol-
vents. To determine the ease by which the solvent mole-
cules are released, weight loss was measured by using
thermo-gravimetric technique for the sample held at a
constant temperature of 30 °C under a dry N, atmosphere
(Supporting Information, Figure S4). The solvent mole-
cules in 2:2MeNO»-H»O remain for several hours since
the voids are capped by the perchlorate anions. Com-
plexes 3-3.5MeNO; and 4-4EtNO, released their solvent
molecules similar to 1-3MeNO,.!! However, the release
of molecules was complete in about 30 h, which is much
faster than that for 1:3MeNO, (~100 h), because the
voids of these compounds are larger because of the larger
substituent groups such as fert-butyl and phenyl groups.
The weight loss was about 15% for 3-3.5MeNO, and
18% for 4-4EtNO,, which correspond to the loss of 3.5
MeNO; molecules for the former (calculated as 16%) and
4 EtNO, molecules for the latter (calculated as 20%).
Elemental analysis also supported the complete loss
of solvent molecules and the exchanging with water
molecules from the atmosphere (see Supporting Infor-
mation, Table S4). Since the dried samples should show
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Figure 7. Powder X-ray diffraction pattern measured for dried and
resolvated samples of 3 (top) and 4 (bottom) accompanied by simulated
patterns based on the single crystal data.

different magnetic behavior from that of the solvated
complexes, hereafter, we distinguish between the solvated
samples as 1:3MeNO», 2:2MeNO,-H-0, 3:3.5MeNO,,
and 4-4EtNO, and dried samples as 1, 3, and 4, res-
pectively.

To confirm the structures of dried samples, X-ray
powder diffraction (XRPD) analyses were performed
on the powdered samples, which were prepared by crush-
ing the crystals under N, and drying for 12 h in the
glovebox. In Figure 7, the XRPD patterns of the dried
samples were compared with simulated patterns calcu-
lated from the single crystal diffraction data of the
solvated samples. Complexes 1'' and 3 were still crystal-
line after complete drying, and their XRPD patterns were
different from 1-3MeNO, and 3-3.5MeNO, (Supporting
Information, Table S4). We have reported that the space
group of 1:3.5MeNO, changes from P2;/n to C2/c when
half of MeNO, molecules are removed by drying.'' A
similar change in the crystal system and/or space group
occurred upon drying to produce complex 3. After an
exposure of 3 in the vapor of MeNO,, the complex was
solvated again to give a sharp XRPD pattern which is
very similar to that of the simulated one for the single
crystal of 3:-3MeNO»; however, the reversibility is not
complete, and after the second drying process, the pat-
tern lost some signals which were observed after the first
drying process (Supporting Information, Figure S5). No
XRPD pattern was observed in the high 6 range for
complex 4, implying that it became amorphous. The
amorphous character was maintained after an exposure
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Figure 8. Temperature dependence of yp7 for 1-3MeNO, (top left),
2-2MeNO,-H,O0 (top right), 3-3.5MeNO, (bottom left), and 4-4EtNO,
(bottom right) measured under the magnetic field of 100 Oe. The solid
lines are guides for the eyes.

of 4 in the vapor of EtNO,. In other words, the solvent
molecules in the voids of 4:4EtNO, highly stabilize the
crystal structure.

Magnetic Properties. DC magnetic measurements were
performed on polycrystalline samples between 300—1.8 K
in magnetic field of 100 Oe (Figure 8). 2:2MeNO,-
H>0, 3:3.5MeNO,, and 4-4EtNO, showed temperature
dependences of the y\ 7 values similar to that of 1-3-
MeNO,. The yuT values of each compound decreased
upon lowering the temperature, suggesting the presence
of antiferromagnetic interactions between adjoining
metal ions through the bpca™ derivative ligands.

The ypT values for 2:2MeNO,-H,O decreased from
3.46 cm® K mol ™', which is slightly larger than the
expected spin only value of 3.37 cm® K mol~! for one
Fe'' ion (S = 2, high-spin) and one Fe'" ion (S = 1/2,
low-spin) with an average g value of 2, upon lowering the
temperature to 20 K. On lowering the temperature, the
xm T values increased abruptly, reaching a maximum
value of 12.67 cm® K mol~" at 1.8 K. This temperature
dependence of the y\ 7 values for 2:2MeNO,-H,0 is
clearly consistent with the presence of a ferrimagnetic
arrangement of adjoining spins.

The ym T values for 3-3.5MeNO, decreased from 3.98
em® K mol ™' (300 K), which is again slightly larger than
the expected spin only value given above, upon lowering
the temperature down to 20 K. Below 20 K, the ypmT
values increased abruptly, reaching a maximum value of
29.57 cm® K mol ™' at 1.8 K.

The ypmT values for 4-4EtNO, decrease from 3.08 cm?
K mol ' at room temperature to give the minimum value
at 12 K. Then the ym7 values increased leaching to
a maximum value of 6.39 cm® K mol ™" at 1.8 K. The
maximum value of yy; 7 is roughly related to the correla-
tion length of the SCM at that temperature, and the
smallest value observed for 4-4EtNO, implies that the
magnetic correlation length of this complex is shorter
than others.

The character and the degree of magnetic anisotropy of
the Fe'' ion could be estimated from the yn7—T curves,
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Figure 9. Magnetic measurements on oriented single crystals of 3-3.5-
MeNO, with the field applied along the chains (squares) and perpendi-
cular to the chains (circles). Temperature dependence of the yy; 7 at below
100 K with the theoretical lines corresponding to the best fits obtained
with the spin Hamiltonian (see text). Inset: Field dependence of the
magnetization at 1.8 K.

which were measured for single crystal(s) in a magnetic
field applied parallel and perpendicular to the chain axis.
Since only single crystals of 3-3.5MeNO, were large
enough to perform this experiment, the exchange inter-
action between adjoining Fe''—Fe'! ions (J) and the
single ion magnetic anisotropy of Fe'' (D) were estimated
only for single crystals of 3-3.5MeNO,. Needle-like single
crystals were oriented in one direction, and the magnetic
susceptibility data were collected with the field applied
along the needles and from the side of the needles, which
are parallel (crystallographic a+c vector) and perpendi-
cular to the chain, respectively (Figure 9). The anisotropy
of the susceptibility was observed below 40 K. When the
field was applied along chain, the y\ 7T values abruptly
increased on lowering the temperature, which suggests
the presence of an easy-axis in this direction. The anisot-
ropy was also confirmed by the field dependence of
magnetization (at 1.8 K, see inset of Figure 9), which
quickly saturated when the field was applied along the
chain; however, no saturation was found when the field
was applied perpendicular to the chain. The temperature
dependence of y\; 7 was analyzed using the following spin
Hamiltonian:

= - 2JZ[S4i'S4i+1 +S4iv1°S4ir2+ S4ip2-Saig3
+ S4i 43 'S4i+4] +D Z[(SI,)Z + (Sii+2)2} + Hzeeman
i

(1)

where S;is either an S = 2 spin for Fe'' for even values of

joran S = 1/2 spin for Fe' for odd values of j, J is the

superexchange interaction between neighboring Fe'' and
Fe'! jons in the chain, and D is the uniaxial zero-field
splitting parameter for Fe' spins. The chain is lying along
z-axis, and magnetic easy-planes are parallel to the zx-
plane for the spins of j = 4i (S¥4,) or the yz-plane for the
spins of j = 4i+2 (8”4;4»). Using a mean-field approxi-
mation of the Hamiltonian, the parameters J/kg and D/ky
were estimated to be —6 and +18 K, respectively. We have
reported that the J/kg and D/kg values for 1-nMeNO,
(3 > n) are approximately —9 and +24 K, respectively,
using the same Hamiltonian.”® The overall easy-axial
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Figure 10. Temperature dependences of y,’ of 4-4EtNO, (open circles)
and 4 (filled circles) under zero-field. The solid lines are guides for the eyes.

anisotropy of the chain arises from the twisted arrange-
ment of easy-plane of the Fe' ions along the chain.

In the crystal structure of 4-4EtNO,, close Cphenyi—
Cphenyt and C—H contacts were found, indicating the
presence of interchain magnetic interactions through
w—m and CH—u stacking. However, on the bases of the
xm’ versus T plots (Figure 10), interchain interactions
associated with the Curie or Néel point, which implies the
presence of long-range ordering, were not found above
1.8 K. Therefore, interchain interactions through the
overlapping of the phenyl groups are negligible in this
temperature range.

AC magnetic measurements were performed on ran-
domly oriented microcrystalline samples of 2-2MeNO,-
H,O and 4-4EtNO, in the temperature range 1.8—3.5 K
and randomly oriented microcrystalline sample of 3-3.5-
MeNO; in the range 1.8—4.0 K, respectively. Figure 11
shows the ac susceptibility features of all compounds
measured at various ac frequencies (5—997 Hz). Below
3.5 K, the ac susceptibilities, ' and yn”/, which are the
in-phase and out-of-phase components, showed strong
frequency dependences for each compound, which rules
out a three-dimensional transition and suggests a pre-
sence of a thermally activated relaxation process. When
the temperature was lowered, the yy, signal increased to a
maximum value and then decreased accompanied by the
appearance of the yy/’ signal, which was attributed to a
blocking process of magnetization. When the thermal
energy is not sufficient for the reverse of the magnetiza-
tion, the peak tops of the yn/’ signal appear at each
frequency at different temperatures. Below the tempera-
ture for the appearance of the peak tops, the motion of the
entire magnetization becomes frozen, and this tempera-
ture is defined as the blocking temperature (7). The ac
response disappears at temperatures less than 7. 2-2Me-
NO,-H»0 and 3-3.5MeNO, have a value of Ty similar
to 1-3MeNO; (T at 997 Hz: 2.3 K for 1:3MeNO,, 2.3 K
for 2-2MeNO,-H,0, 2.8 K for 3-3.5MeNO,), whereas
4-4EtNO, has lower Ty (2.0 K at 997 Hz) compared to
that of 1-3MeNO,. This implies that a structural pertur-
bation changes the SCM behavior in this twisted arrange-
ment of easy-plane system. Nearly semicircle Cole—Cole
diagrams (yn” versus yn/, Figure 12) were obtained
for all compounds at fixed temperatures, and they were
analyzed by using a generalized Debye model, wherein
the oo parameter quantifies the width of the relaxation
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Figure 11. Temperature dependence of the real yy," (filled circles) and
imaginary yn” (open circles) components of the ac susceptibility mea-
sured in zero applied field. The solid lines are guides for the eyes.

time (7) distributions.'” Indeed, the experimental data of
all compounds were well reproduced with small a values:
0.22(5)—0.25(2) for 2:2MeNO,-H,0, 0.13(2)—0.19(2)
for 3-3.5MeNO,, and 0.27(2)—0.28(5) for 4-4EtNO,.
The small o values indicate that the relaxation occurred
via a single relaxation process, and thus, the relaxation
time can be obtained from the Arrhénius equation:

T = 10exp(A/kpTs), T = (av)

where 7, is a pre-exponential factor characteristic of the
system, A is the activation energy barrier, and kg is the
Boltzmann constant. From Arrhénius plots (Figure 13),
the values of 7o and A/kg were estimated for 2-2Me-
NO,-H»0 and 3-3.5MeNO,, which are summarized in
Table 4. Since only a few y\/’ peak tops were observed
above 1.8 K for 4-4EtNO,, the analysis could not be
performed for this complex.

Compounds 2-2MeNO, - H,O and 3- 3.5MeNO, showed
typical SCM character above 1.8 K, which is similar to

(17) (a) Aubin, S. M. J.; Sun, Z.; Pardi, L.; Krzystek, J.; Folting, K.;
Brunel, L.-C.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N. Inorg.
Chem. 1999, 38, 5329. (b) Cole, K.; Cole, R. H. J. Chem. Phys. 1941, 9, 341.
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1:3MeNO:.. In the case of 4-4EtNO,, although we could
not quantitatively analyze the Arrhénius plot, the relaxa-
tion process of magnetization in 4-4EtNO, occurs via a
single relaxation process similar to the other compounds.
Therefore, if the twisting arrangement of easy-planes of
Fe'' ions is retained upon the introduction of various
substituents on bpca, each compound should have SCM
character similar to that of 1-3MeNO,. 1:3MeNO,, 2-2-
MeNO,-H,0, and 3-3.5MeNO, showed very similar
magnetic properties down to 1.8 K, and the effects of
the substituents on the interchain interactions were rather
small for them.

To investigate a presence or an absence of interchain
magnetic interactions, we determined the magnetic beha-
viors of 1:3MeNO, and 3:3.5MeNO, in a lower tem-
perature range down to 0.5 K. In 1-3MeNO,, an inter-
chain antiferromagnetic interaction appeared at 1.0 K,
which was observed as a sigmoid curve in the magnetiza-
tion process correlated with the metamagnetic behavior
(Figure 14). At 0.5 K, a hysteresis curve characteristic of a
three-dimensional bulk magnet with a coercive force, H,
of 300 Oe was obtained. These were backed by the data of
heat capacity measurements on single crystals, which
showed a typical A-type shape around 1.0 K, indicating
the presence of long-range ordering at this temperature
(Supporting Information, Figure S6). 1-3MeNO, under-
went a phase transition from isolated SCM to a bulk
magnet, which interacts with the surrounding chains.

On the other hand, the absence of long-range ordering
in 3:3.5MeNO, was confirmed from the magnetization

3 1-3MeNO,

2-2MeNO,-H,0

=)

"/ cm® mol !
5

o
o

0.0
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curve, which did not have a sigmoid shape down to 0.5 K,
because of a wider interchain separation caused by the steric
tert-butyl groups (Supporting Information, Figure S7).
3-3.5MeNO; maintained SCM character down to 0.5 K,
and the results show that bulky substituents can be used to
control the interchain magnetic interactions.

Solvent Induced Change of Magnetic Properties. To
investigate the effects of the absorption/desorption of
the crystalline solvent molecules on the magnetic proper-
ties, the temperature dependence of the magnetic sus-
ceptibilities data of freshly prepared solvated samples
(1-3MeNO,, 3-3.5MeNO,, and 4-4EtNO,) and comple-
tely dried samples (1, 3, and 4), which were prepared by
the keeping of the crystalline solvated complexes under a
dry nitrogen atmosphere, were investigated (Figure 15).
Complex 2:2MeNO, retained its crystalline solvents
under the drying conditions, and thus, the temperature
dependence of magnetic susceptibilities did not change
(Supporting Information, Figure S8).

The yn T values of solvated and dried samples at room
temperature were almost similar to each other (4.49, 3.98,
and 3.08 cm® K mol ™! for 1-3MeNO,, 3-3.5MeNO,, and
4-4 EtNO», and 4.39, 3.64, and 3.15 cm® K mol ! for 1, 3,
and 4, respectively). Below 20 K, both 1 and 3, which
maintained their crystallinity under the drying condi-
tions, showed similar temperature dependences of yp 7.
The dependences were typical of a ferrimagnetic arrange-
ment of the spins of neighboring Fe'' and Fe"' ions.
1:3MeNO, and 3-3.5MeNO, did not show a peak top
down to 1.8 K, whereas both 1 and 3 showed a peak top.
4-4EtNO, showed a different trend because of the loss of
crystalline solvents. As mentioned above, the y\ T values
of solvated 4-4EtNO, gradually increased with a decrease
in the temperature; however, no peak was observed down
to 1.8 K. On the other hand, the y\ T values of 4 mono-
tonically decreased down to 1.8 K, indicating that there is
no ferrimagnetic spin arrangement of the adjoining Fe"
ions via Fe'"" ion. The interchain magnetic interactions
were investigated on the basis of the yy, versus T plot

Table 4. Magnetic Parameters Obtained for 1:3MeNO,, 2:2MeNO,-H,0,
3:3.5MeNO,, and 4-4EtNO,

P J em?® mol -t compounds Alkg (K) 70 (8) aat24K J/kg(K) D/kg(K)
1-3MeNO, 22.54) 7.6 x107° 021(3)  —8.4(5) +24.1(5)
Figure 12. Cole—Cole diagrams at the fixed temperature. The solid lines 2:2MeNO,-H,O  21.8(18) 1.1 x107% 0.22(5)
represent the least-squares fit obtained with an extended Debye model 3-3.5MeNO, 28.8(3) 5.6x 1077 0.13(17) —572) +17.7(2)
(see text). 4-4EtNO, 0.27(2)
10 10~ 10~
1:3MeNO, 2:2MeNO,*H,0 3:3MeNO,
<]
9t 8
=
& 8
o g 6
c
£ 2L
7+ 4
B
1 1 | 5 1 | 1 (] | 1 | | 1 |
0.40 0.45 0.50 0.55 0.40 0.45 0.50 0.55 060 035 040 045 050 055 060
T K

Figure 13. Arrhénius plots. The solid lines represent the least-squares fits of the experimental data to the Arrhénius equation (see text).
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(Figure 10). The monotonic increase of yy; on lowering
the temperature clearly indicates that the interactions
were negligibly small in 4 in this temperature range.

The frequency dependences of ac susceptibilities of 1, 3,
and 4 were measured under conditions similar to those
for the solvated samples (in-phase components: Support-
ing Information, Figure S9, out-of-phase components:
Figure 16). Below 4.0 K, the yn and yny” values of 1and 3
showed strong frequency dependencies being typical of
SCMs, whereas 4 did not show any out-of-phase signals,
which is consistent with the dc studies shown above. 4 lost
the SCM character during the drying process, indicating
that a transition between a superparamagnetic phase and
a paramagnetic phase occurred.

Semicircle Cole—Cole diagrams of 1 and 3 were ob-
tained with small o values of 0.14(2) and 0.06(2), respec-
tively, from which we concluded that the spin relaxation
occurs via single relaxation process (Supporting Informa-
tion, Figure S10). Therefore, complexes 1 and 3 maintain
the SCM character in both the solvated and the dried
states. The values of Tg were 0.6 K higher for 1 and 1.0 K
higher for 3 than those of the solvated complexes in a
997 Hz ac field. For 1-3MeNO, and 3-3.5MeNO,, the
Arrhénius plots could be analyzed with single lines to
give A/kg values of 22.5(4) K and 28.8(3) K, respectively.
For 1 and 3, finite-size effects were observed, and their
Arrhénius plots had to be fitted with two lines (Figure 17).>>#
The obtained slopes, A;/kg and A,/kg, for the higher
and the lower temperature ranges, were estimated to be

1.0
05
051 4
Z oo
=05
—— 0.5K
—— 0.8K
—— 1.0K
0.0 74——1.4K

0 100 200 300 400
HT'/0eK™

M /Mg

Oe

Figure 14. Field dependences of the magnetization measured on single
crystals of 1-3MeNO, to the easy magnetization directions (chain axis) at
the different temperatures. Inset: The hysteresis curve of magnetization at
0.5 K. The solid lines are guides for the eyes.
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37.4(4) K and 24.9(2) K for 1 and 53(2) K and 32(2) K for
3, respectively. Although detailed theoretical analyses of
the spin relaxation process were impossible because of the
complexity of structures and the spin states because of
the ferrimagnetic character, some information could be
obtained from a plot of In(yn'T) versus 7' (ypm': in-
phase components of the ac susceptibility at 1 Hz),
including the exchange energy (J) of an Ising chain sys-
tem'® (Supporting Information, Figure S11). It is known
that the y\ T value for a ferromagnetic Ising chain shows
exponential behavior defined as yy'T = C exp(Ag/T),
where C, &, and Ag denote the Curie constant, magneti-
cally correlated length, and correlation energy, respec-
tively. For the ideal system, a plot of logarithm of yn/'T
versus 7~ ' should afford a straight line, and Ag, which is
correlated to the magnetic interaction J, can be estimated
from the slope. Although our complexes are not exactly
the case of a ferromagnetic Ising system, such linearity
was found in the temperature range below 15 K, and the
correlation energy could be estimated. The values of
Ag/kg of 1 and 3 (15.5(2) and 14.59(9) K) were two or
three times larger than those of 1-3MeNO,, 3-3.5MeNO,
(5.16(4) and 7.27(2) K). In general, the SCM character
could be described as a function of the magnetic aniso-
tropy parameter D, the exchange interaction J, and the
spin degeneracy S. The increase of Ag values indicate that
the enhancement in the SCM behaviors of complexes 1
and 3 during the drying process is mainly due to the
increase in the J values, which would result in the shrink-
ing of the cell by release of the crystalline solvent mole-
cules. The conversion of the magnetism between those of
solvated 1-3MeNO, and dried 1 has been reported pre-
viously. This complex showed a reversible change be-
tween an enhancement and a weakening of SCM features
after the drying and the resolvating processes. However,
change in magnetism for 3-3.5MeNO, was irreversible
(Figure 18) being related to the structural irreversibility
described above. Although complex 3 behaves as an SCM
after drying/resolvating processes, the enhancement of
SCM behavior was not observed after the second drying
process.

The magnetism of 4-4EtNO, showed a drastic change
from SCM to non-SCM upon the loss of crystallizing
solvent, accompanied with a drastic change from crystals
to an amorphous state, whereas such a dramatic change
was not observed in the cases of 1 and 3. This may be
related to how the solvent molecules occupy the void

60 60 6.
-o- 1-3MeNO, -o- 3*3MeNO, |, —0o— 4-4EtNO,
v -1 50 -3 5% o4
5 )
g 40f 40
¥
) 30
=
(&)
—— — -
= 20 20
s
R \MQ 10}
Oé‘i'é'é;lo P 46‘%'(')02 Ob—— z 46@1502 0 46é%lo z 46%602
T/K

Figure 15. Temperature dependence of y\ T for the solvated and dried condition samples (under 100 Oe). The solid lines are guides for the eyes.
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Figure 16. Imaginary components of the ac susceptibilities of the solvated condition samples (open circles) and the dried condition samples (filled circles)
in a 3 Oe oscillating at the different frequencies (5—997 Hz). Solid lines are guides for the eyes.
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Figure 17. Arrhénius plots for 1 and 3. The solid lines represent the
least-squares fits of the experimental data to the Arrhénius equation
(see text).

space around the chain frameworks. The void space in the
single crystals became larger as the substituted groups
became more bulky, and the number of the occupying
molecules and ions increased as well: one ClO,  and
three MeNO» in 1, two ClO4 and 3.5 MeNO» in 3, and
2.5 ClO4  and four EtNO, in 4. In 1-3MeNO, and
3-3.5MeNO,, the crystalline solvents occupied only
the voids spaces formed among the chain frameworks,
whereas, in 4-4EtNO,, they occupied the void spaces
among and inside the frameworks, which might stabilize
the bulky structure of 4-4EtNO,. In other words, the
solvents in 4-4EtNO, may contribute to the stabilization
of the chain structure more than those in 1-3MeNO, and
3-3.5MeNO,, and thus, a dramatic change was induced
in 4 with the removal of the crystallizing solvents. In the

(18) Coulon, C.; Miyasaka, H.; Clerac, R. Struct. Bonding (Berlin) 2006,
122,163.
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Figure 18. Temperature dependence of yy 7 (left) and estimated A/kg
values (right) of complex 3 measured after some drying/resolvating
processes.

twisted XY system, the easy-axis of the SCM arises from
the strict orthogonal arrangement of the easy-planes of
the Fe'' ions along the chain, and hence, a deviation
from the ideal arrangement of the easy-planes will cause
a reduction in the uniaxial anisotropy, which leads to the
loss of the SCM character. Removal of the crystalline
solvents in compound 4:-4EtNO, could reduce the reg-
ularity in orthogonal arrangement of easy-planes, result-
ing in the complete loss of SCM character. Compound
4-4EtNO, underwent a transition between superpara-
magnetic and paramagnetic states accompanied by a
transition from a crystal state to an amorphous state.

Conclusion

In this study, we synthesized a family of SCMs, of which
the SCM character originated from the spatial arrangement
of high spin Fe' ions with easy-plane anisotropy. Since the
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magnetic anisotropy of the entire chain is strongly correlated
to the orthogonal alignment of the easy-planes as well as
the magnetic interaction between adjoining Fe(II) ions, the
magnetic behaviors of these complexes were very sensitive to
the subtle structural changes, which occurred because of the
introduction of peripheral substitutents as well as the loss
of the crystalline solvent molecules. Although we have
introduced three different substituent groups with different
bulkiness, it had little effect on the core structures of Fe(II)—
Fe(I1I) alternate chains, and the resulting complexes main-
tain an SCM feature similar with the original complex.
Freshly prepared complexes 1:3MeNO,, 2:2MeNO,-H,0,
and 3-3.5MeNO, showed SCM features which is confirmed
from dc and ac susceptibility measurements, exhibiting a
ferrimagnetic character with an antiferromagnetic interac-
tion between adjusting Fe(I) and Fe(III) ions with similar
magnitude, and exhibiting a slow magnetic relaxation at
around 2.5 K with the similar barrier for spin flipping with
the height of 22—29 K. It seems that the presence/absence of
a substitution group at the 4-position of the pyridine ring
does not affect the magnetic behavior from the viewpoint of
electron withdrawing/donating characters. In the case of 4,
a slightly disordered array of the equatorial plane from
the regular orthogonal arrangement was achieved by the
introduction of bulky phenyl groups, and this resulted in a
weakening of the SCM character of 4. We assume that the
weakening of the SCM feature would be due to the structural
factors more than the electronic factors, since the Hammett
parameter o, of phenyl group is very close to that of H. The
introduction of substitutents on the bpca™ ligand is a good
way to control the interchain magnetic behavior, which
affects the long-range magnetic ordering driven by the very
weak interchain interactions down to 0.5 K.

Solvent induced changes in the magnetic properties were
also investigated. Both the solvated and dried forms of 1 and
3 showed characteristics of a SCM, and the energy barrier
A/kg increased with the loss of the crystalline solvents. The
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correlation energies of the Ising spins, Ag, increased as
determined from the semilog plots of ' T versus 7~ '. These
values are related to the exchange energies, J, and therefore,
the removal of the crystallizing solvents enhances magnetic
interactions among the Fe ions, which causes a transition
between two different superparamagnetic states. In the case
of 4-4EtNO,, a transition between superparamagnetic and
paramagnetic states was observed. 4 lost its SCM character
upon the loss of the crystalline solvents, which reduced the
regularity of the orthogonal arrangement of easy-planes and
caused it to become amorphous.

To the best of our knowledge, this is the first observation
of a transition between two superparamagnetic states or
between a superparamagnetic state and a paramagnetic state
for SCMs. This phenomenon appears to be the structural
flexibility and the sensitivity of magnetic properties of the
twisted XY systems.
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