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Abstract: The magnetic properties of the spin-crossover compounds, [Feltga§eMeOH (1) and
[Fe(gsal]NCSeCH,ClI, (2), have been measured. We have discovered that both compbami? exhibit

a wide thermal hysteresis loop of 140 Kt = 352 K andTy2} = 212 K) and 180 K Tyt = 392 K andTy,)

= 212 K), respectively, in the first cycle. Thermogravimetric analysis shows that solvent molecules escape
from compoundd and2 around 340 and 395 K, respectively. This means that the hysteresis loops observed
for the first cycle are only apparent ones. Following the first loop, they show a two-step spin-crossover in
warming mode. The so-called “step 1" and “step 2" are centered ardyneh] = 215 K andTys2f = 282

K, respectively. On the other hand, a one-step spin-crossover occligglat 212 K in cooling mode. The
hysteresis widths can be estimated ®©3K (step 1) and 70 K (step 2), assuming that the widths in steps 1
and 2 are defined as the differences betwBgns:§ andTy2, andTys2f andTi, respectively. The hysteresis
width of 70 K in step 2 is one of the widest values reported so far for spin-crossover complexes. It is thought
that the cooperativity operating in the complexes arises mainly from the intermolacul@ractions between
quinoline and phenyl rings. Using a previously repored model, we are able to simulate the hysteresis loop
with a two-step spin-crossover in warming mode and a one-step transition in cooling mode.

Introduction The spin-crossover phenomenon depends strongly on inter-
molecular interaction%.When the magnitude of these inter-
The design of molecules that could be utilized for information molecular interactions overcomes a threshold value, the spin-
processing and information storage is one of the main challengescrossover phenomenon becomes cooperative. In such a case,
in molecular materials science. The molecules that would be the spin transitions between the LS and HS states may not only
suitable for such applications must exhibit bistability, which be very abrupt but may also occur with a hysteresis effect. The
may be defined as a property of a molecular system that allowspresence of the hysteresis effect is important, because a
it to exist in two different electronic states over a certain range molecular compound that exhibits hysteresis can take two
of external perturbation. A typical example of a molecular different electronic states betwe®p.! and Ty depending on
species that exhibits such a molecular bistability is spin- its history, enabling the fabrication of information storage and
crossover compounds. Since the discovery of the first spin- processing devices. Note thigg,t and Ty are defined as the
crossover compount? a variety of @ (n = 4—7) transition temperatures for which there are 50% high-spin and 50% low-
metal compounds exhibiting bistability between the high-spin Spin states in the warming and cooling modes, respectively. A
(HS) and low-spin (LS) states have been repoftédJsually, compound with a large thermal hysteresis at room temperature
the spin transition phenomena can be induced by a variation of néeds to be developed for practical applicatibAithough many
temperature or of pressure. On the other hand, Decurtins et al.attempts have been made to produce a suitable compound in
showed in 1984 that the spin transition could be induced by Previous studies, so far the production of spin-crossover
illumination$ This finding shows that spin-crossover compounds compounds with such a wide hysteresis is still a challenging
have potential applications as optical switches and data storagdssue. Here, we show that the mononuclear iron(lll) compounds,

devices? [Fe(gsal))NCSeMeOH (1) and [Fe(gqsapjNCSe CH.CI, (2),
where Hgsal is the abbreviation fd¥-(8-quinolyl)salicyl-
T Kanagawa Academy of Science and Technology. aldimine, exhibit a&S= 5, (HS) == S= ¥, (LS) spin transition
I RIKEN Hirosawa. with a wide thermal hysteresis. Furthermore, we report on a
S The University of Tokyo. novel thermal hysteresis loop, i.e., a one-step transition in
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Gltlich, P. Struct. Bonding (Berlin)1981, 44, 83—195. (c) Glich, P.; Chem. Phys. Lettl984 105 1—-4.
Hauser, ACoord. Chem. Re 199Q 97, 1-22. (d) Kéanig, E.Prog. Inorg. (7) Gtlich, P.; Hauser, A.; Spiering, HAngew. Chem., Int. Ed. Engl.
Chem.1987, 35, 527-623. (e) Kmig, E. Struct. Bonding (Berlin).991, 1994 33, 2024-2054.
76, 51. (8) Hayami, S.; Gu, Z. Z.; Shiro, M.; Einaga, Y.; Fujishima, A.; Sato,
(4) Maeda, Y.; Takashima, YComments Inorg. Chert988 7, 41-52. 0. J. Am. Chem. So200Q 122 7126-7127.
(5) Zarembowitch, JNew J. Chem1992 16, 255-267. (9) Kahn, O.; Kider, J.; Jay, CAdv. Mater. 1992 4, 718-728.

10.1021/ja0017920 CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/03/2001



Iron(lll) Spin-Cross@er Compounds

Experimental Section

J. Am. Chem. Soc., Vol. 123, No. 47, 200645

Table 1. Crystal Parameters for Compountignd 2

Synthesis. The ligand N-(8-quinolyl)salicylaldimine (Hgsal) and

[Fe(gsalj]Cl were prepared from 8-aminoquinoline and salicylaldehyde
according to the method described previouéfit. The compound
[Fe(gsa)JNCSeMeOH (1) was prepared by slow addition of a MeOH
solution (30 mL) containing [Fe(gsalfl (0.5 mmol) to a MeOH
solution (30 mL) containing an excess of KNCSe (2 mmol). Thin single
crystals ofl appeared in 2 days. Anal. Calcd fog/8260sNsSeFe

(1): C,59.41; H, 3.81; N, 10.19; Fe, 8.12. Found: C, 59.21; H, 3.70;
N, 10.20; Fe, 8.33. The compound [Fe(qdallCSe CH.Cl, (2) was
prepared by the slow addition of MeOH/@El, = 1:1 solutions (30
mL) containing [Fe(gsad)Cl (0.5 mmol) to MeOH/CHCI, = 1:1
solutions (30 mL) containing an excess of KNCSe (2 mmol). Brown
single crystals appeared in 2 days. The single crystals were washed
with MeOH and dried in air. Anal. Calcd for £H,40.NsCl.SeFe,

(2): C, 55.16; H, 3.27; N, 9.46; Fe, 7.54. Found: C, 55.35; H, 3.48;
N, 9.49; Fe, 7.31. The solvent molecules in the crystals, MeOH and

1 2
formula Q4H2503N58QF€J_ C34H2402N5C|25QF81
formula weight 687.42 740.31
crystal system triclinic triclinic
space group P1(No. 2) P1(No. 2)

A 11.179(3) 11.3501(2)
b/A 13.744(2) 13.9252(5)
c/A 9.894(2) 10.127(1)
o/deg 98.375(7) 98.327(6)
pldeg 106.540(7) 107.055(4)
yldeg 84.202(7) 91.896(2)
VIA3 1438.9(5) 1509.3(2)
z 2 2
Dcadg cnms 1.587 1.629
R1 0.059 0.047
R 0.094 0.65
Ry 0.136 0.121

CHCl,, can be removed by annealing compoui@nd?2 in vacuo at
400 K. The elemental analyses after removing the solvent molecules
are as follows. Calcd for £H2,0,NsSeFe;: C, 60.48; H, 3.38; N,

Table 2. Selected Bond Lengths (A) and Angles (deg) foand 2

10.69; Fe, 8.52. Found (fdr): C, 60.25; H, 3.50; N, 10.57; Fe, 8.41.

Found (for2): C, 60.32; H, 3.43; N, 10.60; Fe, 8.38.
Susceptibility Measurements.The magnetic susceptibilitiegT)
for compoundsl and2 between 5 and 400 K were measured with a
superconducting quantum interference device (SQUID) magnetometer
(Quantum Design MPMS-5S) in an external field of 0.5 T.
MoOssbauer SpectroscopyThe Mssbauer spectra (isomer shift vs
metallic iron at room temperature) were measured using a Wissel MVT-
1000 Mtssbauer spectrometer witlhi"€0o/Rh source in the transmission
mode. All isomer shifts are given relative éeFe at room temperature.
The measurements at low temperature were performed with a closed-
cycle helium refrigerator cryostat (lwatani Co., Ltd.).
Crystallographic Data Collection and Structural Determination.
The brown platelet-shaped crystals dfand 2 with approximate
dimensions of 0.3x 0.3 x 0.01 mm and 0.3x 0.3 x 0.03 mm,
respectively, were mounted in a glass capillary. The temperature of
the crystals was slowly decreased from room temperature to 200 and
230 K for1 and2, respectively, and then the X-ray structural analyses
were carried out. All measurements were made on a Rigaku RAXIS
RAPID imaging plate diffractometer with graphite-monochromated Mo
Ko radiation. Data were collected at 200 and 230 K to a maximédm 2
value of 55.0. For compoundL, of the 10 751 reflections that were
collected, 6079 were uniquéf; = 0.066) and 2550 with > 3o(l)
were used to solve the structure with SIR92. The flRalalues gave
R1 = 0.059 forl > 30(l), R=0.094 andR, = 0.136 for all data, with
a linear absorption coefficiep{Mo Ka) = 18.35 cn1™. For compound
2, of the 14 066 reflections that were collected, 6726 were unigue (
= 0.028) and 4761 with > 3o0(l) were used to solve the structure
with SIR92. The finalR values gaveRl = 0.044 forl > 3o(l), R=
0.061 andr, = 0.116 for all data, with a linear absorption coefficient
u(Mo Ka) = 19.48 cnml. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined. The
pertinent crystallographic parameters are summarized in Table 1.
Thermogravimetric Measurements. Thermogravimetric data for
1 and2 were collected on a Perkin-Elmer DSC-6 instrument over the
300-400 K temperature range under apdés atmosphere. The heating
rate was fixed 82 K min™.

Results and Discussion

Compoundd and2 exist in the LS state at room temperature
when they are synthesized in MeOH and MeOH{CH
solutions, respectively. X-ray analysis was successfully carried
out for compoundsdl and 2 at 200 and 230 K, respectively.

1 2
Bond Lengths
Fe(1)}-0(1) 1.871(6) 1.879(2)
Fe(1-0(2) 1.869(6) 1.875(3)
Fe(1)-N(1) 1.949(7) 1.944(3)
Fe(1-N(2) 1.976(7) 1.985(3)
Fe(1)-N(3) 1.941(7) 1.953(3)
Fe(1)-N(4) 1.971(7) 1.991(3)
Bond Angles
O(1)—-Fe(1)-0(2) 93.8(3) 94.2(1)
O(1)—Fe(1)-N(1) 94.7(3) 94.6(1)
O(1)-Fe(1)-N(2) 175.7(3) 176.4(1)
O(1)—Fe(1)-N(3) 85.3(3) 85.4(1)
O(1)—Fe(1)-N(4) 90.4(3) 90.7(1)
0O(2)-Fe(1)-N(1) 86.6(3) 87.7(1)
O(2)—Fe(1)-N(2) 89.9(3) 88.8(1)
0O(2)—Fe(1)-N(3) 94.5(3) 94.0(1)
0O(2)—Fe(1)-N(4) 175.1(3) 174.2(1)
N(1)—Fe(1)}-N(2) 83.3(3) 83.6(1)
N(1)—Fe(1-N(3) 179.0(3) 178.3(1)
N(1)—Fe(1}-N(4) 95.6(3) 95.1(1)
N(2)—Fe(1}-N(3) 96.6(3) 96.4(1)
N(2)—Fe(1-N(4) 86.0(3) 86.4(1)
N(3)—Fe(1-N(4) 83.3(3) 83.2(1)

the LS state they crystallize in a triclinRl space group. The
single-crystal X-ray analyses dfand?2 revealed that each of
the iron(lll) atoms are octahedrally coordinated by four nitrogen
atoms and two oxygen atoms in two gsal ligands, i.e., &N
donor set. The values of the bond lengths are consistent with
those for typical LS iron(lll) compounds. The +© distances

are shorter than the FeN distances, which induce a pronounced
distortion of the FelO, octahedron. The gsal ligands form
slightly distorted planes. The dihedral angles between the phenyl
ring and the FeO(1)—N(1) chelate ring, between the other
phenyl ring and the FeO(2)—N(3) chelate ring, between the
quinoline ring and the FeN(1)—N(2) chelate ring, and between
the other quinoline ring and the F&I(3)—N(4) chelate ring

for 1 are 3.549, 7.828, 0.639, and 2.928, respectively. On

the other hand, the dihedral angles between the phenyl ring and
the Fe-O(1)—N(21) chelate ring, between the other phenyl ring
and the Fe-O(2)—N(3) chelate ring, between the quinoline ring
and the Fe-N(1)—N(2) chelate ring, and between the other

Their selected bond distances and bond angles are listed in Tabléluinoline ring and the FeN(3)—N(4) chelate ring for2 are

2. Figures 1a and 2a show that when complelkxaad?2 are in

(10) Dickinson, R. C.; Baker, W. A., Jr.; Collins, R. L. Inorg. Nucl.
Chem.1977, 39, 1531-1533.

(11) Oshio, H.; Kitazaki, K.; Mishiro, J.; Kato, N.; Maeda, Y.; Takashima,
Y. J. Chem. Soc., Dalton Tran$987, 1341-1347.

2.430, 9.518, 0.684, and 3.663, respectively. The two
tridentate ligands in the complexes are found to be nearly
perpendicular to one another. The least-squares plane of the
slightly distorted gsal ligands makes an angle of 79.48d
80.44, respectively, with one of the other gsal ligands for
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Figure 2. Molecular structures in the LS state at 230 K. (a) ORTEP
view of 2 showing 50% probability displacement ellipsoids. (b)
Structure of ther—x stacking between complexes. Hydrogen atoms
are omitted for clarity.

(b) aF
Figure 1. Molecular structures in the LS state at 200 K. (a) ORTEP
view of 1 showing 50% probability displacement ellipsoids. (b)

Structure of ther—x stacking between complexes. Hydrogen atoms = 3
are omitted for clarity. E

. 2
and2. The counteranion NCSeand the solvent molecules are E
not located in the first coordination sphere. The crystal structures =
of the solvated. and2 could not be determined in the HS form o5 1

because the spin transition induces cracks in the crystal, making
an X-ray single-crystal study impossible.

The temperature dependence of the magnetic susceptibility oi;o 2“)0 2;0 3(‘)0 3;0 4(')0
for the single crystals of and2 was measured at a rate of 2 K
min~t in the form of theymT versusT curve, wherem is the Temperature | K
molar magnetic susceptibility andthe temperature (Figures 3 Figure 3. 4, versusT plots for 1. The sample was warmed from 5
and 4). TheymT value for1is 0.36 cn K mol™ at 150 K, 10 400 K (a) and then cooled from 40®15 K (¥) in the first cycle,
which is in the range of values expected for the LS iron(lll) and then the sample was warmed from 5 to 40QXgnd then cooled
ion. As the temperature is increased over 150 KythEproduct from 400 b 5 K (V) in the second cycle at a raté ® K min=2.
remained practically constant from 150 to 320 K and then
abruptly increased arounid ;! = 352 K. Theyn,T value at 400 supports the idea that the first hysteresis loop of 140#!(=
K was ca. 4.0 cthK mol™%, showing that the spin transition 352 K andTy2f = 212 K) is an apparent one. Note that a similar
from the LS to the HS state was induced. The spin transition is large apparent hysteresis has been reported for [Fe(hyl€Fz)
directly related to the removal of solvent molecules. Thermo- nitrophenylsulfonate)3H,O by Garcia et at?12 On cooling,
gravimetry (Figure 5) carried out with the same heating rate (2 the ynT value for the nonsolvated compourddwas almost
K min~1) as for the magnetic susceptibility measurements constant from 400 to 220 K and then abruptly dropped around
revealed a continuous loss of mass, starting at room temperatureTy o = 212 K, showing that the HS moieties were restored to
The decrease in mass proceeds rapidly in the temperature rangéhe LS state. A second heating experiment revealed that the
320-360 K. At 400 K, the mass lost is in exact agreement with spin-crossover takes place in a two-step maafiér. The so-
the removal of a MeOH molecule. Elemental analysis also called “step 1” and “step 2" are centered around the temperatures




Iron(lll) Spin-Cross@er Compounds J. Am. Chem. Soc., Vol. 123, No. 47, 200647

aF - . 1.00
(a)
= 3
(=]
2
£ 2
g 0.60 -
~ 1.00
=N

Transmission

Ot i i i I 1
150 200 250 300 350 400

0.85

Temperature | K

Figure 4. ymT versusT plots for 2. The sample was warmed from 5
to 400 K (a) and then cooled from 40@1t5 K (¥) in the first cycle, Velocity { mms-!
and then the sample was warmed from 5 to 40Q:K#nd then cooled

from 400 b 5 K (v) in the second cycle at a raté ® K min~_. Figure 6. 5"Fe M&ssbauer spectra at room temperature (a) before and

(b) after annealing at 400 K fdr. There is a small amount of LS form
in the HS form after annealing, indicating that solvent molecules are

still retained.
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3 220 Figure 7. 5Fe M&ssbauer spectra at room temperature (a) before and
bt (b) after annealing at 400 K f&. There is a small amount of HS form
g 215 in the LS form before annealing, indicating the removal of a small
= 210 amount of solvent molecules.

b To confirm the induction of the spin-crossover, 8&bauer

320 360 400 440
Temperature | K spectra forl and_2 were measurgd at room temperature before
) ) ) ) and after annealing at 400 K (Figures 6 and 7). The complexes
Figure 5. Thermogravimetric analysis (@) fdrand (b) for2. were synthesized by usifiére to enhance the Msbauer signal.
) Before annealing fod, a wide doublet with QS (quadrupole

Tuzsaf = 215 K and Tyysof = 282 K, respectively. The  gpjitting) = 2.52 mm s and IS (isomer shift= 0.07 mm s
magnetic behavior shows that the upper step, step 2, is aboulyas observed at room temperature, which corresponded to the
twice as high as the lower step, step 1. Additional thermal cycles | 5 state of iron(lll) compounds. After annealing at 400 K for
did not modify the thermal hysteresis loop. ThgT value at 1, a broad singlet with QS 0.38 mm s and IS= 0.25 mm

the inflection point around 250 K is 1.6 énK mol™*. When  s-1\yas observed at room temperature, showing that the iron(lll)
the hysteresis widthsA(T) in steps 1 and 2 are defined as the takes the HS state. Msbauer spectra similar to those for
difference betweemyxsif and Tuzl, and Tuzszf and Ty, before and after annealing at 400 K were observe@ fitrroom

respectively, they can be estimated ®3K (step 1) and 70K temperature, i.e., QS 2.47 mm s' and IS= 0.11 mm s?
(step 2). Compound also exhibits spin-crossover behavior with  pefore annealing, and QS 0.46 mm s! and IS= 0.23 mm

an apparent hysteresis loop of 180 Ryt = 392 K andTy2 s1 after annealing. This is consistent with the magnetic
= 212 K). The decrease in mass proceeds rapidly in the properties described above.

temperature range 38@00 K (Figure 5b). At 420 K the mass It should be noted that several examples of the two-step spin
lost is in exact agreement with the removal of a ;CH transition have been reportét2* Compared with these ex-

molecule. Elemental analysis also supports this idea. Additional
heating and cooling cycles show that the nonsolvated compound (12) Garcia, Y.; Koningsbruggen, P. J. V.; Codjovi, E.; Lapouyade, R.;

2 exhibits the same asymmetrical hysteresis as that for the Ka?lné)%gi?ﬁaﬂd9'kéf\'in“3§§[jg(§2ﬁmé9%7’- 13%%1;2%86' R.: Raure
nonsolvated compount! (Tyxs1f = 215 K, Tujzs2f = 282 K, Rabardel, L.: Kahn, O.; Ksenofontov, V.; Levchenko, G:fi@h, P.Chem.

and Tyl = 212 K). Mater. 1998 10, 2426-2433.
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amples, the present compounds have the following important and NCSe counteranions (2.57 A) may also play an important
characteristics: (I) the spin transition shows a hysteresis loop role in the strong cooperativity.

and (Il) the two-step spin-crossover is observed only in the
warming mode. To the best our knowledge, this kind of

It is useful to compare the hysteresis width of the nonsolvated
complexesl and2 with those reported previoush. 3! Several

hysteresis behavior has not been reported previously. Further-compounds with a polymeric structure have been found to

more, the hysteresis width of 70 K in step 2 is quite wide,

display a wide thermal hysteregs2” Kahn et al. reported that

compared with those reported elsewhere. The abrupt phasean iron(Il) compound, [Fe(Htrz) s (4-NH,trz)s](ClO4)2-nH20
transition with the hysteresis effect suggests that a strong(x = 0.05) (Htrz= 1,2,4-H-triazole, 4-NHtrz = 4-amino-

intermolecular interaction operates in this complékarough
careful investigation of the intermolecular arrangement in the
analyzed crystal structure, it was found that [Fe(gkabations
form 7—m stacking in the gsal ligands between the quinoline
and phenyl rings, forming a one-dimensional networkifand

1,2,4-triazole), which has a polymeric structure, displays a
thermal hysteresis at room temperatufg,{ = 304 K andTy»

= 288 K)1819However, the polymeric compound is not strictly
molecular, as was concluded by previous stuéfégz2527
Several mononuclear molecules have also exhibited wide

2 (Figures 1b and 2b). As described above, the dihedral anglesthermal hysteresis loog8:3! The maximum hysteresis width

of the two ligands on the iron(lll) ion are different from each

observed for iron(ll) complexes with intermolecular—x

other. When the ligands with smaller and larger dihedral angles interactions is 40 K8-3% which is narrower that observed for
are represented as ligands A and B, it was found that ligand A the nonsolvated complexdsand 2. Furthermore, it has been

always interacts with ligand A on the neighboring complexes
in the ac plane and ligand B always interacts with the
neighboring ligand B, respectively. That is, when either complex
1 or 2 is represented by (A:Fe:B), the molecular arrangement
can be expressed simply by-(B:Fe:A)(A:Fe:B)(B:Fe:A)-
(A:Fe:B)(B:Fe:A)(A:Fe:B)--. Forl, the distances between the
quinoline and the phenyl rings of its nearest neighbor A and B,
i.e., Ay - -Ap and By - -By, are 3.35 and 3.43 A, respectively.
On the other hand, the distances of A-A, and By - -B,, for

2 are 3.35 and 3.52 A, respectively. Furthermore, it was found
that there is a molecular stacking between the phenyl rings in
the gsal ligands, by which the one-dimensional molecular

assemblies form a two-dimensional sheet structure. The dis-

tances between the phenyl rings,-A-Ap and By- - -By, for 1
are 3.51 and 3.69 A, respectively. On the other hand, the
distances, # - -Ap and By - -By, for 2 are 3.46 and 3.98 A,

reported that the iron(ll) compound, [Fe(2-pi©l,-H.O (2-

pic = 2-picolylamine)??33exhibits the widest thermal hysteresis
loop of 91 K with Tyt = 295 K and Tyt = 204 K,
respectively. Note that the structure of the compound has not
been fully analyzed as yet. These previous results show that
the hysteresis width of 70 K presented here is one of the widest
values among the spin-crossover complexes reported $& #r.

Finally, we would like to comment on the asymmetrical
hysteresis observed in the nonsolvated complé&asd2. The
molecular arrangement that exists in #eplane,--+(B:Fe:A)-
(A:Fe:B)(B:Fe:A)(A:Fe:B)(B:Fe:A)(A:Fe:B)-, shows that there
are two kinds of interactions between comptexr between
complex?2, i.e., ther—m interactions between the A ligands
and the ones between the B ligands. The distance between the
quinoline and the phenyl rings,A- -Ap, is shorter than the
distance B- - -By, indicating that the molecular interactions via

respectively. The distances between the two-dimensional sheetfq- - -Ap in the one-dimensional network are stronger than those

for 1 and 2 are 13.75 and 14.04 A, respectively. The NCSe

and the solvent molecules are located between the two-

via By~ - -Bp. This means that the complexes can be treated as
a dimer, such as--[(B:Fe:A)(A:Fe:B)][(B:Fe:A)(A:Fe:B)]-

dimensional sheets. Note that the overlap between the quinoline[(BfFefA)(AfFefB)]"" where the dimer is represented by
and the phenyl rings is much greater than that between thel(B:F€&:A)(A:Fe:B)]. Assuming that the dimer structure is
phenyl rings. This means that the one-dimensional character isretained after the loss of the solvents, the spin-transition behavior

rather strong in the molecular arrangements, although the

[Fe(gsal}]* cations appear to form a two-dimensional sheet

might be simulated by the dinuclear model reported by Kahn
and Real et al>3* Note that these authors have succeeded in

structure. The molecular arrangements described here sugges?Xplammg a two-step transition in an iron(ll) dinuclear species

that the cooperativity operating in nonsolvated compouhds
and2 arises mainly from the intermolecular interactions
between the quinoline and phenyl rings. Other intermolecular
interactions such as direct contacts between [Fegsaiations

(14) Koppen, H.; Mdler, E. W.; Kohler, C. P.; Spiering, H.; Meissner,
E.; Gllich, P.Chem. Phys. Lett1982 91, 348.

(15) Real, J. A.; Bolvin, H.; Bousseksou, A.; Dworkin, A.; Kahn, O.;
Varret, F.; Zarembowitch, J. Am. Chem. Sod 992 114, 4650-4658.

(16) Jacobi, R.; Spiering, H.; @ich, P.J. Phys. Chem. Solids992
53, 267-275.

(17) Bousseksou, A.; Nasser, J.; Linares, J.; Boukheddaden, K.; Varret,
F.J. Phys. | (France)l992 2, 1381-1403.

(18) Bousseksou, A.; Varret, F.; NasserJJPhys. | (France)l993 3,
1463-1473.

(19) Boinnard, D.; Bousseksou, A.; Dworkin, A.; Savariault, J.-M.;
Varret, F.; Tuchagues, J.-fhorg. Chem.1994 33, 271-281.
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T (K) T (K) compete with each other in the compounds, leading to the
Figure 8. High-spin molar fractiore versusT curves forAH = 1175 induction of synergistic effects. Note that Kahn and Real et al.
cm™, AS=5cnT!, W= —50 cnT?, y = 332 cntl, § = 2, anda = show a two-step transition by using the paramefgiis— 1000
1,1.2,1.4, and 1.6. cm Y, AS=5cm?!, W= -50cm?, y =332 cm?, ands =

2.15 Figure 8 shows the vs T curves under the conditions in
[(HS),(LS)], and [(HS),(HS)] are noted &k s s, Hhs Ls, Hhs Hs (1). As shown in Figure 8, a two-step transition is observed in
andSss Sisis Sishs respectively. Thédys svalue isequal  any case. In the case of= 1, hysteresis is observed only for
to (AH/2) + W, whereAH = (Hus ns — His,Ls) andW (a small the low-temperature step, while it is observed in both the low-
positive or negative correction with regard f&H/2) is the temperature and high-temperature stepsofer 1.2, 1.4, and
interaction parameter in the dimer. Furthermore, it is assumed 6. It is found that the hysteresis width in the high-temperature

that both entropy variatiorSss ys — SussandSiss — Sisis step increases with increasing This behavior suggests that
are equal tAAS = (Sisus — SsLs)/2. The Gibbs free energy  an appropriate choice of the parameters includimgight allow

of the system is given b = xGis s + YGus s + zGsis + one to follow the asymmetrical hysteresis loop. In fact, an
I' + RTxInx+ylIny+ zln z), whereG.ss, Gus,s and agreement between the calculated and the experimental curves

Ghs s are the molar Gibbs free energies of [(LS),(LS)], s obtained forAH = 1175 cnt!, AS= 5 cnr'l, W = —50
[(HS),(LS)], a.nd [(HS),(HS)], respectively, arIdgccount§ for cm L,y =332 cnrl, a= 1.7, andd = 2.4. As shown in Figure

the excess Gibbs energy due to the molecular interactions. Theg the spin-transition temperatures in the cooling and warming
general expression is thétis equal toy(xy + ayz + [(zX), modes in the high-temperature step are lower and higher,
wherey, ya, and y denote the interaction parameters be- yegpectively, than those in the low-temperature steps, which
tween [(LS),(LS)] and [(HS),(LS)], between [(HS),(LS)] and  regyits in the hysteresis shape with one step in the cooling mode
[(HS),(HS)], and between [(LS),(LS)] and [(HS),(HS)], respec- and two steps in the warming mode.

tively. The equilibrium conditions are given by The quantitative investigations presented above show that
asymmetrical hysteresis appears when the value of the interac-
(8G(X'y)) =0 and (BG(x,y)) =0 (1) tion parameterp., is not equal to 1. This condition is not a
x T I special one, because, in general, the interactions between
[(HS),(HS)] and [(HS),(LS)] and between [(HS),(LS)] and
[(LS),(LS)] should be different from each other to some degree.
It is natural that this is the case for compouridand 2. This
To explain a conventional two-step transition, Real et al. ;uggests thaF, although thg s.hape of the hysteresis loop repqrted
choose the parameter= 115 That s, the interaction parameters N this work is novel and it is an unusual phenomenon, it is
between [(HS),(HS)] and [(HS),(LS)] and between [(HS),(LS)] Stll @ theoretically possible one.
and [(LS),(LS)] are equivalent to each other. On the other hand, It should be noted that the two-step transition could be
the appearance of the asymmetrical hysteresis suggests that thebserved in the following cases as well. (1) The compounds
interaction parameters in compouridand?2 should be different ~ have a low-symmetry structure with nonequivalent crystal-
from each other. Hence, we have quantitatively investigated the lographic sites. (2) The complexes sit on equivalent lattice sites,
spin-transition behavior for different valuesmfnamely 1, 1.2, ~ but strong nearest-neighbor interactions operate in the com-
1.4, and 1.6. Figure 8 shows thevs T curves under the pounds, leading to the formation superstructures and correla-
conditions in (1) AH, AS, W, v, and3 are assumed to be 1175 tions. (3) The compounds exhibit the spin transition coupled to
cm™%, 5 cnrt, —50 cnT?, 332 cnT?, and 2, respectively. The  a crystallographic phase transition. Hence, the above interpreta-
choice of the negative value faW implies that an asymmetric  tion for the asymmetrical hysteresis with a two-step warming
energy level scheme for three [(LS),(LS)], [(HS),(LS)], and mode and a one-step cooling mode might be not a unique one,
[(HS),(HS)] states is introduced such that [(HS),(LS)] state is but a possible explanation. To investigate further the exact
stabilized in energy®23 This means that an antiferromagnetic microscopic origin of the asymmetrical hysteresis, additional
type of short-range interaction, i.e., an interaction favoring characterization, especially the measurement of the variable-
inhomogeneous [(HS),(LS)] states, operates in the dimer. Hence temperature single-crystal structures of the nonsolvated?2,
it is expected that a ferromagnetic type of interaction, i.e., an is required. Furthermore, the symmetry relationships and

The molar fraction of iron(lll) ions in the HS state, is equal
to (y + 22)/2, which can be calculated from (1) by looking for
the minima ofG at various temperatures.
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