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A new family of spin crossover complexes, [Fe"HsLMJ(NO3),+1.5H,0 (1), [Fe"'LM¢]-3.5H,0 (2), [Fe'HaLMe][Fe''LMe]-
NO3 (3), and [Fe"HsLMe][Fe"LM¢](NO3), (4), has been synthesized and characterized, where HszLM¢ denotes a
hexadentate N tripod ligand containing three imidazole groups, tris[2-(((2-methylimidazol-4-yl)methylidene)amino)-
ethyllamine. It was found that the spin and oxidation states of the iron complexes with this tripod ligand are tuned
by the degree of deprotonation of the imidazole groups and by the 2-methyl imidazole substituent. Magnetic
susceptibility and Méssbauer studies revealed that 1 is an HS-Fe" complex, 2 exhibits a spin equilibrium between
HS and LS-Fe'", 3 exhibits a two-step spin transition, where the component [Fe"LM¢]~ with the deprotonated ligand
participates in the spin transition process in the higher temperature range and the component [Fe"H;L"¢]2+ with the
neutral ligand participates in the spin transition process in the lower temperature range, and 4 exhibits spin transition
of both the Fe" and Fe'" sites. The crystal structure of 3 consists of homochiral extended 2D puckered sheets, in
which the capped tripodlike components [Fe''HsLe]?* and [Fe''LM¢]~ are alternately arrayed in an up-and-down
mode and are linked by the imidazole—imidazolate hydrogen bonds. Furthermore, the adjacent 2D homochiral
sheets are stacked in the crystal lattice yielding a conglomerate as confirmed by the enantiomeric circular dichorism
spectra. Compounds 3 and 4 showed the LIESST (light induced excited spin state trapping) and reverse-LIESST
effects upon irradiation with green and red light, respectively.

Introduction magnetic switche3gtc., in which the different magnetic and
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different physical perturbations. Now, a metal-complex-based new electronic devices in molecular memories and switches
magnet exhibiting a particular physical property can be as it may be controlled by different physical perturbations.
rationally synthesized from programmed component mol- Since the discovery of the LIESST (light induced excited
ecules by a bottom-up method, in which the molecules spin state trapping) and reverse-LIESST effégthptoswit-
designed are assembled into a multidimensional structurechable SCO compounds with long-lived metastable states
leading to a functional compouridSince magnetic charac- and large hysteresis are of current intef@sit is now
teristics of ferromagnets or ferrimagnets, such as spontaneougstablished that the interaction between SCO sites governs
magnetization and hysteresis, result from magnetic orderingthe bistability, while SCO itself is essentially a single
of the constituting paramagnetic centers, the answer to themolecule phenomenon. From this viewpoint, recent efforts
questions (i) how to control the magnetic interaction between have been devoted to design and synthesize SCO compounds
nearest neighbors and (ii) how to extend the alignment of exhibiting strong elastic interactions between spin-transition
the magnetic vectors over the whole lattice should allow the sites and multidimensional extended structure. Polymeric
molecular design of such magnets. SCO compounds with bridging ligandsand mononuclear
On the other hand, bistable molecules can be used asSCO compounds exhibiting intermolecular interactions such
molecular switches in electronic devices through different as hydrogen bonding and—x stacking? have been exten-
external perturbations, where in principle a single molecule sively investigated. Novel ligand systems that would provide
plays the role of a switching device. The bistability of organic not only SCO behavior but also have strong and extended
bistable molecules such as diarylethenes, stilbene, andenough elastic interactions between SCO sites are still most
diazonium is brought on by a structural change (isomeriza- needed.
tion).” Inorganic bistable molecules based on coordination \We have recently published a preliminary report on an
compounds possess two different stable electronic states, anéinprecedented homochiral mixed-valence SCO complex,
hence, the different optical, magnetic, and electronic proper- [Fe!H,L][Fe'" L](NOs3),, showing that the tripodal ligandsH
ties associated with the two electronic states can be switchedtris-[2-(((imidazol-4-yl)methylidene)amino)ethyllamine) al-
by external physical perturbations. Therefore, inorganic |ows the SCO phenomenon for both the'Fand Fé'
bistable molecules have advantages over their organicoxidation states. Furthermore, the complex assumes a 2D
counterparts due to their versatility in electronic structures extended sheet structure constructed by imidaziohda-
and the possibility of addressing them with different physical zolate hydrogen bonds that yield extended interactions
perturbations. Spin-crossover compounds are the most spechetween SCO site$. Here, we report the synthesis and
tacular and representative examples of molecular bistability. properties of a whole series of SCO complexes with a tripod
Spin-crossover (SCO) between the low-spin (LS) and high- igand containing three imidazoles, [FésLMe](NOs)
spin (HS) states is observed in some octahedra(8dc n 1.5H,0 (1), [FE"'LM¢]-3.5H0 (2), [Fe'HsLVe][Fe''LMNO;
= 7) metal complexes and is induced by an external (3), and [FéHLMe|[Fe!'LM¢](NO3), (4), where HLMe =
perturbation, such as temperature, pressure, or light irradia-tris[2-(((2-methylimidazol-4-yl)methylidene)amino)ethyl]-
tion. The SCO bistability can be one of the most promising amine is the methyl substituted relative ofslH The
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Figure 1. Schematic drawmgs of the synthetic procedures. (a) From the achiral components of ligdfcaRd Fé ion to the isolated chiral molecule
[Fe'HaLMe]2t (1) (HaLMe 4+ Fe! — A- or A-[Fe'HsLMe]2T). Coordination of the achiral tripod ligand to the transition metal ion yiéldslockwise, green)

and A (anticlockwise, red) chiral molecules, due to the screw coordination arrangement. (b) Deprotonation at the imidazole moietlesLdfe]Fe

through addition of 3 equiv of aqueous KOH solution in air gradually generatéy [f&° (2) ([F€'HsLMe]2+ + 30H- — [Fe''LM€]9). (c) Deprotonation of
[FE'H3LMe](NOg), (1) through addition of 1.5 equiv of KOH in MeOH yields a 2D compound"fs.Me][Fe''LMeINO3 (3) (A- or A-[Fe'HaLMej2+ 4

1.50H — {AA-[FE'HsLMe|[Fe'LMe]} o, or { AA-[FE'HsLMe|[Fe!'LMe]} ). The chiral complementary complex ions generated during the deprotonation
reaction,A- or A-[Fe'HzLMe]2T and A- or A-[F€'LM€]~, assemble into homochiral 2D sheets, based on a hexameric repeat unit. The organization process
is accompanied by intermolecular homochiral discrimination betweehHf&'€]2+ and [F&/LM€]~ to produce an extended homochiral 2D sheet constructed

by imidazole-imidazolate hydrogen bonds. (d) The simple mixing.@ind2 with a 1:1 molar ratio in MeOH yields the mixed-valence compound ffizeMe]-
[FE'LMe](NOs); (4) (A- or A-[FE'HaLMe]2+ + A- or A-[FELMe]0 — { AA-[FEHal Me][Felll LMe]} 2+, or { AA-[Fe!HalMe][Felll LMe]} 2+,).

complexes in this series assume various oxidation states anddazole in a 1:3 molar ratio in methanol. The'"Feomplex
degrees of deprotonation, thus allowing us to investigate thewith the neutral ligand, [FéH3:LM¢](NO3),1.5H,0 (1), can
effects of the degree of deprotonation and of the 2-meth- be synthesized by two methods, A and B! Eemplex1
ylimidazole substituent, on the iron oxidation and spin states. was obtained as red-orange crystals by mixing the ligand
HsLMe, Fe'Cl,4H,0, and NaNQ@ at the molar ratio of 1:1:3
in methanol in aerobic conditions (method A). Alternatively,
Synthesis and Characterization.Figure 1 shows the  this compound can be obtained from the reaction gf'd
schemes of the synthetic procedure for the family of SCO with Fé''(NOs)s*9H,0. A methanolic solution of F§NOs)s
complexesl—4. The tripodal hexadentate ligand witha N 9H,O was added to a solution of the ligand, and the resulting
donor atoms KLMe was prepared by the condensation mixture was allowed to stand for several days under acidic
reaction of tris(2-aminoethyl)amine and 2-methyl-4-formylim- condition (ca. pH= 3), during which time well-grown red-

Results and Discussion

Inorganic Chemistry, Vol. 42, No. 22, 2003 7003
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orange crystals precipitated (method B). This alternative at the 2-position of the imidazole rings in the tripod ligand
synthetic procedure demonstrated that, in the presence of thestabilizes the Pestate.

neutral tripod ligand, the feion is reduced to Fg even in When 3 equiv of aqueous KOH, anhydroud'd;, and
aerobic conditions: the Feomplex with the neutral ligand  the ligand were mixed in methanol or when 3 equiv of
is stabilized under acidic condition. Our several attempts to aqueous KOH was added to a methanolic solutioh, @nd
isolate the F& complex with the neutral ligand have been then the filtrate was allowed to stand for several days in the
unsuccessful, while the correspondind'Femplex with the  open air, the color of the solution gradually changed from

unsubstituted neutral ligand [IelsL](ClO4)s is obtained-* yellow-orange to blue, and finally, a blue-black crystalline
As previously demonstrated for the analogous compounds, precipitate of the fully deprotonated ferric compouhwdith

[FE'HaL][Fe"L](NO3)z, [CU'HaL][Cu"L]NO3, and [Cd'HaL]- the chemical formula [F&LV€]-3.5H,0 deposited.

[CO"L](ClIO4)3 (HaL = tris[2-(((imidazol-4-yl)methylidene)- While the mixed-valence complex with the methyl-

aminoJethyl)amine}?*°the synthetic procedure for preparing  substituted ligand [FéHsLMe][Fe"' LMe](NO3), (4) could not
[Fe'HaLMe][Fe"LMINO; (3) and [FeHsLMe[Fe' LM](NOs), be obtained from the deprotonation reactionlofiith 1.5

(4) should involve an assembly process in which extended equiv of KOH, it was easily obtained as black microcrystals
imidazole-imidazolate hydrogen bonding between the spe- py mixing methanolic solutions of [t&lsLM](NO3)2+1.5H,0
cies with the neutral ligand and with the deprotonated ligand (1) and [Fé'LM¢]-3.5H,0 (2) in the 1:1 mol ratio. Since the
constitutes the driving force for the construction of homo- change of iron oxidation state in compouridand? is slow,
chiral 2D sheets (see Figure 1c,d). Addition of an aqueous as shown in the subsection entitled “Absorption Spectral
KOH solution to the Fé complex with the neutral ligand  Changes Driven by Deprotonation and Protonation”, and
form [Fe'HsLY€](NO3)2:1.5H:0 (1) in methanol (1:1.5ratio)  since the expected mixed-valence compound should be
in aerobic conditions yielded dark red crystals with the gsparingly soluble due to its 2D extended structure, crystal-
formula [FéHsLV*][Fe"LMINO;3 (3). The acid-base conver- |ization of compound4 occurred immediately by this
sion of one-half of the [Flu‘lgLMe]2+ cations to [FéLMe]7 Synthetic procedure_

anions that yields comple& is initiated by the addition of Infrared Spectra. The infrared (IR) spectra for the series
KOH. The [F¢H;LM]>" and [FELY]" species assemble ot compoundsl—4 were measured at ambient temperature
together through imidazotemidazolate hydrogen bonds 55 gy pellets. All IR spectra showed characteristic intense
yielding an alternate array of protonated and deprotonatedyy;n4s around 1600 crhassignable to the €N stretching
ferrous building units resulting in the 2D network of the \;ipration of the Schiff-base ligand.Compoundsl (HsLMe
crystal lattice described in the X-ray analysis. It is noticeable s Fa gt 295 K) and2 (LMe mainly LS-Fé' at 295 K) (see

that the aerobic acidbase conyelrlsion OI the [FelsL"e]*" subsection entitled “Magnetic Properties”) exhibit a single
cations was not associated with'"Re Féd'" oxidation, thus sharp band due to the=eN stretching vibration of the

yielding the ferrous complex anions [H&"]~. This is at tripodiike Schiff-base ligand at 1644 and 1601 ¢m
variance with the case of the analogous ktipodlike ligand respectively314 The IR spectrum of the mixed-valence

without methyl groups which yielded the mixed-valence compound4 shows bands at 1634 and 1614 &mwhich
[F€'HsL][Fe"'L](NO3), compound when the same reaction ., assigned to thgC=N) frequency of [F&HL M2+ and
procedure was applied to the [FF&sL](NO3), complex. For [FE"LM]0, respectively. The IR spectrum & shows a
this Iattgr complex, the deprotqnation and oxidation took yaformed band around 1637 chn The C=N stretching
place simultaneously, generating the fully deprotonated \inration of the Schiff-base ligand is thus sensitive to both
[Fe"L]° species, which is hydrogen-bonded to the!f] 2" the oxidation and spin states of iron, and thisKCabsorption

component with the neutral Iigalnd form”lto 3/+ield a 2D ay thus be a good probe for monitoring the SCO behaior.
network structu.re built from{[Fé H3L][F¢ I_.]} units. ' Absorption Spectra of [Fe! HsL ¥¢](NO2),+1.5H,0 (1)
Thesdg o?sgrtva:lr?nst suggfetst_ th(ajlit_lihel_omdapon_ Stit.e Ofﬂ'ronand [FE"LMe]-3.5H,0 (2) in Methanol. The electronic
coordinated fo this type ot tripodlike gand 1S signiiicantly spectra oflL and2 recorded in methanol at 2@« are shown

z;ffetﬁteg n o_tdonI); by tg]i_t'm'dszorI]e dfefpr(t)tofntz;tlon tt),u;t_talsot in Figure 2. The spectrum df exhibits an intense band in
y he 2-midazole substituent. The eflect of the Substituent y, o i e region with an absorption maximum fafax =

onltthe ox?atlon state of |r;)n I\évatiden;qzn;tratgdlzby tlr_wezfychc 428 nm € = 1090 M cm-3), which can be assigned to
vollammelry measurements. 5o [FeM]*" and [FerL] . MLCT. In the near-IR region, the spectrum exhibits a weak
in methanol with 0.1 M i§-C4Ho)4NBF, showed a reversible band ati.. — 870 — 10 M-* em-b). which b

dox wave assignable to the 3F&" couple. The redox and amax = nm € = 10 M** cm 7, which can be
re ' assigned to thé&T, — 5E transition of HS-F&18 If the Fé'

potential £°') for [FeHsLMe]2" (—0.011 V vs Ag/Ad (0.01
M) is less negative than [Fel]2" (E” = —0.103 V) by component was converted from the HS to the LS state, on

ca. 90 mV. Thus, itis clear that introduction of methyl groups

(16) Nakamoto, K. Ininfrared and Raman Spectra of Inorganic and
Coordination Compound$th ed.; John Wiley and Sons: New York,

(14) Sunatsuki, Y.; Sakata, M.; Matsuzaki, S.; Matsumoto, N.; Kojima, 1997; Part B, Chapter I1I-14.
M. Chem. Lett2001, 1254-1255. (17) (a) Zilverentant, C. L.; van Albada, G. A.; Bousseksou, A.; Haasnoot,
(15) (a) Katsuki, I.; Motoda, Y.; Sunatsuki, Y.; Matsumoto, N.; Nakashima, J. G.; Reedijk, Jnorg. Chim. Acta200Q 303 287—290. (b) Suemura,
T.; Kojima, M. J. Am. Chem. So2002 124, 629-640. (b) Sunatsuki, N.; Ohama, M.; Kaizaki, SChem. Commur2001, 1538-1539.
Y.; Motoda, Y.; Matsumoto, NCoord. Chem. Re 2002 226, 199— (18) (a) Hinek, R.; Spiering, H.; Scholimeyer, D.; Bch, P.; Hauser, A.
209. (¢) Mimura, M.; Matsuo, T.; Motoda, Y.; Matsumoto, N.; Chem. Eur. J1996 2, 1427-1434. (b) Hauser, AJ. Chem. Phys.
Nakashima, T.; Kojima, MChem. Lett1998 691-692. 1991, 94, 2741-2748.
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Figure 3. (a) Color change of the aqueous solution of "[Hel]?"
0 T — associated with the addition of agueous NaOH solution. (b) Color change
700 800 900 1000 of the aqueous solution of [ftelsLMe]2+ associated with the addition of
Wavelength / nm NaOH solution.
Figure 2. Electronic spectra of [Fd3LMe](NO3),+1.5H,0 (1) and
[Fe"LMe]-3.5H,0 (2) in methanol at 20C. immediately after every 0.075 mL of 0.10 M NaOH solution

) ) was added to 50 mL of the 0.5 mM methanol solution. The
the basis of the spectra reported for LS-Eemplexes with spectrum of [F&HsL]2+ exhibits a broad band at 442 nm
Ne donor setd® the'A; — 1T, and'A; — T, transitions of with ¢ = 1540 Mt cm* due to HS-[F&H,L]2". With the

a potential LS-Fecomponent would appear around ca. 380 addition of the NaOH solution, the band shifted to a longer

and 550 nm with molar extinction coefficients of ca. 30'M wavelength with a decrease of intensity, and bands appeared

. : )
cm*. They would thus be hidden by 'the intense MLCT at ca. 540 and 650 nm. These bands indicate the formation
bands already reported, and electronic spectroscopy thus

_ 1l 0 i _
cannot exclude the presence of a LS"gompanent The Ly C L SRR, 12 TAREE SER L, S
magnetic moment of in a ca. 1.0 M CROD solution was 3 g

thus measured by the Evans method: #h@ value of1 at same absorption coe_fficients. On the other hand, the spe_ctrum
297 K is 3.1 cdK mol~?, being consistent with the expected of the methyl substituted compouridshowed no d_rastlc .
value for HS-F&. The spectrum o2 exhibits an intense band color c_hange. Th_e_ spectral changes of the methano|_|c splu'uon
in the visible region at 625 nne = 1430 M-t cm-%), which of 1 with the add_mon of aqueous NaOH are shown in I_:lgure
can be assigned to the CT transition. Fhel value of2 is 4b. The absorption spectrum bin MeOH at 20°C exhibits

1.6 cn¥ K mol~t at 297 K in the ca. 1.0 M CEDD solution. a broad band atmax = 428 nm withe = 1090 M™* cm™.

The value is intermediate between the spin-only values of YPON addition of aqueous 0.10 M NaOH, the spectrum
HS and LS-F¥ species (3:7= HSILS ratio evaluated on slightly changed, showing a distinct difference from the case

the basis of the spin-only values). of the nonsubstituted complex.

Absorption Spectral Change Driven by Deprotonation When the two solutions df and 3 equiv of NaOH were
and Protonation. As shown in Figure 3, addition of aqueous Mixed at once and the spectrum was recorded immediately,
NaOH (or KOH) to the methanolic solution of [HesLMe]- the mixed solution showed no band characteristic of
(NO3),+1.5H,0 (1) did not yield any remarkable color change [F€""L"*]% The red color of the mixed solution changed very
immediately, whereas the corresponding Eemplex with- ~ slowly to blue within several days at 20C in aerobic
out the 2-methyl imidazole substituent, [F&L](NO3)z, conditions. The time dependence of the spectrum of the

showed a drastic color change from orange-yellow to red- mixed solution is shown in Figure 4c. The spectral changes
orange, green, and finally blue, immediately after addition are associated with isosbestic points at 433 and 496 nm. The
of agueous NaOH solution. The deprotonation process intensity of the ca. 460 nm band decreases while the intensity
resulting from addition of NaOH was thus investigated with of the ca. 620 nm band increases with time. The spectrum
electronic spectroscopy, allowing us to discuss the depro-measured after 7 days showed a band.at = 622 nm ¢
tonation and substituent effects on the oxidation and spin= ca. 1100 M* cm™), the absorption maximum of which
states of iron in these complexes. is characteristic of [FELM¢]° and the absorption coefficient
As shown in Figure 4a, the nonsubstituted complex is close to the value expected far(see Figure 2a). The
[Fe'HsL](NOs)2 showed a drastic spectral change associatedslightly smallere value is partly because oxidation from
with the color change from yellow-orange to red-orange, [F€'LMe]? to [F€'LMe]? takes longer time and partly because
green, and finally deep blue, with the addition of the 0.10 the red sparingly soluble produBtprecipitates during the
M NaOH solution, where each spectrum was measuredreaction.

Inorganic Chemistry, Vol. 42, No. 22, 2003 7005
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Figure 4. Deprotonation process from [HesL]2" to [F€''L]° and from
[Fe'HsLMe]2t to [Fe'LMe]0, (a) Deprotonation process from [FésL]2+

to [FE''L]%, compared to that of the methyl-substituted complex. Electronic
spectral change of [HelsL](NO3); in MeOH upon addition of aqueous
NaOH solution up to 3 equiv of NaOH. (b) Electronic spectral change of
[F€'H3LMe|(NO3)2+1.5H,0 (1) in MeOH with the addition of aqueous NaOH
solution up to 3 equiv of NaOH. (c) Time dependence of the electronic
spectrum of the mixed solution of 3 equiv of aqueous NaOHJlardjueous
NaOH solution (3 equiv) was added at once to the methanolic solution of
1. Spectra of the resulting solution were recorded every 2 h, and the final
spectrum was recorded one week later.

The reverse reaction, a protonation process frort [4€]°
to [FE'H3LM€]%*, was also studied. The absorption spectrum
of 2 in MeOH at 20°C exhibits a broad band af,.x = 625
nm with e = 1430 M~ cm™. The spectrum of changes

Ikuta et al.
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Figure 5. Protonation process from [[H&Me]0 to [Fe'HsLMe]2t. (a)
Absorption spectral change of [feMe]-3.5H,0 (2) in MeOH upon addition

of aqueous 0.1 M HCI up to 3 equiv of HCI. (b) Time dependence of the
electronic spectrum of the mixed solution of 3 equiv of aqueous HCI and
2. Aqueous HCI (3 equiv) solution was added at once to the methanolic
solution of 2. The spectrum of the resulting solution was measured after
the specified time (from upper, Oh, 3h, 8h, 16h, 1d, 2d, 3d, 4d, 5d, 7d).
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Table 1. X-ray Crystallographic Data for [FH.M€]-3.5H,0 (2) at 293
K

formula FeGiH34N10035
fw 538.41

cryst syst orthorhombic
space group Fdd2

a, 23.129(6)

b, A 35.387(6)

c A 12.513(4)

v, A 10241.5(4)

z 16

Dealca g CNT3 1.397

u(Mo Ka), cmt 6.34

2 A 0.71069

R, Ry 0.063, 0.081
(A/p) max, min, e A3 —0.45,+0.69

Structural Description of [Fe''LMe]-3.5H,0 (2). The
ferric complex with the fully deprotonated ligar#l, crystal-
lized in the orthorhombic space groBdd2, with [Fe'LMe]-

immediately upon addition of aqueous HCI, and the spectral 3.5H0 as unique unit. The crystallographic data are

changes are shown in Figure 5a. When 1.5 equiv of 0.1 M
HCI was added, the band at.x = 625 nm was split into
two absorption bands atn.x = 526 and 672 nm. Upon
further addition of HCI, the band at 526 nm shifted to longer

summarized in Table 1. Selected bond distances, angles, and
intermolecular contacts with their estimated standard devia-
tions in parentheses are given in Table 2.

Figure 6 shows the dinuclear structure2ofvith the atom

wavelength with an increase in intensity, and the second bandnumbering scheme, in which two facing [HeV€]° species

at 672 nm disappeared. When 3 equiv of 0.1 M HCI was
added, the spectrum exhibited a broad band.at = 564
nm with e = 2730 Mt cm™! assigned to the [PeHzLMe]3+

are connected through three water molecules. The water
oxygen atoms O(2), O(2) (generated by a symmetry
operation of 2-fold rotation A; - x, —y, —1 + 2), and

species. The spectrum of the solution resulting from the 1:3 O(4) bridge two adjacent [M&.Me] and [Fé'LMe]A with

mixture of 2 and 0.1 M HCI slowly changed with time
(Figure 5b). The band atyn.x = 564 nm decreased in

interatomic distances O(2)N(10) = 2.99(2) A, O(2)--
N7 = 2.81(2) A, O(4)-*N(4) = 2.80(4) A, and O(4)-

intensity, and several days later the spectrum showed theN(4)* = 2.93(3) A. Considering the distances between the

band at cadmax = 420 nm withe = 785 M1 cm™%, which
is characteristic for [FEH3;LM¢]?" (see Figure 2a).

7006 Inorganic Chemistry, Vol. 42, No. 22, 2003

water oxygen and imidazolate nitrogen atoms, a hydrogen

bonded dimeric structure is strongly suggested. The oxygen
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Table 2. Relevant Bond Lengths (A), Angles (deg), and Interatomic
Contacts (A) with Their Estimated Standard Deviations in Parentheses
for [Fe''LMe]-3.5H,0 (2)2

Bond Lengths (A)

Fe(1y-N(2) 2.03(1) Fe(1)N(3) 2.00(1)
Fe(1-N(5) 2.01(1) Fe(1)rN(6) 1.96(1)
Fe(1-N(8) 1.98(1) Fe(1)>XN(9) 1.98(1)
Bond Angles (deg)
N(2)—Fe(1)-N(3) 80.1(4) N(2)-Fe(1)-N(5) 96.1(4)
N(3)—Fe(1)-N(5) 88.2(4) N(2)-Fe(1)-N(6) 175.0(4)
N(3)—Fe(1)-N(6) 95.8(4) N(5)-Fe(1)-N(6) 80.9(4)
N(2)—Fe(1)-N(8) 94.9(4) N(3)-Fe(1)-N(8) 173.4(4)
N(5)—Fe(1)-N(8) 96.7(4) N(6)-Fe(1)-N(8) 89.4(4)
N(2)—Fe(1)-N(9) 87.7(4) N(3)-Fe(1)-N(9) 93.5(4)
N(5)—Fe(1)-N(9) 176.0(4) N(6)-Fe(1)}-N(9) 95.4(4)
N(8)—Fe(1)-N(9) 81.9(4)
O(LyO(2P Ing;aEtso)mw Cont(:;lz:i;fé)(g)‘a 2.92(2) Figure 7. X-ray crystal structure of [F&LMe]-3.5H,0 (2) showing the
O(1)--0(4P 3.10(6) 0(2)--0(3¢ 2.90(2) extended structure. The dinuclear units are further connected by other
0@) N7 2.81(2) 0(2)-+N(10) 2.99(2) hydrogen bonds to form an extended structure.
O@)-N(@) 2.80(4) O-N(4y* 2.93(3) Table 3. X-ray Crystallographic Data for [BéisLMe][Fe' LMEINO3 (3)
aSymmetry operations: A, £ x, =y, =1+ 2z B, Y4+ x, =y + Y4, at 293, 130, and 90 K
2+ 3%, Cox+ Yo, =y + Y, 2+ Y4 D, o — X,y + Yoy 2= Y 293 K 130K 90 K
formula CioHs7Fer CyHs7Fe- CaoHs7 e
N2103 N2103 N2103
fw 1015.79 1015.79 1015.79
cryst syst trigonal trigonal trigonal
space group R3 (No. 146) R3(No.146) R3(No. 146)
a, 12.093(2) 11.9312(17) 11.9031(18)
b, A 12.093(2) 11.9312(17) 11.9031(18)
c, A 28.350(3) 27.893(3) 27.742(3)
Vv, A3 3590.3(9) 3438.7(8) 3404.0(8)
z 3 3 3
T,K 293+ 2 130+ 2 90+ 2
Dcalea g CNT3 1.409 1.472 1.487
u(Mo Ka), mm2 0.669 0.699 0.706
no. data collected 12042 11499 10345
no. unique data 4955 4735 4609
R(int) 0.0493 0.0452 0.0441
no. variable params 211 211 211
no. obsd reflm¥ 2200 2554 2495
RP obsd, all 0.0491, 0.0970 0.0458,0.0841 0.0440, 0.0811
Ry¢ obsd, all 0.1152,0.1368 0.1063,0.1206 0.0914, 0.1082
S 0.845 0.889 0.927
(alp) max, min 0.795,-0.348 0.689;-0.325 0.577;-0.281
e A=
aData withFo > 40(Fo). PR = J||Fol — IFcll/3|Fol. ¢ Ry = [YW(IFe?
— R wIFe2[7 2

Figure 6. Dinuclear structure of [F&LMe]-3.5H,0 (2) with atom

numbering scheme. at all three temperatures. Selected bond distances, angles,

and hydrogen bond distances with their estimated standard

atom O(2) is further hydrogen bonded to other water deviations in parentheses are given in Table 4.
molecules with O(1}-O(2 = 2.83(3) A (B; =, + x, —y First, we shall discuss the formulation of the complex with
+ Y4, 2+ 3,) and O(2)--O(3)° = 2.90(2) A (C;x + Y4, —y respect to the location of the imidazole hydrogen atom which
+%,4, z+ Y,) distances, and the oxygen atoms O(1) and O(3) could not be unambiguously located on the Fourier map as
are hydrogen bonded with an O{+D(3P = 2.92(2) A well as other hydrogen atoms. Consequently, all hydrogen
distance, yielding an extended structure, as shown in Figureatoms were geometrically placed at the calculated positions,
7. The Fe-N(imine) and Fe-N(imidazolate) bond distances and thus, the [FéH;LM¢]?>" and [FéLMe]~ components are
are in the 1.96(12.03(1) A range, as expected for LS!Fe  not crystallographically distinguishable. Therefore, a homo-
complexes with N donor atoms. geneous distribution of the imidazole hydrogen atoms over

Crystal Structure of [Fe"HsLMe][Fe" LM]NO; (3). The all ligands is also possible. However, on the basis of the
X-ray structural analysis 08 was performed at 293, 130, X-ray results obtained for related complexes, we reached the
and 90 K because the magnetic data demonstrated that theonclusion that the [PélsLMe]2 [Fe'LMe]~(NOs)~ formula-
Fe' sites of3 are all in the HS state at 293 K, in the 1:1 tion is the most plausible. The imidazole hydrogen atom of
HS/LS ratio at 130 K, and in the 1:3 HS/LS ratio at 90 K, the PR salt, [F&HsLMe|[Fe"LM]PFs, was located on the
respectively. The crystallographic data are summarized in D-Fourier map and well refined at the three temperatures
Table 3. The crystal system and the space group are the saméor which the X-ray analyses were performed (295, 200, and

Inorganic Chemistry, Vol. 42, No. 22, 2003 7007



Table 4. Relevant Bond Lengths (A), Angles (deg), and Hydrogen
Bond Distances (A) with Their Estimated Standard Deviations in
Parentheses for [felsLMe][Fe'LMeINO; (3)2

293K 130K 90 K
Bond Lengths (A)
Fe(1)-N(1) 2.171(4) 2.067(4) 2.031(3)
Fe(1)-N(2) 2.184(4) 2.095(3) 2.059(3)
Fe(2)-N(5) 2.173(4) 2.077(4) 2.065(3)
Fe(2)-N(6) 2.200(4) 2.107(3) 2.083(3)
N(L)—C(1) 1.279(7) 1.291(7) 1.295(5)
N(1)—C(6) 1.471(6) 1.470(6) 1.476(4)
N(2)-C(2) 1.369(6) 1.385(6) 1.391(5)
N(2)—C(4) 1.339(5) 1.334(5) 1.345(4)
N(5)—C(8) 1.272(6) 1.296(7) 1.289(5)
N(5)—C(13) 1.464(6) 1.482(6) 1.448(4)
N(6)—C(9) 1.374(6) 1.360(6) 1.375(5)
N(6)—C(11) 1.342(5) 1.344(5) 1.351(4)
Bond Angles (deg)
N(1)—Fe(1)-N(2) 77.00(14) 79.41(14) 80.00(12)
N(1)-Fe(1-N(1A)  97.93(13) 96.74(13) 96.31(10)
N(1)—-Fe(1-N(2A)  92.70(14) 91.25(14) 90.88(11)
N(1)-Fe(1}-N(2B) ~ 168.79(15)  171.51(15)  172.26(13)
N(2)—Fe(1-N(2A)  93.13(13) 93.05(13) 93.19(11)
N(5)—Fe(2)-N(6) 76.92(14) 78.74(14) 79.56(11)
N(5)—Fe(2-N(5C)  98.30(12) 97.05(12) 96.30(10)
N(5)—Fe(2-N(6C)  168.71(14)  170.96(14)  172.06(12)
N(5)-Fe(2)-N(6D)  92.54(14) 91.43(14) 90.92(11)
N(6)—Fe(2)-N(6C)  92.95(12) 93.29(12) 93.66(10)
Hydrogen Bonds (A, deg)
N(7)+N(3) 2.691(5) 2.692(5) 2.694(3)
N(7)—H(7)-+-N(3) 144.9 142.6 143.9

aSymmetry operations: A, +y,x—vy,zB,1-x+y,1—x17C,
-y, —1+x—-vy,zD,1-x+y —X 2

[FeHaLMej2*

Figure 8. Crystal structure of [PeHzLVe][Fe" LMe]NOg (3) at 293 K with
atom numbering scheme.

[Fe!lLMej-

100 K). On the basis of the F&N bond distances and
N—Fe—N bond angles, the spin transition behavior of the
two Fé' sites is well revealed. The two-step SC{HS-
[Fe'HaLMe)2t —HS-[Fe'LMe] 7} < {HS-[Fd'HaLMe]2 —LS-
[FE'LMe]"} < {LS-[Fe'HsLMe)2—LS-[Fe'LM¢] "}, was also

Ikuta et al.

[FelHsLMe]

(a)

Figure 9. X-ray crystal structure of [FHsLMe][Fe''LM]NO3 (3) at 293

K. (a) Projection on thab-plane showing a homochiral 2D sheet in which
homochiral [F8H3LMe]2t and [FéLMe]~ species are linked by intermo-
lecular imidazole-imidazolate hydrogen bonds. (b) Side view of a puckered
sheet looking along the-axis. In this 2D supramolecular structure, the
capped tripodlike [PEH3LMe]2+ and [Fé/LMe]~ components alternately array
in an up-and-down mode. The anions are located between the sheets.

configuration due to the screw coordination arrangement of
the achiral tripod ligand around FeEach metal ion assumes
an octahedral coordination environment with adénor set
including three Fe&Nine and three FeNimidazole
([F€'HsLMe]2t) bonds, or Fe Nimidazolate ((FE'LM€] ™) bonds.
The [Fé'H3LMe]?+ and [FéLMe]~ components act as chiral
complementary building units assembled into a 2D extended
puckered sheet structure due to the imidazateidazolate
hydrogen bonds. Figure 9 shows top (part a) and side (part

observed by magnetic susceptibility measurements andb) views of the 2D layers. In this 2D supramolecular

Mdossbauer spectroscopy. The results obtained for the PF

structure, the capped tripodlike components," i Me]2*

salt and several related complexes allow us to consider theand [F€LMe]~, alternately array in an up-and-down mode

[FE"HaLMe)2H[FE'LMe]~(NOg)~ formulation as the most
plausible.

The crystal structure o8 shown in Figure 8 consists of
[FE'HsLMe)2T (Fe2) and [FELMe]~ (Fel) complex ions
hydrogen bonded through N\H---N contacts (imidazole
hydrogen atom geometrically located), and one nitrate ion
(not shown) disordered among several positions at all three

yielding a homochiral extended 2D puckered layer based on
a hexanuclear structure with a trigonal void as the repeat
unit. Furthermore, the adjacent layers of like chirality are
stacked to form a chiral crystal. These results indicate that
spontaneous resolution took place during the course of the
assembly reaction and crystallizati&Figure 10 shows the

temperatures. The [FE5LM]?" and [F&LMe]~ components
are chiral with either a\ (clockwise) orA (anticlockwise)

7008 Inorganic Chemistry, Vol. 42, No. 22, 2003

(19) (a) Jacques, J.; Collet, A.; Wilen, S. Bnantiomersracemates and
resolutions John Wiley & Sons: New York, 1981. (b) Katsuki, I.;
Matsumoto, N.; Kojima, MInorg. Chem.200Q 39, 3350-3354.



New Spin Crossger Complexes

- ' ' ' ' 3 component. The [Féd;L]%" and [Fé'L]° components alter-
- \ 4_ nately array in an up-and-down mode yielding a homochiral
extended 2D puckered sheet. The puckered sheets stack along
the c-axis to form crystals of th®3 space group. Along the
c-axis, the components [Fd;L] %" and [Fé'L]° which are
involved into different 2D sheets, stack alternately, and the
Fe atoms are located @3 axes. In this stacking arrangement
L . , , , (A), there are four unique Fe sites, because in addition to
300 400 500 60O 700 80O two Fe sites of an intra-2D sheet, there are two Fe sites of
Wavelength /nm an inter-2D sheet along the-axis. If the components
el o oo o Tne o Ko o s g g [7S/HATE” (o1 [FeLJ) stack along the-axis, there must
Fs)gle(i:tsec?crryos(i::trlls andpshowed'enantiomeric CDp patterns, prc?vidri)ng definitiv% be two CrySta”()graph'?a"y unique Fe sites (B qrrangement).
evidence for spontaneous resolution. (2) The X-ray analysis of another related mixed-valence
compound, [FeHsL]?>T[Fe"L]%(BF,4),, has also been per-
enantiomeric circular dichroism (CD) spectra obtained from formed at several temperatures: at room temperature, there
selected crystals, providing definitive evidence that spontane-are six crystallographically unique Fe sites, that is three pairs
ous resolution has occurred. of [F€"HsL]?" and [Fe'L]Y, i.e., three different sheets, but
The unit cell volume of 3590.3(9) ¥at 293 K is reduced  at lower temperatures there are only two Fe sites as a result
to 3438.7(8) R at 130 K (4.2% reduction) with 2HS-fFe~ of a %3 reduction of thec-axis with regard to room
HS-F¢ + LS-Fé' and to 3404.0(8) Aat 90 K (5.3% temperature. The component specied fz&]?" and [Fé!L]°
reduction) with 2HS-Pé — Y/,HS-Fé + 3,LS-F€'. The alternately array in an up-and-down mode yielding a homo-
reduction of the unit cell volume can be compared with that chiral extended 2D puckered sheet. At room temperature,
of [FE'H3LMe|[Fe" LMe]PFs exhibiting a perfect two-step spin  the component [FHsL] 2" of the first sheet, [F&L]° of the
transition, where the reduction of the unit cell volume is 4.0% second sheet, and [FdsL] 2 of the third sheet are stacked
with 2HS-Fé — HS-Fd' + LS-Fd' and 7.6% with 2HS-  alternately along the-axis. As the result, there are three
Fed — 2LS-Fd, respectively. different layers consisting of [MelsL]?", [FE"L]? and
The Fe-N distances in [P&HsLM]2" and [FdLMe]~ at {[F€'"HsL]?" and [F&'L]%} components, respectively, when
293 K are in the 2.171(4)2.200(4) A range, typical for HS-  the structure was viewed perpendicular to¢kexis. At room
Fé' bound to imine and imidazole nitrogen atoms. Upon temperature, the component specied H£]2" and [Fé'L]°
temperature decrease from 293 to 130 K, the Ralistances are in the HS-Peand LS-F# states, respectively, and these
shorten from 2.182 to 2.0865 A, on average. Since the two species can be easily distinguished due to the large
magnetic data at 130 K demonstrated that th&iBes are difference in Fe-N distances and NFe—N angles. At lower
in the 1:1 HS/LS ratio, it can be anticipated that the temperature, HS-[FélsL]2" converts to LS-[FéHsL]2t, and
component [F&HsLMe]2t remains in the HS state and the structural difference between LS-[IFeL]?" and LS-
[Fe'LMe]~ converts to the LS stafeupon cooling from 293 [Fe'"'L]° becomes smaller. As a result of the'[RgL]?" SCO,
to 130 K and there should be noticeable differences in the the satellite peaks of the X-ray reflection data disappeared,
Fe—N distances between [HdsLM¢]2" and [F&LM¢]~ at 130 and thec-axis was reduced t#3 of its room temperature
K. However, there is no remarkable difference infiebond length. This result shows that two components of an intra-
distance between the two species at 130 K (the average2D sheet as different as [HdsL]?* and [Fé'L]° as well as
Fe—N distance= 2.092 A for Fe2 and 2.081 A for Fel). three Fe sites of three different sheets cannot be distinguished
The difference between the average-Redistances at 293  at low temperature.

+

CD (Arbitrary Scale)

and 130 K is 0.095 A. The X-ray analysis of theRfalt On the basis of the related structures already described, it
has shown that the average-R distance of the [P&_M¢]~ can be reasonably considered that the X-ray structui® of
component shortens by 0.179 A while that of the! g Me]2+ is suffering from such disorder due to the stacking manner.

component remains almost unchanged (0.006 A) upon theThe plausible explanation is that there are two pairs of
2HS-Fé — HS-Féd + LS-Fé' SCO. The 0.095 A value is  [Fe'HsLMe]2+ and [FELMe] -, i.e., two different sheets, and
nearly the average (0.179 0.006)/2 A value. These facts we are seeing the averaged structufgEe!HsLMe]2+(1st
suggest that the X-ray observation of the N&alt, 3, sheetH [F'LM¢]~(2nd sheei)/2 + {[Fe'LM¢]?*(1st sheet)
corresponds to an averaged structuffre'HsLMe)2t + + [F€'H3LMe]~ (2nd sheed)/2. This type of situation may
[FE'LMe]~}/2. lead to a superlattice problem that has been often observed
At this stage, it is worth comparing this averaged structure in one-dimensional compounds such a$(gH)] [PtV X,(en)]-
to the related 2D compounds. (1) The X-ray analysis of the Y, (X = CI7, Br~, I7; en= ethylenediamine; Y= CIO,,
mixed-valence complex, [FelsL]>T[FE"L]%(NOs),, has evi- BF,) and layered crystaP. These facts demonstrate that
denced four iron sites consisting of two pairs of'[FeL] %" the crystal structures of this series of 2D complexes tend to
and [Fe'L]° components with imidazole hydrogen atoms
located on the D-Fourier mdp.In this mixed-valence (20) (a) Matsumoto, N.; Yamashita, M.; Kida, S.; Ued#dta Crystallogr.
compound, there is no ambiguity about the association of — sord Tas L8 7LIS0 () {g”}%ﬂ]}ﬁl“ﬁT;’;ﬁg”s'hﬁg";,?ima
L3~ with Fe", and about the proton location on the ferrous S.; Murase, |.; Ito, TActa Crystallogr 1993 B49, 497—506.
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Figure 11. Magnetic behavior of [FEHsLMe](NO3),+1.5H:0 (1) in the
form of ymT vs T plots. The sample was quickly cooled from 300 to 5 K,
and ym was successively measured in the warming-320 K, a) and
cooling (350-2 K, ¥) modes, with a sweep raté b K min~1.

Figure 12. Magnetic behavior of [FEL]-3.5H,0 (2) in the form of the

xmT vs T plots. The sample was quickly cooled from 300 to 5 K, ard

was measured in the warming and cooling modes. For three independent
magnetic susceptibility experiments, the highest temperatures were set to
300 @), 350 (1), and 400 Q) K, and a hydrated sample was used for each
measurement. ThemT values were not corrected for removal of water
molecules.

Table 5. Mossbauer Parameters for [fsLMe](NO3)2:1.5H:0 (1) and
[Fe"LMe]-3.5H:,0 (2)

compd  TK  oYmmst  AEg/mms?t  Tmmest molecules per [P&LMe]-3.5H,0 (2) (11.7%). In this two-
1 298 1.02 1.70 0.30, 0.26 step weight loss, a 6.9% weight loss corresponding to two
78 1.14 2.00 0.32,0.30 0 i ; ;
) 208 01t 139 0.39. 0.78 water molecules (6.7%) was observed in the fI(:’St de_hydratlon
78 0.22 1.79 0.27.0.26 process at 315370 K, and a subsequent 5.0% weight loss

corresponding to 1.5 water molecules (5.0%) was observed
in the second dehydration process at 3485 K. As
have a serious disorder problem derived from the stacking demonstrated by the X-ray analysis, [Hé"€]-3.5H,0 (2)
arrangement of the 2D sheets. It is true that the ambiguity involves two types of water molecules: 1.5 water molecules
of the crystal structure could not in principle be fully per[Fé&'LV¢]-3.5H,0 play a binding role to form a dinuclear
solved: since the X-ray analysis is not effective enough to structure through three hydrogen bonds between the water
locate the imidazole hydrogen atom, the use of neutron molecules and the imidazolate nitrogen atoms of two adjacent
diffraction analysis would be required to solve this problem. complex molecules, and 2 water molecules participate in the

a]somer shift data are reported to iron fdlIFull width at half-height.

Magnetic Properties of [Fd'H3LMe](NO3),-1.5H,0 (1)
and [Fe' LMe]-3.5H,0 (2). The magnetic susceptibility of
a polycrystalline sample df was measured in the-350 K
temperature rangetd K min~! sweeping rate under an
applied magnetic field of 1 T. The sample was quickly cooled
from room temperature down to 2 K, and as the first run,

formation of the extended network structure between the
dinuclear components.

The magnetic susceptibility measurements 2ofwere
carried out taking into consideration its thermal properties
and crystal structure, and theT versusT plots are shown
in Figure 12. At first, the magnetic susceptibility Bfwas

the magnetic susceptibility was measured in the warming measured in the 5300 K temperature range. The plots
mode from 2 to 350 K. Subsequently, the magnetic suscep-corresponding to the warming and subsequent cooling modes

tibility was measured in the cooling mode from 350 to 2 K.
The ymT versusT plots of 1 are shown in Figure 11. The
magnetic behavior of in the warming and cooling modes
is very similar. Except for a slight decrease below 20 K, the
xmT value per Fe is practically constant in the overall
temperature range at ca. 3.2tk mol™!, as expected for
HS-Fé (S= 2). The M@sbauer spectra dfwere measured
at 298 and 78 K, and the Msbauer parameters are given

are nearly the same in this temperature range ylfievalue

in the 5-200 K range is nearly constant at ca. 0.45°dtn
mol~*. This value is compatible with the spin-only value for
S= 1, g=2.00 (0.375 criK mol™%), and is in the range
reported for LS-F&. Upon further warming, theuT value
increased to 1.8 chK mol~! at 300 K, a value that is much
smaller than the spin-only value for HS¥eS = %,, g =
2.00 (4.37 cri K mol™Y). The magnetic behavior of the

in Table 5. Each spectrum consists of a doublet assignablesample in the subsequent 30K cooling range was almost

to HS-Fé, being consistent with the magnetic susceptibility
result.

The DSC measurement of [FeMe]-3.5H,0 (2) at the
heating rate 62 K min~* showed a broad endothermic peak

similar to that in the warming mode. The magnetic suscep-
tibility of 2 was then measured in the-850 K temperature
range. Upon warming, thesT value increased from the 0.45
cm® K mol~! LS value at 200 K to 3.8 cfK mol~* at 350

at 320-350 K and a rather sharp peak around 418 K. When K, a value that is 0.58 c¢fnK mol~! below the spin-only

a powdered sample @was heated at €5 K min* heating

value for HS-F¥, S=5,, g = 2.00 (4.37 criK mol™).

rate, a two-step weight loss was observed between 315 andJpon subsequent cooling of the sample from 350 K #h€

405 K, and the total weight loss in the TG curve was 11.9%,

value gradually decreased, reaching a plateau at 03cm

in agreement with the calculated weight percent of 3.5 water mol~ (LS value) below 100 K. The difference in magnetic
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Figure 13. Magnetic behavior of [FHzLMe][Fe"LMe]NOs (3) in the form

of the ymT vs T plots. The sample was quickly cooled from 300 to 5 K,
and ym was successively measured in the warming-380 K, a) and
cooling (300-5 K, ¥) modes, with a sweep raté b K min~1.

behavior between the warming and cooling mode may be
ascribed to a dehydration process involving the two water
molecules that participate in the formation of the extended
network structure between dinuclear components. This
hypothesis was confirmed by the fact that a furthei350

K warming and cooling cycle yielded similar results. The
magnetic susceptibility o was finally measured in the
5—400 K temperature range. Upon warming from 5 K, the
xmT value increased, reaching a maximum at 350 K, and
then decreased, reaching a plateau at-31D K: theyyT
decrease in the 350100 K range is due to the second
dehydration process. Upon cooling the sample from 400 K,
the ymT value gradually decreased to the spin-only value
for LS-Fé'". The present observations further illustrate how
weak intermolecular interactions through crystal solvent may
significantly affect the SCO behavior.

The Mssbauer spectra @were measured at 298 and 78
K, and the M@sbauer parameters are given in Table 5. The
spectrum at 78 K consists of a doublet assignable to LS-
Fe''. The doublet of the spectrum at 298 K showed an
asymmetric line-broadening, and itSEq became fairly
smaller. This behavior would be characteristic of a spin flip
rate comparable to the hyperfine frequency’ (b1 s 1),

suggesting the onset of spin transition at this temperature in

accord with the magnetic results.

Magnetic Properties of [Fé'HzLMe][Fe' LM]]NO; (3).
TheymT versusT plots for3 are shown in Figure 13¢( is
the molar magnetic susceptibility per 2Fe, ahds the

¥ T/ em? K mol

50 100 150 200 250 300 350
TIK

Figure 14. Magnetic behavior of [PHzLMe][Fe'' LMe](NO3); (4) in the

form of ymT vs T plots. The sample was quickly cooled from 300 to 5 K,

and ym was successively measured in the warming 350 K, a) and

cooling (350-5 K, ¥) modes, with a sweep ratd & K min—1.

%

tions between SCO sites. The SCO behavior3dh the
cooling mode (without the frozen-in effect) is described
hereafter. In the 306200 K region, theyu T value is nearly
constant at ca. 6.7 ¢hK mol™%, as expected for two HS-
Fe' species$= 2). Upon further cooling, in the 26670 K
region, theym T value decreases and then reaches a plateau
below 50 K. The inflection points at 115 and 80 K were
obtained from the first derivative of thg T versusT plots.
The yuT value at the 115 K inflection point, 3.4 énK
mol™, is approximately!/, of 6.7 cn? K mol™%. The ymT
value in the plateau region below 50 K, 1.7%kamol ™, is
approximately!/, of 6.7 cn? K mol~1. Since theywT value
expected for LS-Pe (S = 0) should be negligibly small
compared with the value of the HSIF¢S = 2), these
magnetic susceptibility data suggest a two-step SCO involv-
ing, from higher to lower temperature: 4HS!Fe- {2LS-
Fe' + 2HS-Fd} < {3LS-Fe + HS-Fé'}. Considering the
[Fe'HaLMe|[Fe"LMEINO; chemical formula o8, the magnetic
susceptibility data thus suggest the presence of two-HE&"]-
[FE'LM€] pairs: the [FELM€] deprotonated components would
participate in the 4 HS-Fe— {2 LS-Fé' + 2 HS-Fd} step
at 200-115 K, and one of the [P&lsLMe]~ protonated
components would participate in tH2 LS-Fé' + 2 HS-
Fe'} < {3 LS-Fé + HS-Fé'} step at 115-80 K. The fourth
Fé' site corresponding to the second'[ReLM¢]~ component
would remain in the HS state. Two-step SCO processes have
been reported for a few complexes, none of them involving
four distinguishable Pesites!!??

Magnetic Properties of [Fe'HaLMe][Fe'" LMe](NO3), (4).

absolute temperature). The magnetic behavior in the WarmingTheXMT versusT plots in the 5-350 K temperature range

and cooling modes is very similar except below 70 K.

Compound3 showed no detectable thermal hysteresis in the
SCO region. The difference in magnetic behavior below 70
K can be ascribed to the frozen-in effect, which is observed
when the relaxation rate is slow due to cooperative interac-

(21) (a) Lemercier, G.; Bousseksou, A.; Verelst, M.; Tuchagues, J.-P.;
Varret, F.J. Magn. Magn. Mater1995 150, 227-230. (b) Thiel, A;;
Bousseksou, A.; Verelst, M.; Varret, F.; Tuchagues, Tiiem. Phys.
Lett. 1999 302 549-554 and references therein.

(22) (a) Boinnard, D.; Bousseksou, A.; Dworkin, A.; Savariault, J.-M.;
Varret, F.; Tuchagues, J.-fhorg. Chem.1994 33, 271-281. (b)
Letard, J.-F.; Real, J. A.; Moliner, N.; Gaspar, A. B.; Capes, L.; Cador,
O.; Kahn, 0J. Am. Chem. So&999 121, 10630-10631. (c) Simaan,

A. J.; Boillot, M.-L.; Riviere, E.; Boussac, A.; Girerd, J.-Angew.
Chem, Int. Ed.200Q 39, 196-198.

are shown in Figure 14. The magnetic behavior in the
warming and cooling modes is very similar except below
70 K and showed no detectable thermal hysteresis in the
SCO region. The frozen-in effect observed below 70 K is
probably due to cooperative effects resulting from the
hydrogen-bonded 2D structure. The SCO behavio4 of

the cooling mode (without the frozen-in effect) is described
hereafter. Upon lowering the temperature from 350 K, the
xmT value per 2Fe gradually and continuously decreases from
6.8 cn? K molt at 350 K, then reaches a plateau region of
ca. 3.3-3.0 cn? K mol~tin the 70-20 K range, and finally
decreases rather abruptly down to 2.5°d¢tmol ! at 5 K.

The ymT value of 6.8 cri K mol™! at 350 K, the highest
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Table 6. Mdssbauer Parameters for [FsLMe][Fe!'LMEINO3 (3)
100 % TK  6mm?t AEgmms?! TIYmms?! relative area/%
97l On Heating after Rapid Cooling to 4.2 K
298 1.00 1.62 0.32,0.26 100
. 250 1.03 1.72 0.36, 0.27 100
100 |3 220 1.05 1.77 0.35, 0.27 100
200 1.05 1.84 0.30 94
9% 0.47 0.23 0.24 6
180 1.08 1.91 0.30 86
_ 0.48 0.25 0.24 14
100.0 [Suter e da® 160 1.09 2.00 0.31 76
xR SR 0.47 0.23 0.25 25
E 97.5 140 1.10 2.06 0.35 61
IS 0.47 0.23 0.24 39
@ 950 120 1.10 2.13 0.32 51
€ g5 0.46 0.23 0.24 49
@ 100 1.12 2.25 0.33 48
© e 0.48 0.22 0.24 52
B 100 (Biiamiainnio 78 1.12 2.34 0.35 36
0.48 0.24 0.26 64
96 50 111 2.40 0.35 30
0.48 0.23 0.28 70
92 25 1.11 2.38 0.34 37
0.49 0.23 0.26 63
4.2 1.13 2.38 0.33 37
100 A 0.49 0.23 0.27 63
On Slow Cooling from Room Temperature
95 220 1.04 1.78 0.35,0.26 100
160 1.08 2.00 0.31 i
90 0.47 0.20 0.23 23
120 1.11 2.16 0.31 50
0.47 0.21 0.26 50
y 100 1.11 2.27 0.34 47
R S 0.48 0.23 0.25 53
e A4 2 0 w2 b 78 113 2.31 0.33 35
Velocity / mm.s-1 0.48 0.23 0.26 65
Figure 15. 57Fe Mtssbauer spectra of [fFesLMe][Fe''LMe]NO; (3) at %0 éig g;g 823;' ?2
selected temperatures. Th_e spectra shown were r(_ecordeq at 220, 160, 120, o5 1..13 2..36 0'_32 24
78, and 4.2 K upon warming the sample after rapid cooling to 4.2 K. 0.48 0.24 0.28 76
4.2 1.14 2.37 0.33 26
temperature measured, is smaller than the spin-only value 0.49 0.23 0.26 74
(7.37 cni K mol™) expected for HS-Fe(S = 2) + HS- a|somer shift data are reported to iron fdllFull width at half-height.

Fe'' (S= %) with g = 2.00. TheymT versusT plots show
an inflection point at 220 K with guT value (5.4 cii K [F'LMe]~, the Massbauer spectra do not distinguish them.
mol™) very close to the spin-only value expected for (HS- This behavior originates probably from a significant delo-
Fe' + Y(HS+ LS)Fe") (5.37 cniK mol™?). TheyuT value  calization of the charges at the periphery of the bulky
in the 70-20 K plateau region (ca. 3.2 ¢ mol ™) isclose  [Fe'H,LM¢|2* cations and [P&.M¢]~ anions, delocalization
to the spin-only value expected for (HS!Fe LS-F€") (3.37  which is increased by the extended imidazdimidazolate
cm?® K mol~1). The magnetic susceptibility results described hydrogen bond network. This charge spreading (spatially
here suggest that the 'Fesite exhibits a gradual two-step  similar for [Fe'HsLMe]2t and [FELMe]-) is most probably
spin transition in the 70 to ca. 400 K temperature range while responsible for a minimized difference in electronic structure
the Fé site remains mainly in the HS state. of HS-iron(ll) among the cationic and anionic components,
Mutssbauer SpectroscopyThe temperature dependence yielding undistinguishable Mgsbauer doublets. Below 200
of the Méssbauer spectra of compoun8sand 4 was K, the spectra consist of two quadruple-split doubléts=(
investigated in the 42300 K range. The samples were 1.10 and 0.46 mm3, AEg = 2.13 and 0.23 mm'3, at 120
initially rapidly cooled to 4.2 K, and Mssbauer spectra were K) assigned to HS- and LS-Ferespectively. A deconvo-
measured at selected temperatures in the warming mode, anflition analysis of the spectrum at each temperature was
then in the cooling mode. performed in order to determine the molar fraction of the
Mo'ssbauer Spectra of [F&HsL Me][Fe" LM]NO; (3). The HS-Fé versus total Pé The resulting Mesbauer parameters
spectra obtained in the warming and cooling modes are are gathered in Table 6. The plots of the H3-f7ersus total
nearly the same except for those below 50 K. RepresentativeFe' molar fraction derived from the Mssbauer spectra and

spectra are shown in Figure 15. In the 2280 K temper- the magnetic susceptibility measurements are shown in
ature range, they consist of a doublet assignable to HS-Fe Figure 16. In agreement with the T versusT data, the plots
(isomer shiftd = 1.00 mm s* and quadruple splittind\Eq in the warming and cooling modes are nearly the same except

= 1.62 mm s? at 298 K). Although two types of HS-Fe  below 50 K. The difference below 50 K may be ascribed to
species would be expected at 298 K, '[HeLM¢]?" and the frozen-in effect due to the slow relaxation of the SCO
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Figure 16. The HS-F& vs total F& molar fraction obtained by
deconvolution analysis of each lg&bauer spectrum, together with the HS-
Fe' vs total F& molar fraction obtained from magnetic susceptibility. For
Méssbauer spectroscopy, the)(values were recorded upon warming the
sample after rapid cooling to 4.2 K, and the)(values were recorded on
subsequent slow cooling. The HS fractiags from magnetic susceptibility
was calculated by the equationu)obs = NHs (UM THs + (1 — Nus) (emT)Ls,
with the following limiting values: fmT)us= 6.7 cn¥ K mol~* and fmT)Ls

= 0.0 cn? K mol™.

Transmission / %

sites. The plot of the HS-feversus total PeEmolar fraction
in the cooling mode shows three plateau regions correspond-
ing to molar fractions of 1.0 at 29800 K, 0.5 at 126-110
K, and 0.25 at 564.2 K. The results of the Mssbauer study
thus agree well with those from the magnetic susceptibility
measurements.

Mossbauer Spectra of [F&H L Me][Fe'! LMe](NO3), (4).
The Mtssbauer spectra in the warming and cooling modes
are nearly the same except for those below 50 K. Repre-
sentative spectra obtained in the warming mode are shown
in Figure 17, which provides definitive evidence for the
mixed-valence states. The spectrum at 298 K consists of a
doublet assignable to HS-Fé6 = 1.01 mm s?, AEq = 6 4 2 0 +2 +4 6
1.69 mm s?) and peaks assignable to HS and LS'F&he Velocity / mm s
spectrum at 78 K consists of two main quadruple-split figure 17. 57Fe Messbauer spectra of [felsL Me][Fe!l LMe[(NOy), (4) at

doublets assigned to HSIF@ = 1.12 mm s?, AEq = 1.93 selected temperatures. The 4.2 (next to bottom), 78, 120, 200, and 298 K

1 _EAl — 1 — spectra were recorded upon warming the sample after rapid cooling to 4.2
nlrln s and LS. F& (6 0.22 mm S_ » AEq = 1.76 mm K. The bottom 4.2 K Mgsbauer spectrum was recorded after cooling the
s 1), and a low-intensity doublet attributable to LS!F@ sample slowly.

= 0.46 mm s?, AEg = 0.23 mm s?). The Fd/F€" area

ratio at each temperature is very close to 1:1 in agreement(compare the 4.2 K spectra in Figure 17) may be ascribed
with the Fd/F€" valence ratio expected from the chemical to the frozen-in effect due to the slow relaxation of the spin-
formula of4. In addition, the Masbauer spectra clearly show crossover sites. Upon raising the temperature above ca. 170
the onset of the Pespin transition below 120 K, and the K, the Fé¢' doublet begun to show an asymmetric line-
incomplete nature of this HS-fFe— LS-Fé' transition: broadening, and itAEq became somewhat smaller (0.90 mm
indeed, 66-80% of the F& sites remain HS below 50 K. A s! at 298 K). This behavior is characteristic of a spin flip
deconvolution analysis of the spectrum at each temperaturerate comparable to the hyperfine frequency’(tt01C s™2):

was performed in order to determine the molar fraction of the Mossbauer line shape then depends on the interstate
HS-Fé versus total Pe The resulting Mesbauer parameters  conversion rate and the LS/HS ratfo.

are gathered in Table 7. The results of the deconvolution LIESST and Reverse-LIESST Effects of [F&H L Ve]-
analysis of the Messbauer spectra @f yielding the molar [Fe"LMeINO3 (3). Figure 19a shows the time dependence
fraction of HS-F& versus total Fe are plotted versus of theyuT value @5 K upon green light irradiatiomfax =
temperature in Figure 18. In agreement with ghd versus 500 nm). Light irradiation 85 K produced an increase of

T data, the plots in the warming and cooling modes are nearlythe yuT value, which is attributed to the LS> HS spin

the same except below 50 K. The difference below 50 K transition at the Pesites (light induced excited spin state
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Table 7. Mossbauer Parameters for [fFsLMe][Fe' LME](NO3), (4)

TK  émms!t AEg/mms?! TImms?! relative area/%
On Heating after Rapid Cooling to 4.2 K
298 1.01 1.69 0.30 51
0.23 0.90 0.45, 0.97 49
250 1.03 1.77 0.31 53
0.21 1.02 0.48, 1.00 47
200 1.07 1.82 0.32 49
0.21 1.53 0.60, 0.70 51
170 1.08 1.84 0.32 54
0.19 1.67 0.35 46
120 1.11 1.91 0.33 53
0.21 1.74 0.27 47
100 1.11 1.90 0.31 48
0.51 0.23 0.27 7
0.23 1.76 0.27 45
78 1.12 1.93 0.31 44
0.46 0.23 0.28 11
0.22 1.76 0.26 45
50 1.13 1.97 0.30 42
0.51 0.19 0.29 11
0.22 1.77 0.28 47
4.2 1.13 2.04 0.31 46
0.47 0.20 0.24 10
0.22 1.76 0.28 44
On Slow Cooling from Room Temperature
120 1.10 1.90 0.33 52
0.20 1.73 0.27 48
100 1.12 1.92 0.34 48
0.51 0.25 0.27 7
0.21 1.75 0.27 45
78 1.12 1.96 0.31 45
0.46 0.18 0.30 11
0.18 1.76 0.27 44
50 1.14 1.99 0.32 41
0.49 0.23 0.27 15
0.22 1.78 0.25 44
4.2 1.12 2.04 0.29 35
0.49 0.19 0.29 22
0.22 1.78 0.25 43

alsomer shift data are reported to iron fdllFull width at half-height.
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Figure 18. The HS-F& vs total F¢ molar fraction obtained by

deconvolution analysis of each sbauer spectrum. Tha) values were
recorded upon warming the sample after rapid cooling to 4.2 K, and the
(v) values were recorded on subsequent slow cooling.

trapping (LIESST) effect). The sample was irradiated with
green light &5 K until the yuT value reached a saturation
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Figure 19. LIESST and reverse-LIESST of [fHesLMe][Fe"LME]NO;3 (3).

(a) Time dependence of thexT value during irradiation with greer gax

= 500 nm) and redi(= 806 nm) light at 5 K, showing the LIESST and
reverse-LIESST effects. (T vs T plots showing the LIESST effect and
the relaxation process. After green light irradiatidmdx = 500 nm) was
switched off, the thermal relaxation process was recorded in the warming
mode @), and then, thguT value was measured in the cooling mode from
300to 5K ).

experiments demonstrate that compmgxesents the LIESST
and partial reverse-LIESST effects. Though theddbands
assigned to the LS-Hestate in this series of compounds are
expected to be hidden by strong MLCT bands, they should
be at ca. 380 and 550 nm, considering thé Eemplexes
with analogous Bldonor atoms?® The electronic spectrum
of [F€'HaLM€(NO3),+1.5H,0 (1), a component of [FeH;LMe]-
[FE'LMEINO; (3), exhibits a weak &d band with an
absorption maximum at 870 nra£ 10 Mt cm™?) assigned
to the 5T, — SE transition of the HS-Fe The red light
irradiation ¢ = 806 nm) would thus induce thd, — °E
transition allowing occurrence of the reverse-LIESST effect.
In another experiment, following irradiation of the sample
up to saturation, the green light was switched off, and then,
the thermal relaxation process was studied by monitoring
the ymT value on warming the sample. Figure 19b shows
the result. A progressive increase @fT was observed as
the sample was slowly warmed (1 K mif). The thermal
dependence gfuT reaches a maximum value of 5.2 Tk
mol~t. The reduceg/uT values in the lowest temperature
range most probably result from operation of zero-field

value and the green light was switched off. Subsequentsplitting of the S = 2 ground state for the trapped HS

irradiation with red laser lightmax = 806 nm) at 5 K
induced a decrease of th@T value, attributed to the HS
LS transition (reverse-LIESST effect); however, theT
value did not perfectly reach the initial value (before
irradiation with the green and red lights). The described
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molecules.

LIESST and Reverse-LIESST Effects of [F&HsLMe]-
[Fe" LMe](NO3), (4). Figure 20a shows the time dependence
of theywT value a5 K upon green light irradiatiomfpax =
500 nm). Light irradiation produced an increase of thd
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Figure 20. LIESST and reverse-LIESST of [ftesLMe][Fe" LM€](NO3),

(4). (a) Time dependence of the4T value during irradiation with green
(500 nm) and red (806 nm) light at 5 K, showing the LIESST and reverse-
LIESST effects. (byymT vs T plots showing the thermal relaxation after
the LIESST and reverse-LIESST effects. The thermal relaxation process
was recorded in the warming moda)(after green light irradiation and
after red light irradiation. After the relaxation process, #d value was
measured in the cooling mode from 3@5 K (v).

value from 2.6 ciK mol~t up to 3.1 crd K mol™. In the
case of the mixed-valence compouficthe LIESST effect
is weaker than in the case 8fbecause ca. 6680% of the
Fe' sites are in the HS state at 5 K. Subsequent irradiation
with red laser light fmax = 806 nm) at 5 K induced a
decrease of thgy T value down to 1.7 ciK mol™2, a value
much smaller than the initial one, 2.6 gt mol~* (before
irradiation with green and red light). It is noteworthy that
the red light irradiation may induce a HS LS transition
(reverse-LIESST effect) of the Kesites of [FEHaLMe]-
[FE"LME](NO3), (4) which could not be achieved thermally.

In independent experiments, following irradiation of the
sample up to saturation either with green or red light, the
light was switched off, and then the thermal relaxation
process was studied by monitoring $heT value on warming
the sample. Figure 20b shows that the thermal relaxation
process was completed at ca. 70 K in both cases (green o
red light irradiation). These experiments also suggest that
the Fé sites of [FdHsLMe][Fe""LMe](NO3), (4) exhibit
LIESST and reverse-LIESST effects but the'Fsites do
not.

Concluding Remarks. A new family of complexes,
including an HS-Fecomplex [FEH3LMe)(NO3),+1.5H:0 (1),
an SCO F# complex [Fd'LMe]-3.5H,0 (2), an SCO Fé&—
Fe' complex [F&HsLMe|[Fe"LMINOs (3), and an SCO
mixed-valence complex [[elsLMe][Fe LM](NOs), (4), has
been characterized and extensively investigated. The coor-
dination chemistry of iron so far reported reveals that ligands
with pyridine and imidazole nitrogen donors yield stablé Fe
complex, and ligands with carboximate, oxime, and car-
boxylate groups exhibit a preference fof'Feenters. Within
each oxidation state, the ligands which afford SCO are further
limited because the ligand field in an SCO compound should
be close to the crossover point of the TanaBegano
diagram. In fact, the ligand environments which induce SCO
for F€' are limited to the N donor atom sets of pyridine,
triazole, pyrazoyl, tetrazole, and imidazole derivati%#&stt
the N;O, donor atom set of Schiff basésand a RBr donor
atom set (bromide anion and hexaphenyl-1,4,7,10-tetraphos-
phadecanée’! The ligand environments which induce SCO
for F'" are limited to the NO, and S sets of donor aton?s.
Therefore, it should be stressed that the present tripodal
ligand containing three imidazole groups provides an N
donor set able to stabilize a remarkable variety of oxidation
and spin states of iron, as described in this study. Among
the materials in this family, [FédsLM¢][Fe'LM]NO; (3) and
[FE'HaLMe|[Fe" LMe](NO3), (4) assume a homochiral 2D
sheet structure based on imidazeimidazolate hydrogen
bonds between #LMe and LMe, The degree of deprotonation
and the substituent effect of the methyl group at the imidazole
moiety allow fine-tuning of the electronic states and SCO
behavior of this type of molecular system. The combination
of optical, SCO, and mixed-valence properties with chirality
of the multidimensional extended structure in this family
opens up new prospects for the effective use of SCO
materials.

Experimental Section

Materials. All chemicals and solvents were reagent grade and
were obtained from Tokyo Kasei Co., Ltd.,, and Wako Pure

(23) (a) Petrouleas, V.; Tuchagues, J&Rem. Phys. Letil987 137, 21—

25. (b) Rakotonandrasana, A. S.; Boinnard, D.; Petrouleas, V.; Cartier,
C.; Verdaguer, M.; Savariault, J.-M.; Tuchagues, JlABrg. Chim.
Acta1991], 180, 19—-31. (c) Boinnard, D.; Bousseksou, A.; Dworkin,
A.; Savariault, J.-M.; Varret, F.; Tuchagues, Jhiarg. Chem1994
33,271-281. (d) Bousseksou, A.; Tommasi, L.; Lemercier, G.; Varret,
F.; Tuchagues, J.-RChem. Phys. Lett1995 243 493-499. (e)
Bousseksou, A.; Salmon, L.; Varret, F.; Tuchagues, £Hem. Phys.
Lett. 1998 282 209-214. (f) Salmon, L.; Donnadieu, B.; Bousseksou,
A.; Tuchagues, J.-RC. R. Acad. Sci.Ser. lic: Chim.1999 305-

309.

(24) (a) Bacci, M.; Midollini, S.; Stoppioni, P.; Sacconi, Inorg. Chem.
1973 12, 1801. (b) Bacci, M.; Ghilardi, C. Alnorg. Chem.1974
13, 2398. (c) Bacci, M.; Ghilardi, C. A.; Orlandini, Anorg. Chem.
1984 23, 2798-2802.

(25) (a) Maeda, Y.; Oshio, H.; Takashima, Y.; Mikuriya, M.; Hidaka, M.
Inorg. Chem1986 25, 2958-2962. (b) Conti, A. J.; Chandha, R. K;
Sena, K. M.; Rheingold, A. L.; Hendrickson, D. Morg. Chem1993
32, 2670-2680. (c) Patra, A. K.; Olmstead, M. M.; Mascharak, P. K.
Inorg. Chem 2002 41, 5403-5409. (d) Tweedle, M. F.; Wilson, L.

r J.J. Am. Chem. S0d976 98, 4824-4834. (e) Matsumoto, N.; Ohta,
S.; Yoshimura, C.; Ohyoshi, A.; Kohata, S.; Okawa, H.; Maedal.Y.
Chem. Sog. Dalton Trans. 1985 2575-2584. (f) Maeda, Y.;
Takashima, Y.; Matsumoto, N.; Ohyoshi, A. Chem. So¢Dalton
Trans.1986 1115-1123. (g) Sim, P. G.; Sinn, Enorg. Chem1978
17, 1288-1290. (h) Nishida, Y.; Oshio, S.; Kida, Shem. Lett1975
79-80.
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Chemical Industries, Ltd. They were used for the syntheses without

Ikuta et al.
[Fe” HslL Me][Fe”'— LMe](NO3)2 (4) [Fe" H3LMe](N03)2'1.5HgO (1)

further purification. Reagents used for the physical measurements(0.31 g, 0.5 mmol) in 10 mL of methanol was added to a solution

were of spectroscopic grade.
Tris[2-(((2-methylimidazol-4-yl)methylidene)amino)-
ethyllamine HaLMe. Tris(2-aminoethyl)amine (0.75 g, 5 mmol) was
added to a solution of 2-methyl-4-formylimidazole (1.65 g, 15
mmol) in 20 mL of methanol, and the mixture was stirred at60
for 10 min. The methanolic solution of the tripod-type ligand thus

of [Fe'LLMe]-3.5H,0 (2) (0.27 g, 0.5 mmol) in 10 mL of methanol

at room temperature. The mixture was allowed to stand for several
days at room temperature. The black crystalline precipitate was
collected by suction filtration, washed with a small volume of
methanol, and dried in vacuo. Yield: 0.105 g (19%). Anal. Calcd
for [Fe'HsLMe|[Fe'tLMe](NOs3),: C 46.81, H 5.33, N 28.59.

prepared was used without isolation of the ligand for the synthesis Found: C 46.74, H 5.38, N 28.38%. IR (CH): vc—n 1634, 1614

of the metal complexes.

[Fe'"H3LMe](NO3), 1.5H,0 (1). Method A. To the tripod ligand
solution (5 mmol in 10 mL of methanol) was added a solution of
Fé'Cl4H,0 (1.02 g, 5 mmol) in 20 mL of methanol and then a
solution of NaNQ@ (1.30 g, 15 mmol) in 20 mL of methanol. The
mixture was stirred for 5 min at ambient temperature and then
filtered. The filtrate was allowed to stand for several days, during
which time yellow crystals precipitated. They were collected by
suction filtration, washed with a small volume of methanol, and
dried in vacuo. Recrystallization was performed from the methanol
solution containing a small amount of HCI. Yield: 0.77 g (24%).
Anal. Calcd for [FEH3LMe](NO3),-1.5H,0: C 40.07, H 5.28, N
26.70. Found: C 39.91, H 5.40, N 26.49. IR(KBryc=n 1644
cmL, vnoz 1370 cnrl.

Method B. To the tripod ligand solution (5 mmol in 10 mL of
methanol) was added a solution of"H&0O3)3-9H,0 (2.13 g, 5
mmol) in 20 mL of methanol. The mixture was stirred for 1 day at
30°C and then filtered. The filtrate was allowed to stand for several
days, during which time red-yellow crystals precipitated. They were
collected by suction filtration, washed with a small volume of
methanol, and dried in vacuo. Recrystallization was performed from
the methanol solution containing a small amount of HCI, during
which time yellow crystals precipitated. Yield: 1.33 g (50%).

[Fe LMe]-3.5H,0 (2). Method A. Tris(2-aminoethyl)amine
(0.73 g, 5 mmol) in 10 mL of methanol was added to a solution of
2-methyl-4-formylimidazole (1.65 g, 15 mmol) in 20 mL of
methanol, and the mixture was stirred at°8for 60 min. To the
ligand solution was added a solution of anhydrou4 kg (0.81 g,

5 mmol) in 10 mL of methanol, and then, 10 mL of water was
added to the mixture. An aqueous solutiohloM KOH (ca. 3
equiv) was finally added to the mixture. The reaction mixture was
stirred for several hours at room temperature until the solution
became blue. The small amount of red precipitate which formed
meanwhile ([F&HzLVe][Fe'LMINO; (3)) was filtered off. The
filtrate was allowed to stand for several days during which time

cm L v yoz 1334 cnTl,

Physical MeasurementsThe elemental C, H, and N analyses
were carried out by Miss Kikue Nishiyama at the Center for
Instrumental Analysis of Kumamoto University. Infrared spectra
were recorded on a Perkin-Elmer FT-IR PARAGON 1000 spec-
trometer using KBr disks at room temperature. The ambient
temperature (297 K) magnetic momentsland2 were measured
by the Evans meth@flon a Varian Mercury 300 spectrometéid (
at 300 MHz). In the coaxial tube configuration, the outer 5 mm
tube contained solvent (GDD-2% tert-butyl alcohol) while the
inner tube contained a dissolved sample (ca. 0.01 M). The frequency
difference between theert-butyl alcohol reference signals was
measured. Diamagnetic susceptibility corrections were made by
using Pascal's constants. TG and DSC measurements were per-
formed with a Perkin-Elmer TGA 7 and DSC 7, respectively, in
which the heating ratesi5 K mint. Magnetic susceptibilities were
measured using an MPMS5 SQUID (Quantum Design) in the
5-350 K temperature range & K min~! sweeping rate under an
applied magnetic field of 1 T. The calibration was done with
palladium metal. Corrections for diamagnetism were applied using
Pascal’s constants. For the LIESST and reverse-LIESST experi-
ments, a xenon arc lamp (Hamamatsu L7810) and diode laser (806
nm, ILX Lightwave LDT-5525, LDX-3525) were used as the light
sources. For the green light, the interference filter with a central
wavelength of 500 nm and fwhr¥ 80 nm (Edmond Ind. Tech.
Spec.) was used. The light was guided via an optical fiber into the
SQUID magnetometer. The sample was placed on the edge of the
optical fiber. The measurements were performed on a very thin
layer of powder sample. The weight was estimated by comparing
the thermal spin crossover curve with that for a heavier and
accurately weighed sample. The'babauer spectra were recorded
by using a Wissel 1200 spectrometer and a proportional counter.
57Co(Rh), moving in a constant acceleration mode, was used as
the radioactive source. The hyperfine parameters were obtained by
least-squares fitting to Lorentzian peaks. The isomer shifts are

dark blue crystals were precipitated. They were collected by suction reported relative to metallic iron foil at 293 K. The sample

filtration, washed with a small volume of methanol, and dried in
vacuo. Yield: 0.5 g. Anal. Calcd for [H&.Me]-3.5H,0: C 46.85,

H 6.37, N 26.02. Found: C 46.74, H 6.25, N 25.99. IR(KBr)-

N 1601 cntl.

Method B. Compound was also obtained by reacting a solution
of 1 (5 mmol in 30 mL of methanol) with 3 equivid M aqueous
NaOH solution.

[Fe''HsL Me][Fe' LMe]NO3 (3). To a warm methanol solution of
[FE'"HaLMe](NO3)2+1.5H,0 (1) (0.27 g, 5 mmol) was added 1 equiv
of a 0.1 M aqueous KOH solution. The mixture was warmed on a
hot plate, and the color of the solution gradually changed from
yellow-orange to dark red, and the compound'ffg Me][Fe!' LMe]-

NO; (3) crystallized in several hours. The red-black crystalline
precipitate was collected by suction filtration, washed with a small
volume of methanol, and dried in vacuo. Yield: 0.13 g (52%). Anal.
Calcd for [FEHzLMe][Fe'LMe]NOs: C 49.66, H 5.66, N 28.96.
Found: C 49.61, H5.63, N 29.05. IR(KBryc=n 1637 cnT?, vno3
1385 cmt.
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temperature was controlled by a Heli-tran liquid transfer refrigerator
(Air Products and Chemicals, Inc.) with an accuracy+df.5 K.
Cyclic voltammetry measurements were performed using a Fuso
HECS 321B potential sweep unit with methanol solutions containing
(n-C4Ho)4NBF4 (0.1 M) as a supporting electrolyte at a scan rate
of 100 mV s (CV). The electrochemical cell was a three-electrode
system consisting of a glassy carbon working electrode, a platinum
wire auxiliary electrode, and a Ag/Ag(Ag/0.01 M AgNG;)
reference electrode. As an external standard, the Fc{Fc =
ferrocene) couple was observed-#.170 V versus Ag/Ag under

the same conditions.

Electronic Absorption Spectra. The electronic absorption
spectra were recorded with a Shimadzu-t\s spectrophotometer
UV-2450 at 20°C. The electronic spectral change was recorded
upon the addition of 0.10 M NaOH and HCI aqueous solutions for

(26) (a) Deutsch, J. L.; Poling, S. M. Chem. Educl969 46, 167—168.
(b) Schubert, E. MJ. Chem. Educ1992 69, 62.
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the forward and reverse processes, respecti/en aqueous collected at 293 K, of which 4955 were independ& & 0.0493),
solution of the protonated complex (0.5 mM methanol, 50 mL) 11 499 reflections at 130 K, of which 4735 were independBpt (
was prepared. The spectrum was recorded after every 0.075 mL= 0.0452) and 10 345 reflections at 90 K, of which 4609 were
addition of 0.10 M NaOH solution until 3 equiv of NaOH were independent Ry = 0.0441). No absorption corrections were
added. The time dependence of the spectrum was measured foapplied. The structures were solved by direct methods using
the mixed solution ofl and 3 equiv of NaOH at 26C. For the SHELXS-97! and refined or2 by full-matrix least-squares using
reverse process, the electronic spectrum of'[F¥¢]-3.5H,0 (2) SHELXL-97%2 with anisotropic displacement parameters for all the
(0.5 mM methanol, 50 mL) was measured with the addition of 0.075 non-hydrogen atoms, except for the disordered nitrate anion atoms.
mL of 0.10 M HCI solution. The spectra were corrected for the The H atoms were introduced into the calculations using the riding
volume variation due to the addition of the NaOH and HCl mode| with isotropic thermal parameters 1.1 times higher than those

solutions. . . . of the atom to which they are bonded. Scattering factors were taken
X-ray Data Collection, Reduction, and Structure Determi- from the literature3

nation. The X-ray diffraction data for [F&LM¢]-3.5H,0 (2) were

collected using a Rigaku AFC-7R d_iffrgctometer at 293 K. The Acknowledgment. This work was supported in part by
dz;lltawere corrected folr L(()jrebntzd,.polarlzatlr(])n(,jand zbsorptl?jn gffegts.a Grant-in-Aid for Science Research (14340209) from the
The structure was solved by direct methods and expanded usingy yinisiry of Education, Science, Sports, and Culture, Japan,
the Fourier techniqué® Hydrogen atoms were fixed at the calculated d the Eund for Proiect R h the Vent BUSi
positions and refined using a riding model. All calculations were and the Fund for Froject Research from the venture Business
performed using the Crystal Structure crystallographic software L-@Poratory, Graduate School of Okayama University. Y.S.
package?® thanks the Japan Society of Promotion for Science for a

The crystal structure of [FélsL Me][Fe!'LMe]NO; (3) was deter- postdoctoral fellowship.
mined at 293, 130, and 90 K. The selected crystal (red paral-
lelepiped, 0.25x 0.20 x 0.15 mn¥) was mounted on an Oxford- Supporting Information Available: X-ray crystallographic files
Diffraction Xcalibur diffractometer using graphite monochromated in CIF format for compound® and 3. This material is available
Mo Ko radiation ¢ = 0.71073 A) and equipped with an Oxford ~ free of charge via the Internet at http://pubs.acs.org.
Instruments Cryojet cooler devié&There were 12 042 reflections

1C034495F
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