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A series of two-dimensional (2D) spin crossover complexes, [Fe'HsLe][Fe""LM¢]X (X~ = ClO4~, BF,~, PFs~, AsFs ™,
ShFs~) 1-5, have been synthesized, where HsLM® denotes an hexadentate Ns tripodlike ligand containing three
imidazole groups, tris[2-(((2-methylimidazol-4-yl)methylidene)amino)ethyllamine. Compounds 1-5 exhibit a two-
step (HS-[Fe"HsLMe]?* + HS-[Fe'LMe]~) < (HS-[Fe"HaLe]2* + LS-[Fe'LMe]~) < (LS-[Fe"HsLMe]>* + LS-[Fe'LVe]™)
spin-transition. The crystal structure of [Fe'HsL¢][Fe"LM]PF¢ (3) was determined at 295, 200, and 100 K. The
structure consists of homochiral extended 2D puckered sheets, in which the complementary [Fe"HsLMe]2* and [Fe'LMe]~
capped tripodlike components, linked together by imidazole—imidazolate hydrogen bonds, are alternately arrayed
in an up-and-down mode. The Fe—N bond distances and angles revealed that the Fe' sites of both constituting
units are in the high-spin (HS) state at 295 K; at 200 K, the Fe" sites of [Fe"HsLM¢]?* and [Fe'LM¢]~ are in the HS
and low-spin (LS) states, respectively. The Fe' sites of both constituting units are in the LS state at 100 K. The
size of the counteranion affects significantly the intra- and interlayer interactions leading to modifications of the
spin crossover behavior. The onset of the second spin-transition of the ClO,~ (1) and BF,~ (2) salts adjoins the
first spin-transition, while a mixed (HS-[Fe"HsLM¢]?* + LS-[Fe"L"¢] ) spin-state spans a temperature range as wide
as 70 K for salts 3-5 with larger counteranions, PF¢~, AsFs~, and SbFg~, respectively. Compounds 1 and 2
showed remarkable LIESST (light induced excited spin state trapping) and reverse-LIESST effects, whereas 3-5
showed no remarkable LIESST effect. The interlayer interaction due to the size of the counteranion is an important
factor governing the spin crossover behavior and LIESST effect.

Introduction interconverted by different external perturbations. Spin

| crossover (SCO) compourfdare the most spectacular and
representative examples of molecular bistability. SCO be-
tween the low-spin (LS) and high-spin (HS) states is observed
in some octahedral 3¢4 < n < 7) metal complexes and is
induced by an external perturbation, such as temperature,
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(light induced excited spin state trapping) and reverse- Scheme 1. Schematic Drawing of a 2D Layered Compiex
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interest It is now well established that the elastic interactions /\
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between SCO sites govern the bistability, while SCO itself HNMJ
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is essentially a single molecule phenomenon. From this Nl
viewpoint, recent efforts have been devoted to design and Me
synthesize SCO compounds exhibiting strong elastic interac-

tions between spin-transition sites. Polymeric SCO com- r(NH Bk 'L” e
pounds with bridging ligandsand mononuclear SCO N\(N N/\ \/
compounds exhibiting intermolecular interactions such as A %/gé@? \N, N_Me
hydrogen bonding and—s stacking have been extensively AN oW e NI
investigated.
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Previously, we have reported an unprecedented homochiral MGAN% Bk f("N’ffMej ’
mixed-valence SCO complex, [HdsL][Fe" L](NO3), (HsL \ \/’N . /ﬁ\\N\}N
= tris-[2-(((imidazol-4-yl)methylidene)amino)ethyllamine), A N -B%X;H N ,EN/KF N
and shown that (1) the tripodlike ligand containing three N e N NN N
imidazole groups is the first ligand affording SCO behavior
for both the F& and Fé&' oxidation states, and (2) the 2D By r(\w
extended network structure based on imidazaieidazolate ,A:\}“x y " L_\NxN\
hydrogen bonds produces elastic interactions between SCO \} N‘Z@\y“ ....... CU F;Nrf}
sites?In a previous papef, we have investigated how the “,
degree of deprotonation at the imidazole moiety and the WFNN;MQ MHKN%
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a Coordination of the achiral tripod ligandsHe to the transition metal
ion yieldsA (clockwise) and\ (anticlockwise) chiral molecule [FelsL Me)2*
due to its screw coordination arrangement. The generated chiral comple-
mentary components [FELMe)2t and [FELMe]~ are assembled by
imidazole-imidazolate hydrogen bonds into a homochiral 2D sheet based
on the{[Fe'HsLMe][Fe!'LMe]} 3 hexameric unit.

this study, in order to investigate the effect of interlayer
interactions, we analyze how the counteranion modifies the
SCO behavior of these 2D complexes through interlayer
elastic interactions (see Scheme 1). To this purpose, we have
synthesized a series of [FdsLMe][Fe"'LMe]X complexes with
counteranions of various sizes (% ClO,~, BF,, PR,
AsFs~, SbR™) 1-5. On the basis of their syntheses, crystal

(9) (a) Sunatsuki,

1987 137, 21-25. (f) Rakotonandrasana, A. S.; Boinnard, D.;

Petrouleas, V.; Cartier, C.; Verdaguer, M.; Savariault, J.-M.; Tuchagues,

J.-P. Inorg. Chim. Acta1991 180, 19-31. (g) Boinnard, D
Bousseksou, A.; Dworkin, A.; Savariault, J.-M.; Varret, F.; Tuchagues,
J.-P.Inorg. Chem1994 33, 271-281. (h) Bousseksou, A.; Tommasi,
L.; Lemercier, G.; Varret, F.; Tuchagues, J.&hem. Phys. Letl.995

243 493-499. (i) Bousseksou, A.; Salmon, L.; Varret, F.; Tuchagues,
J.-P.Chem. Phys. Lett1998 282 209-214. (j) Salmon, L.; Don-
nadieu, B.; Bousseksou, A.; Tuchagues, JGPR. Acad. Sci., Ser.
llc: Chim. 1999 305-309.

(8) (a) Hayami, S.; Gu, Z.; Shiro, M.; Einaga, A.; Fujishima, A.; Sato, O.

J. Am. Chem. So@00Q 122 7126-7127. (b) Hayami, S.; Gu, Z.;
Yoshiki, H.; Fujishima, A.; Sato, OJ. Am. Chem. So001, 123
11644-11650. (c) Boca, R.; Boca, M.; Dihan, L.; Falk, K.; Fuess,
H.; Haase, W.; Jarosciak, R.; Papankova, B.; Renz, F.; Vrbova, M.;
Werner, R.Inorg. Chem.2001, 40, 3025-3033.

Y.; Ikuta, Y.; Matsumoto, N.; Ohta, H.; Kojima, M.;
lijima, S.; Hayami, S.; Maeda, Y.; Kaizaki, S.; Dahan, F.; Tuchagues,
J.-P.Angew. Chem., Int. ERO03 42, 1614-1618. (b) lkuta Y.;
Ooidemizu, M.; Yamahata, Y.; Yamada, M.; Osa, S.; Matsumoto, N.;
lijima, S.; Sunatsuki, Y.; Kojima, M.; Dahan, F.; Tuchagues, J.-P.
Inorg. Chem.2003 42, 7001-7017.

structures, magnetic, and photomagnetic properties, we report
here how the size of the counteranion governs the SCO

behavior of these 2D complexes through interlayer interac-

tions.

Results and Discussion

Synthesis and Characterization of 2D Layered Com-
plexes [Fé HzLMe][Fe' LMe]X (X~ = ClO4, BF4, PFs,
AsFs~, SbR™) (1-5). The F¢ complexes with the neutral
ligand form, [F&HsLMeX, (X~ = CIO,~, BF,) (13, 2a)
and [FéH3LM|CI-X (X~ = PR, Ask~, SbR™) (3a, 4a,
5a), were obtained as orange and dark-orange crystals,
respectively, from the mixed solution of the ligandLife,
Fe!Cl,*4H,0, and NaX or KX at the 1:1:2 molar ratio in
methanol under aerobic condition. The'E®mplex cation
with the neutral ligand, [FéH3LM€]?*, associated to a small
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counteranion such as CJOand BR™ crystallized with the Table 1. X-ray Crystallographic Data for [FéisLMe][Fe"'LMe]PFs (3)
chemical formula [F&HsLV€]X ,, while the complex cation 2t 295, 200, and 100 K

associated to larger counteranions such as,P&sFs~, and 295K 200K 100 K
SbRs~ crystallized with the chemical formula [FdsLMe]Cl- formula CioHs7Fe- CuzHs7Fe- CuzHsFe-
X. FeN2oP FeN2oP FeN2oP
" . fw 1098.75 1098.75 1098.75
Addition of 1 M aqueous KOH to the Fecomplexes with cryst syst trigonal trigonal trigonal
the neutral ligand.a—5ain methanol (1:1.5 molar ratio) in ~ space group R3(No.146) R3(No.146)  R3(No.146)
irvi B} i TRg Mel. a, 12.486(2) 12.3152(11) 12.1525(17)
the air yielded red-black crysta}Is with the formula'[RgL¢] b A 12.486(2) 12 3182(11) 121825(17)
[Fe”LMe]X (1_5) deprotonatlon of [FIH‘|3|_M9]2Jr produces c A 27.783(4) 27.424(3) 27.742(3)
an acid-base reaction yielding [FelsLMe]?" and [FéLMe]~ v, A3 3751.1(12) 3602.0(6) 3465.8(8)
; ; : T, z 3 3 3
yvh_lch assemble together into 2D sheets owing to imidazole : 5954 2 2004 2 1004 2
imidazolate hydrogen bonds, as described for analogous p, ., Mg m-2 1.459 1.520 1.579
compounds?® (Mo Ka)), mmt  0.689 0.717 0.745
The infrared (IR) spectra for the series of'®mplexes Sﬁfguceog‘;f;ed o S oot
la—5a and 2D layered complexes—5 were measured at  obsd refina 1852 2670 2596
room temperature. All IR spectra for the complexes with Rbgbts)daa"” 8-8??615, 8-8;81 8-8%?8-8;8? 8-8283, 8-82%
the neutral ligand {a—58) showed a characteristic sharp gw obsd, a o799 1ooe T ass
single band at ca. 1640 cthdue to the &N stretching (Alp)max, min 0.292,-0.235  1.025;-0.240  0.375;-0.319
vibration of the Schiff-base ligand assignable to the HS Fe [e A
state!! The 2D layered complexek-5 exhibit a deformed aData withFo > 40(Fo). ®R= ¥ ||Fo| — [Fell/S|Fol. ¢ Rw = [SW(Fo?
peak due to superimposition of the=®! stretching vibrations ~ — IF)7Zw|F*7 2

of the [Fé/H3LM€]2+ and [F&LM¢]~ components. The wave-
number of the deformed peak is close to ca. 1635%¢m  ©only the imidazole hydrogen atom but also approximately
suggesting that the Eef both [Fé'HsLMe]2+ and [FélLMe]- half of all hydrogen atoms were located on successive
components is in the HS state at room temperature. SinceD-Fourier series, for consistency, all hydrogen atoms were
the 2D layered complexes experience a two-step spin-placed at the geometrically ideal positions for the CIF file.
transition as described in the magnetic property section, The crystallographic data are summarized in Table 1. The
temperature dependent IR spectroscopy as well as lasecrystal system and the space group are the same at all three
Raman spectroscopy will provide valuable information on temperatures, suggesting that there is no first-order phase-
the SCO behaviol? transition associated with the SCO. Selected bond distances,
Crystal Structure of [Fe''HsLMe][Fe' LMe]PF; (3). The angles, and hydrogen bond distances with their estimated
X-ray structural analysis 03 was performed at 295, 200, standard deviations in parentheses are given in Table 2.
and 100 K, because the magnetic data demonstrated that th&igure 1 shows the ORTEP drawing of the molecular
Fe' sites of3 are all in the HS state at 295 K, in the 1:1 structure of the hydrogen-bondgfgre' Hal M)2+---[Fe! LM 7}
HS/LS ratio at 200 K, and both in the LS state at 100 K. constituting units with the atom numbering at 100 K, where
There are several possible chemical formulations regardingthe thermal ellipsoids are drawn at 50% probability level.
the imidazole hydrogen position such as '[RelM¢]*- Figure 2a,b shows the top and side views of a 2D puckered
[FE'LM]~(PRs"), [FE'H1sLMOqFe'H1 sLM%YPR"), and  sheet, respectively.
[Fe"HZLMe]+[Fé'HLMe]°(EF5‘). The X-ray analysis is not Both Fe(2) ([F&HsLV€]2) and Fe(1) ([FELMe]-) assume
fully reliable to determine the hydrogen atoms, but We 4, octahedral coordination environment twi N donor
reached a conclusion for one chemical formulation on the ;i< Both [F&H,LMe]2" and [FéLMe]~ components are

basis of the following description in related studié&The chiral with either A (clockwise) or A (anticlockwise)

En:gaque r;yd”r?rgl]en ?tom H(t7) has téeenb Iocatedt onf t?e configuration due to the screw coordination arrangement of
-rourier at all three temperatures, and subsequent satistacy, o o hira) tripod ligand around ¥eBoth components act

tory refinement of H(7) allowed us to conclude the as chiral complementary building units assembling into a
| Mel2+ Il Me1— - H
[Fe'H LY*Fe'L™]"(PR) formulation. Although not 2D extended structure due to the imidazoimidazolate

(10) (a) Katsuki, I.; Motoda, Y.; Sunatsuki, Y.; Matsumoto, N.; Nakashima, hydmgen, bonqs' In thISMZE) SUpramOI?ACUIar structure, the
T.: Kojima, M. J. Am. Chem. So2002, 124, 629-640. (c) Mimura, capped tripodlike [P&HsLMe]2" and [Fé/LM¢]~ components
M.; Matsuo, T.; Motoda, Y.; Matsumoto, N.; Nakashima, T.; Kojima, i irali
M. Chem. Leit. 1998 891692, (b) Sunatsuki. .. Motoda, Y. with the same chirality, gonnected through hydrogep bgnds,
Matsumoto, NCoord. Chem. Re 2002 226, 199-209. (c) Shii, Y.; are arrayed alternately in an up-and-down mode yielding a
Motoda, Y.; Matsuo, T.; Kai, F.; Nakashima, T.; Tuchagues, J.-P.; homochiral extended 2D puckered sheet, as shown in Figure

Matsumoto, N.Inorg. Chem.1999 38, 3513-3522. . . LT
(11) Nakamoto, K. Ininfrared and Raman Spectra of Inorganic and ~ 2&,0. Furthermore, adjacent sheets with the same chirality

fgggdigaﬁtog Cgﬁp?unﬁlﬂqed-: John Wiley and Sons: New York,  stack together forming a chiral crystal, as shown in Figure
, FPart b, apter I-14. | Me]l2+... 1| Mel— iri
(12) (a) Zilverentant, C. L.; van Albada, G. A.; Bousseksou, A.; Haasnoot, 2c. In the structure, on{e[Fe' Hsl e] [Fel L e] } pairis

J. G.; Reedijk, Jinorg. Chim. Acte200Q 303 287—290. (b) Sunatsuki, associated to one BFcounteranion. The RF counteranions

Y.; Sakata, M.; Matsuzaki, S.; Matsumoto, N.; Kojima, KIhem.
Lett. 2001, 1254-1255. () Suemura, N.; Ohama, M. Kaizaki, 5. /€ located between the 2D sheets. The crystal structure

Chem. Commur2001, 1538-1539. indicates that spontaneous resolution took place during the
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Table 2. Relevant Bond Lengths (A), Angles (deg), and Hydrogen
Bond Distances (A) with Estimated Standard Deviations in Parentheses
for [Fe'HsLMe][Fe'LMe]PFs (3)2

295 K 200 K 100 K

Bond Lengths (A)
Fe(1)-N(1) 2.187(4) 1.987(3) 1.993(3)
Fe(1)-N(2) 2.175(3) 2.017(3) 2.006(3)
Fe(2)-N(5) 2.168(4 2.163(3) 1.987(3)
Fe(2)-N(6) 2.171(4) 2.188(3) 2.013(3)
N(1)-C(1) 1.277(6) 1.304(4) 1.296(4)
N(1)—C(6) 1.433(5) 1.452(4) 1.455(4)
N(2)-C(2) 1.381(5 1.394(4) 1.399(4)
N(2)—C(4) 1.334(5) 1.356(4) 1.330(4)
N(3)-C(3) 1.355(5) 1.374(4) 1.366(4)
N(3)-C(4) 1.348(6) 1.343(6) 1.372(4)
N(4)—C(7) 1.457(5) 1.430(3) 1.445(3)
C(1)-C(2) 1.426(7) 1.423(5 1.420(5)
C(2)-C(3) 1.381(6) 1.385(4) 1.383(4)
C(4)-C(5) 1.487(6) 1.477(4) 1.489(4)
C(6)-C(7) 1.512(6) 1.526(5) 1.532(5)
N(5)-C(8) 1.269(6) 1.277(4) 1.284(4)
N(5) —C(13 1.455(5) 1.469(4) 1.463(4) Figure 1. Molecular structure of [PH;LMe][Fe''LMe|PFs (3) 100 K with
N(6)-C(9) 1.387(5) 1.385(4) 1.399(4) atom numbering scheme. The chiral complementary componetitds[F*]2*
N(6)—C(11) 1.336(5) 1.292(4) 1.325(4) (Fe2) and [FELMe]~ (Fel) with the same chirality are connected by
N(7)—C(10) 1.348(5) 1.359(4) 1.364(4) imidazole-imidazolate hydrogen bonds.
N(7)-C(11) 1.337(6) 1.371(4) 1.371(4)
N(8)—C(14) 1.436(5) 1.457(4) 1.441(3)
C(8)-C(9) 1.427(7) 1.434(5) 1.439(5) for HS Fé, while the Fe(1)-N distances in [P&.M¢]~ are
C(9)—-C(10) 1.354(6) 1.367(5) 1.363(4) ; ;
CL1)-C(12) 1473(6) 1290(3) 1297(4) in the 1.98_7(3%2.017(3) A range, typical for LS MeThe
C(13)-C(14) 1.534(7) 1.532(5) 1.529(5) decrease in the average-H¢ distances between 295 and

Bond Ang|es (deg) 200 K is 0.006 and 0.179 A for [FIH:J,LMe]ZJr (FeZ) and
N(1)—Fe(1}-N(2) 77.48(14) 81.41(11) 81.78(10) [FE'LMe]~ (Fel), respectively, demonstrating that, in the

N(1)—Fe(1)-N(1A) 97.14(13) 95.15(10) 95.02(10)

Nglg—FeEl)):NgZBg 91.65((13)) 89.65((10)) 89.62((10)) ([Fe'H3LMe)2T) but at Fe(1) ([FELM€]™). The N-Fe—N bond
N(2)—Fe(1)-N(2A 94.41(13 94.04(10 93.80(10 - ; _ -

N(5)—Fe(2)-N(6) 77.36(14) 77.65(10) 81.57(10) angles change drastically in [HE"®]~, getting closer to a
N(5)—Fe(2)-N(5C) 97.18(14) 97.90(9) 95.05(10) regular octahedron (for example, N{ife(1)>-N(2), 77.48-

N(5)—Fe(2)-N(6C) 91.68(13) 91.16(10) 89.89(10) o i
NE)FCOINES) Rt Thasch) 8985u0, 14y at295K, 81.A1(1B)at 200 K), while the N-Fe(2)-N

N(6)—Fe(2)-N(5D) 91.68(13) 91.16(10) 89.89(10) bond angles in [PEH;LMe]2" showed no remarkable change
N(6)—Fe(2)-N(6C) 94.47(13) 93.85(10) 93.75(10) (for example, N(5)-Fe(2)-N(6), 77.36(14) at 295 K, 77.65-
NPNG) Hydrzoggg(BS;)nds (A'zdggi " 2.693(4) (10y at 200 K). At 100 K, the Fe(®N distances in
N(7)=H(7)+N(3) 139.4 140.9 1355 [FE'HsLMe)2+ are in the 1.987(3)2.013(3) A range and the
2 Symmetry operations: Ax 4 v 1 — x 2 B 1— v 14 x— v 2 Fe(1)-N distances in [FELM¢]~ are in the 1.993(3)2.006-

c, 1,yx + y,yl P %7z D, 1y x y vz 4 " (3) A range, both typical for LS Pe The decrease in the

average FeN distance between 200 and 100 K is 0.176
course of the assembly reaction and crystallizatfom and 0.003 A for Fe(2) ([P&HsLMe])2H) and Fe(1) ([F&LMe]7),
agreement with the X-ray structure, selected crystals showrespectively, demonstrating that the SCO occurred at Fe(2)

enantiomeric circular dichroism (CD) spectra, thus providing ([Fe'HsLMe]2t) in the 206-100 K range. The NFe(2)-N
definitive evidence that spontaneous resolution has occurredpong angles in [FéHsLMe]2+ change drastically, getting

The unit cell volume of 3751.1(12)%at 295 K is reduced  ¢joser 1o those of a regular octahedron (for example, N(5)

t033602.0(6) Rat 200 K (4.0% reduction)_and to 3465_.8(8) Fe(2)-N(6), 77.65(10) at 200 K, 81.57(10) at 100 K),
A3 at 100 K (7.6% reduction). The reduction of the unit cell while those of [FELM<]~ show no substantial change (for

volume upon decrease in temperature is ascribed to the SCO,
) . example, N(1)Fe(1>N(2), 81.41(11) at 200 K, 81.78-
Ontheb f the FeN bond dist d-N~e—N bond
n nebasis of e ond aistances and-re— 1 bon (10) at 100 K). The present X-ray analyses at 295, 200,

angles, the SCO behavior of the two"Fsites can be well o ;
identified. At 295 K, the Fe(2)N distances in [FeHaLMe]2+ and 100 K supply definitive evidence for the two-step (HS-

are in the 2.168(4)2.171(4) A range, and the Fe@\ [Fe'HaL 2" + HS-[FEILYE] ") < (HS-[Fe'HaLY]?" + LS-
distances in [P&.Me]~ are in the 2.175(3)2.187(4) Arange, ~ [F€'LY]") <> (LS-[Fe'HsLe?" + LS-[Fe'LM]7) SCO. In
both typical for HS Fé bound to imine and imidazole —agreement with the rationale that the stronger ligand field
nitrogen atoms. At 200 K, the Fe@N distances in  supplied to F&by the deprotonated“c ligand compared to
[FE'HsLMe]2* are in the 2.163(3)2.188(3) A range, typical  the neutral HLM¢ is likely to favor the LS Fé state, Fe(2)
which belongs to the component with the neutral ligand,

(13) (a) Jacques, J.; Collet, A.; Wilen, S. Bnantiomersracemates and "

resolutions John Wiley & Sons: New York, 1981. (b) Katsuki, I.; [Fe_”H3LMe]2+’ has a transition temperaﬁture lower than Fe(l)

Matsumoto, N.; Kojima, MInorg. Chem200Q 39, 3350-3354. which belongs to the component with the deprotonated

Inorganic Chemistry, Vol. 42, No. 25, 2003 8409



Yamada et al.

' K
6 L ﬂ -
i “
° 5F “ b
5 +
x 4| o+ -
£ &
© *
= 3F N 1
>3
=t + 4
¢
1+ e .
(0] = 1 1 1 1 1 =
0 50 100 150 200 250 300
TIK

Figure 3. Magnetic behavior of [PeHzLMe][Fe!'LMe]CIO, (1) in the form

of yuT vs T plots in the warming and cooling modes. The sample was
quickly cooled from 300 to 5 K, anghy was first measured upon warming
from 5 to 300 K at 1 K min! sweep rate £). Subsequentlyym was
measured upon cooling from 300 5 K at 1 K mirr? sweep rate¥).

groups, L and2) and @, 4, and5), on the basis of thejymT
vs T curves.

Magnetic Properties of [Fe'HzLMe][Fe'LMe]CIO, (1)
and [Fe'HsLMe[Fe" LMeIBF, (2). The magnetic behaviors
of 1 and 2 being very similar, only the magnetic behavior
of 1 is described in detail here. Figure 3 shows #hd vs
T plots for1, in whichyw is the molar magnetic susceptibility

per 2Fe andr is the absolute temperature. ThgT curve
X& X& X& X& shows a two-step SCO. Upon lowering the temperajue,
decreases from ca. 6.8 éid mol~* at 300 K to 0.2 crAiK

W mol~! at 5 K with an intermediate plateau at ca. $@®0
K K. The yuT value of ca. 6.8 cfiK mol~t in the 256-300 K
range is close to the value expected for two HS (&= 2).

%X %X WX TheyuT value of ca. 0.2 c/hK mol~* below 120 K agrees
with that for two LS Fé (S= 0). TheymT value of 3.6 cri

Figure 2. X-ray structure of [FEHsLMe][Fe''LMeIPF; (3) at 295 K. (a) K mol™! in the intermediate temperature range is ap-

Projection on theab-plane showing a homochiral 2D sheet in which ; 1 -1 ; _
[Fé'H3sLMe]2+ and [FELMe]~ components with like chirality are linked prOX|mater /> of 6.8 cn? K mol ™. The magnetic suscep

together by intermolecular imidazetémidazolate hydrogen bonds. (b) Side  tibility data agree with a two-step (HS-[ResLMe]2" + HS-
view of a puckered sheet looking along #raxis. In this 2D supramolecular  [Fe'LM€] ") <> (HS-[Fe'HsLMe]?" + LS-[Fe'LMe] ) < (LS-

structure, the capped tripodlike [AdsLMe]2+ and [Féd LMe]~ components [Fe'HaLMe|2+ 4 LS-[Fe'LMe]~) SCO.
are alternately arrayed in an up-and-down mode. (c) Stacking arrangement h ! m Ve 0 Me
of the homochiral puckered sheets alongdkexis. The anions are located Magnetic Properties of [Fe' HsL V¢][Fe" LM]PF¢ (3). The

between the layers. magnetic behaviors d3—5 are essentially similar to each
other. Figure 4 shows thguT vs T plots for 3. The ymT
ligand, [FELMe]~. This result is also consistent with the curve shows two well-separated steps in this SCO. Upon
deprotonation process which proceeds from the HS-[Fe |owering the temperatureyT decreases from ca. 6.7 ém
HaLM)2* to the LS [F&'LM] species in solutio? As K mol~! at 300 K to nearly zerot® K with an intermediate
demonstrated in the previous rep®rthe spin and oxidation plateau region between 180 and 220 K. The value of
states may be tuned by the degree of deprotonation at theca. 6.7 crd K mol~1 at 300 K is close to the value expected
imidazole moiety: deprotonation triggers the HSLS and for two HS Fd (S= 2). TheymT value of ca. 0.05 cAK
Fe' — Fe'" changes. mol~* below 120 K is close to the value expected for two
Magnetic Properties. The magnetic susceptibilities of |S Fel (S= 0). TheyyT value of ca. 3.5 cfK mol-2in
polycrystalline samples of compountis5 were measured  the intermediate temperature range is approximatelpf
in the 5-300 K temperature ranget & K min~* sweeping 6.7 cnf K mol-, indicating that one over two Eesites is
rate, h a 1 Tapplied magnetic field. The sample was quickly converted from the HS to the LS Fstate. TheyuT values
cooled from room temperature down to 5 K, and the gzt the inflection points (obtained from the first derivative of
magnetic susceptibility was first measured in the warming the xmT vs T plots) are 1.8 cthK mol~tat 165 K and 4.7
mode from 5 to 300 K. Subsequently, the magnetic suscep-cm? K mol* at 235 K, i.e., approximately/, and?, of the

tibility was measured in the cooling mode from 300 to 5 K. 300 K amT value. The magnetic susceptibi]ity data thus

The magnetic behaviors in the warming and cooling modes

are very similar for all compounds, indicating that there is (14) éa)dLetégd lg r|1: (F;]ea‘[\ J. éh l\/lollsnedr9 glg fﬁsggg 3@ Eoegfp(%§ L;
aaor ann, m. em. S0

no frozen-in effect. The magnetic behaviorslef5 exhibit Simaan, A. J.: Boillot, M.-L.: Riviere, E.: Boussac, A.. Girerd, J.-J.

a two-step SC39* and they may be classified into two Angew. Chem., Int. E®00Q 39, 196-198.
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Figure 4. Magnetic behavior of [FEHsLMe][Fe!'LMe]PFs (3) in the form

of ymT vs T plots in the warming and cooling modes. The sample was
quickly cooled from 300 to 5 K, and thgw was first measured upon
warming from 5 to 300 K il K min~1 sweep rate£). Subsequentlyym

was measured upon cooling from 3@03 K at 1 K mirr! sweep rate¥).
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demonstrate a two-step SCO. Considering the X-ray analyses 94

at 295, 200, and 100 K, we conclude to the occurrence of
the two-step (HS-[PEHsLM€]2* + HS-[Fe'LMe]~) < (HS- 100 il
[FE'HLMe]2H + LS-[Fe'LMe] ™) < (LS-[Fe'HaLMe]?t + LS- 975}
[FE'LMe]™) SCO. The [FELMe]~ component with the depro-
tonated ligand experiences the SCO process at higher
temperature, and the [HdsLMe]>" component with the 925r
neutral ligand experiences the SCO process at lower tem-
perature. It is noteworthy that this second step, involving 100 pe
[FE'"HaLMe]2* is steeper than the high temperature one.
Mo'ssbauer Spectra of [F&H3LMe][Fe" LMe]CIO4 (1). The
temperature dependence of thé $dbauer spectra dfwas 0 f
investigated in the 78300 K range. The sample was initially
cooled to 78 K within 3 min, and the Msbauer spectrum
was measured successively in the warming and cooling 54 20 2 1 6
modes. The Mssbauer spectra in the warming and cooling Velocity / mm s
modes are nearly the same, showing that there is no frozenrigyre 5. Selected’Fe Messbauer spectra of [HelsLMe][Fe!lLMe|CIO,
in effect. Representative spectra are shown in Figure 5. At (1) recorded at 78, 170, 200, 220, and 298 K upon warming the sample
298 K, the spectrum consists of a doublet assignable to HSafter rapid cooling to 78 K.
Fe' (isomer shifté = 0.97 mm st and quadruple splitting
AEq = 1.58 mm s?). Unexpectedly, the Mesbauer doublets  nys variation derived from the magnetic susceptibility

Transmission / %

95.0F

95

85

of the differently charged [P#lsLMe]?* and [FdLMe]~ measurements. The plots are nearly the same for the warming
components are superimposed. A significant charge delo-and cooling modes, showing a two-step SCO with three
calization among the bulky [FeHMe]?" and [FelVe]~ plateau regions. The LS Fenolar ratio does not reach zero,
components may result from the extended imidazole but 0.1, at low temperature. The g&bauer and magnetic
imidazolate hydrogen bond network between thé fzEMe]2* susceptibility results are consistent and confirm the two-step

cations and [PE.Me]~ anions (see the crystal structure of (HS-[FE'H3LMe]?t + HS-[Fe'LMe]~) < (HS-[Fe'HaLMe]?*

the analogous RF salt). This charge spreading (spatially + LS-[Fe'LMe]™) < (LS-[Fe'HaLMe]?t + LS-[Fe'LMe]7)
similar for [FE'H3LMe]?t and [FELMe]™) is likely to be SCO.

responsible for the closeness of the $dbauer parameters Mossbauer Spectra of [F&HsLMe]|[Fe'"LMe]PFs (3).

of these ferrous sites. At 78 K, the spectrum consists of a Representative Mssbauer spectra &fare shown in Figure
main quadruple-split LS Fedoublet § = 0.47 mm s, AEq 7. they are nearly the same in the warming and cooling
= 0.20 mm s?) and a low-intensity doublet due to residual modes. At 298 K, the spectrum consists of a HS d@ublet

HS Fé (0 = 1.31 mm s?, AEg = 1.89 mm s?). Upon (6 = 0.97 mm s, AEg = 1.56 mm s?). Similarly to the
lowering the sample temperature from 298 K, the relative case ofl, the Mtssbauer doublets of the differently charged
intensity of the doublet due to HS Fepecies decreases, [Fe€'H3LMe]>t and [FLMe]- components are superim-
while that due to LS Peappears and increases. A decon- posed: the same rationale, a significant charge delocalization
volution analysis of the spectra was performed in order to among the bulky [FeklLV¢]>* and [Fel™¢]~ components may
determine the HS vs total FFemolar fraction,nys. The explain the closeness of the M&bauer parameters of these
Mossbauer parameters are gathered in Table 3, and the plotferrous sites. At 78 K, the spectrum consists of a LS Fe
of the nys variation with temperature derived from the doublet § = 0.48 mm s, AEq = 0.20 mm s?). The
Mdossbauer spectra are shown in Figure 6, together with thespectrum at 200 K consists of two quadruple-split doublets
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Table 3. Mossbauer Parameters for [fFsLMe][Fe''LMe]CIO, (1) 100 k
TK  6¥mms?t AEg/mms?t TImms?! relative area/% -
Warming Mode after Rapid Cooling to 78 K
298 0.97 1.58 0.33 100 97.6
260 1.01 1.69 0.31 95
0.40 0.10 0.24 5 I i
240 1.03 1.72 0.30 38 L 4
0.43 0.10 0.24 12
220 1.05 1.72 0.32 78 ©
0.45 0.14 0.28 22 <
200 1.07 1.76 0.29 62 S
0.44 0.16 0.28 38 o
180 1.09 1.76 0.34 57 €
0.45 0.17 0.29 43 e
170 1.09 1.78 0.34 45 =
0.44 0.16 0.29 55
150 1.10 1.80 0.40 27
0.45 0.18 0.26 73
120 1.23 1.81 0.26 11
0.46 0.20 0.29 89
78 1.31 1.89 0.26 9
0.47 0.20 0.29 91
Cooling Mode (Slow) from Room Temperature
220 1.05 1.72 0.31 77
0.46 0.12 0.28 23 B YR B S e
200 1.07 1.74 0.31 64 )
0.45 018 0.29 36 Velocity / mm s
180 1.08 1.77 0.32 59 Figure 7. (a) Selected’Fe Mossbauer spectra of [FesLMe][Fe!'LMe]-
0.46 0.17 0.29 41 PFs (3) recorded at 78, 200, and 298 K upon warming the sample after
150 1.09 1.80 0.38 25 rapid cooling to 78 K.
0.44 0.18 0.26 75
120 1.20 1.80 0.25 9 Table 4. Mdéssbauer Parameters for [FsLMe]|[Fe!'LMe]PF;s (3)
78 2‘;% 2?337 %2265 i%) TK  8mms?t AEg/mms?t TPmms?t relative area/%
0.47 0.21 0.29 90 Warming Mode after Rapid Cooling to 4.2 K
a . . . . . 298 0.97 1.56 0.32 100
Isomer shift refers to iron foil at 293 K.Full width at half-height. 260 1.01 1.69 0.31 95
0.40 0.10 0.24 5
100 ' ' ' — 250 1.01 1.68 0.34 72
2 A 0.41 0.16 0.32 28
~ goh Y, J 230 1.04 1.73 0.27 52
5 0.42 0.18 0.29 48
g 220 1.03 1.72 0.26 48
£ 60t - 1 0.42 0.18 0.28 52
g o 200 1.04 1.75 0.26 47
£ 0.42 0.19 0.28 53
£ aor A T 180 1.06 1.76 0.28 47
3 A 0.44 0.17 0.28 53
5 w0l " | 170 1.06 1.78 0.29 40
I . 0.45 0.18 0.29 60
a 160 112 1.80 0.24 14
O Luppeapegivomennit™ ' s 0.46 0.19 0.28 86
0 50 1700 150 200 250 300 150 1.16 1.78 0.22 5
T/K 0.46 0.19 0.27 95
Figure 6. Molar fraction of HS vs total Fg nys, for [F€'HsLMe|[Fe'l LMe]- 78 0.48 0.20 0.28 100
ClO4 (1) in the warming A) and cooling modes %) obtained by ) ) ) . .
deconvolution analysis of the Mebauer specitra, together withs obtained alsomer shift refers to iron foil at 293 K.Full width at half-height.

by magnetic susceptibility measurememigs was calculated by using the

equation gmT)obs = MHs(EMT)Hs + (L — NHg)(mT)Ls, with (ymT)ns = 6.8 . . . o
cm? K mol~* and fwT)Ls = 0.0 cn? K molL as limiting values. regions. The Mesbauer and magnetic susceptibility results

are consistent and confirm the two-step (HSU[He Me]>*
assigned to LS{ = 0.42 mm s, AEqg = 0.19 mm s?) and + HS-[FE'LM€] ) < (HS-[Fe' HaLM€]?t + LS-[Fe'LMe] ) <
HS Fé (0 = 1.04 mm s, AEq = 1.75 mm s1), with equal (LS-[Fé'H3LMe)2T + LS-[Fd'LMe]) SCO.
areas. The deconvolution analysis of the spectra yielded the LIESST and Reverse-LIESST Effects of [F&H3LVe]-
nys molar fraction at each temperature. Thesésstauer [Fe'"'LMeBF, (2). Figure 9a shows the time dependence of
parameters are gathered in Table 4, and the plots afifhe  theymT value during the light irradiation at 5 K. The sample
variation with temperature derived from the “Bsauer was irradiated with various wavelengths (450, 500, 550, 600,
spectra, and magnetic susceptibility measurements, are show40 nm) selected through interference filter with 80 nm fwhm
in Figure 8. The plots of the Mssbauer data are nearly the and with a diode laser light (806 nm). The light irradiation
same for the warming and cooling modes, and the plots of afforded an increase in theuT value leading to the
the Mtssbauer and magnetic susceptibility data are also saturation, which is attributed to the LS to HS SCO of,Fe
nearly the same, showing a two-step SCO with three plateauthe so-called LIESST (light induced excited spin state
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Figure 8. Molar fraction of HS vs total PE nys, for [F€'HsLMe][Fe'l LMe]-
PR (3) in the warming &) mode obtained by deconvolution analysis of
the M&ssbauer spectra, together witls obtained by magnetic susceptibility
measurementsnys was calculated by using the equatiopmT)obs =
nHS(XMT)HS + (1 — an)(XmT)Ls, with (XMT)HS = 6.8 cn? K mol~! and
(¢mT)Ls = 0.0 cn? K mol™t as limiting values.
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Figure 10. Thermal relaxation process of [esLMe][Fe'LMe|BF, (2).
(a) After the light irradiation {max = 500 nm) was switched off, the thermal
relaxation process was recorded in the warming made v was then
measured in the cooling mode from 3@0% K (v). (b) Time dependence
at various temperatures of the normalized HS molar fractigg,generated
by thermal quenching for [élsLMe][Fe"LMe|BF, (2).

oT40 n
806 nm

AmT/ cm3 K mol?

450 nm

100 150 200 250

Time / min
(b) 5 T T T :

0 5|O 300
subsequently irradiated with the red laser light, inducing a
xmT decrease, due to partial HS to LS"F8CO, the so-
called reverse-LIESST. When the resting (LS![He.Me]>*
+ LS-[F€'LMe]") sample was irradiated with red laser light,
the ywT value increased due to partial LS to HS'Bpin-
transition, the so-called LIESST effect. With laser light
irradiation, the ymT values reached from a previously
saturated state (downward curve) and from the resting state
(upward curve) are exactly the same. This phenomenon can
be rationalized by considering the intersystem crossing
phenomenon proposed by Hause¥arret and co-workers
have studied the time dependence of the population of the
excited state following light irradiation either from a previ-
ously saturated state (downward curve) or from the resting
state (upward curve) and quantitatively explained the light-
driven equilibriumté

Figure 10a,b shows the thermal relaxation process after
switching off the green light (500 nm). In Figure 10a, the
thermal relaxation process was studied by monitoring the
trapping). The shape of the photoexcitation curves is not ymT value upon warming the sample. Upon raising the
exponential. The saturation value depends on the wave-temperature from 5 K, thgwu T value increases from ca. 4.0

4| J

3F

v
T5oo nm \w% nm
3
f T806 nm

o
)
A
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OO 100

1 1 1
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Figure 9. LIESST and reverse-LIESST effects for [fF&LMe][Fe''LMe]-
BF4 (2). (a) Time dependence gfyT during light irradiation with various
wavelengths through an interference filter with 80 nm fwhima( = 450,
500, 550, 600, 640 nm), and during irradiation with red laser light (806
nm) at 5 K. (b) Time dependence g T during light irradiation at 500 nm
showing the LIESST effect and then at 806 nm showing the reverse-LIESST
effect. Time dependence gfyT during light irradiation with red laser light
(806 nm) of the LS sample (LS Ite- LS Fe'), showing the LIESST effect.

500

length: the light with maximum wavelength (600 nm) is the
most effective, yielding &wT saturation value of ca. 4.0
cm?® K mol1, larger than the value expected for 1:1 LS/HS
Fe', and smaller than the value expected for two HS.Fe
Figure 9b shows that the red laser light irradiatiér~ 806
nm) is effective for both the LIESST and reverse-LIESST
effects. After the sample was irradiated with the 500 nm light

leading to the HS state (with saturation), the sample was

cm® K molt at 5 K to themaximum value of 5.0 chK
mol~! at 25 K and then decreases abruptly around 50 K.
This yuT increase is most probably due to the zero-field
splitting of theS = 2 ground state of the trapped HS'"Fe

(15) Hauser, AJ. Chem. Physl1991, 94, 2741-2748.

(16) Enachescu, C.; Constant-Machado, H.; Codjovi, E.; Linares, J.;
Boukheddaden, K.; Varret, B. Phys. Chem. Solid¥01, 62, 1409~
1422.
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molecules. In the 4562 K temperature rangguT dimin-
ishes as a consequence of HSLS relaxation. The results
suggest that both Eeites of [F&HzLMe|[Fe"LMe]BF, exhibit
the LIESST effect. The [FédsLMe](BF4). HS precursor
complex exhibits a weak broad band at 870 nm=~10
M~1cm™1) assigned to theT, — 5E transition, together with
an intense band atnax = 430 nm € = 1100 Mt cm™Y)
assigned to MLCT. Therefore, the red laser light =
806 nm) can induce th&T, — °E transition allowing
occurrence of the reverse-LIESST. The— T; andA;
— 1T, LS F€' transitions are expected at ca. 380 and 550
nm with a molar extinction coefficient of ca. 30 Mcm™1,
on the basis of the spectra observed for L8 E@mplexes
with analogous B donor setg’

Yamada et al.
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Figure 11. LIESST experiment for [PEHsLMe][Fe" LMe]AsFg (4), thermal
relaxation process. After light irradiatiod{ax = 500 nm) was switched

off, the thermal relaxation process was recorded in the warming mode from
5to 300 K (&), andym was then measured in the cooling mode from 300

Figure 10b shows the time dependence at several temperyg 5 K (v).

atures of the normalized HS molar fractions, generated
by thermal quenching for [FélsLMe][Fe''LMe|BF, (2). There
is a problem in estimating the normalized HS molar fraction,
because theT value changes with the increase of the
temperature and with time. A single-exponential law did not
reproduce the time dependence.

LIESST Effect of [Fe''HsLMe][Fe' LMe]AsFs (4). The
samples of compounds-5 were irradiated with greert {ax
= 500 nm) and orange lighf.gax = 600 nm) at 5 K under
the same experimental conditions as2oCompound8—5
showed no remarkable increase in jhel value upon light
irradiation. Compound showed a small detectable LIESST
effect. When the sample was irradiated with gregm,(=
500 nm) or orange lightiax = 600 nm) at 5 K, a slight
increase in theyyT value, attributed to the LS to HS spin-
transition, was observed. The orange light irradiation was
slightly more efficient than the green one. The orange light
irradiation @ 5 K yields aymT saturation value of ca. 1 ¢m
K mol™?, far from the expected value of ca. 3.5%¢kimol™*
for (LS-[Fe'H3sLMe]2+ + HS-[F'LM¢] ") or 7.0 cn? K mol !
for (HS-[Fe'HaLM¢]?+ + HS-[Fe'LMe] 7). Furthermore, when
the orange light was switched off at 5 K, theT value
decreased with time. The green light irradiatiarbe&K and
the thermal relaxation process are shown in Figure 11.

Concluding Remarks.A series of two-dimensional (2D)
SCO complexes, [FélsLMe][Fe'LMe]X (1-5), X~ = CIO,™,
BF,~, PR, Ask~, Sbk~, has been obtained by a one-pot

is located between the 2D puckered sheets. An interlayer
elastic interaction due to the anion size is one of the important
factors governing the SCO behavior for this series of 2D
compounds. The temperature dependent magnetic suscepti-
bilities and Massbauer spectra, together with the X-ray
analyses o8 at three temperatures, revealed that compounds
1-5 exhibit a two-step (HS-[F#H;LMe]2+ + HS-[Fd'LMe] )

< (HS-[Fe'HsLMe]2* + LS-[Fe'LMe]~) < (LS-[Fe'HalLMe]2+

+ LS-[F€'LM€]") SCO, where [F&.M¢]~ experiences SCO

in the higher temperature range and the protonated compo-
nent [F&'HsLMe]?+ experiences SCO in the lower temperature
range. The SCO curve depends on the size of the counter-
anion. The onset of the second SCO of the £I(1) and
BF,~ (2) salts adjoins the first SCO, while a mixed (HS-
[Fe'HaLMe)2T + LS-[FE'LMe] ") spin state spans a temperature
range as wide as 70 K for the sal&-5 with larger
counteranions, RF, Ask~, and Sbk-, respectively. The
LIESST effect was effectively observed fband2, whereas

the LIESST effect of3—5 is difficult to detect. The larger
size of the counteranion separates the first and second SCO
well. These distinct differences of the LIESST effect and
xmT vs T curve may be ascribed to the size of the
counteranion.

Experimental Section

Materials. All chemicals and solvents, obtained from Tokyo

assembly reaction of the corresponding programmed singleKasei Co., Ltd., and Wako Pure Chemical Industries, Ltd., were

molecule [FEH3LMe]X, or [Fe'HsLMe|CI-X. The crystal
structure of [FéHsLMe][Fe"LMe]PFs (3) has been determined
at 295, 200, and 100 K, in order to gain insight into the

reagent grade. They were used without further purification. Reagents
used for the physical measurements were of spectroscopic grade.
Tris-[2-(((2-methylimidazol-4-yl)methylidene)amino)ethyl]-

SCO behavior of the compounds in this series. The structure@Mine, HL". Tris(2-aminoethyl)amine (0.731 g, 5 mmol) was

consists of homochiral extended 2D puckered sheets in which

the complementary capped tripodlike components'{Fe
HiLMe]2t and [FeLMe]~, connected by imidazotemida-

zolate hydrogen bonds, are alternately arrayed in an up-and-,

added to a solution of 2-methyl-4-formylimidazole (1.65 g, 15
mmol) in 20 mL of methanol, and the mixture was stirred af60

for 10 min. The methanolic solution of the tripod-type ligand thus
prepared was used without isolation for the synthesis of the metal
omplexes.

down mode. Furthermore, the 2D sheets are stacked parallel e, vej(cl0,), (1a). To the tripodiike ligand solution (5
to each other so as to adapt the puckered shape, and the anigfmol) was added a solution of Fel,»4H,0 (0.99 g, 5 mmol) in

(17) (a) Hinek, R.; Spiering, H.; Schollmeyer, D.;'Bch, P.; Hauser, A.
Chem. Eur. J1996 2, 1427-1434. (b) Jeftic, J.; Hinek, R.; Capelli,
S. C.; Hauser, Alnorg. Chem1997, 36, 3080-3087. (c) Al-Obaidi,
A. H. R.; Jensen, K. B.; McGarvey, J. J.; Toftlund, H.; Jensen, B.;
Bell, S. E. J.; Carroll, J. GInorg. Chem.1996 35, 5055-5060.
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20 mL of methanol and then a solution of NaGIQ.22 g, 10 mmol)

in 20 mL of methanol. The mixture was refluxed and stirred
overnight and then filtered. The filtrate was allowed to stand for
several days, during which time orange crystals precipitated. They
were collected by suction filtration, washed with a small volume
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of methanol, and dried in vacuo. Recrystallization was performed
from the methanol solution containing a small amount of HCI.
Yield: 0.65 g (19%). Anal. Calcd for [Pé1,LMe](ClO,),: C 37.24,

H 4.46, N 20.68. Found: C 37.52, H 4.66, N 20.82. IR(KBr}-

N 1639 le, Vc|7o(C|O47) 1080, 1049 cmt.

[Fe'" H3L Me](BF 4).:0.5MeOH (2a).This complex was prepared
similarly to 1a, using NaBE instead of NaCI@Q Orange crystals
were obtained with a 22% yield. Anal. Calcd for [F&LMe](BF ),
0.5MeOH: C 38.66, H 4.83, N 20.96. Found: C 38.64, H 4.91, N
21.24. IR(KBTr): ve—n 1640 cn?, vg_(BF;7) 1082 cnrl.

[Fe''H3LMe]CI-PFs*MeOH (3a). To the ligand solution (5 mmol)
was added a solution of F€l,*4H,0 (0.99 g, 5 mmol) in 20 mL
of methanol and then a solution of KPfE.84 g, 10 mmol) in 20
mL of methanol. The mixture was refluxed and stirred on a hot
plate overnight and then filtered. The filtrate was allowed to stand
for several days, during which time dark-orange crystals precipi-
tated. 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: 22%. Anal. Calcd for [FéH3LMe]CI-PR-MeOH:

C 38.25, H 4.96, N 20.28. Found: C 38.30, H 4.91, N 20.32. IR-
(KBr): ve=n 1638 cntl, vp_p(PR™) 842 cnrl.

[Fe''H3L Me]CI-AsFg-0.5MeOH (4a) and [Fé H3L Me]Cl-SbFg-
MeOH (5a). These complexes were prepared similarlgausing
NaAsFk; (4a) and NaSbk(5a) instead of KPE. Dark-orange crystals
were obtained with 25%4a) and 39%(5a) yields. Anal. Calcd
for [F&'"HaLMe]Cl-AsF:-0.5MeOH(4a). C 35.92, H 4.48, N 19.49.
Found: C 35.95, H 4.58, N 19.57. IR(KBr)rc—n 1638 cntl,
vas—F(ASFs~) 703 cn1l. Anal. Calcd for [FéH3LMe]CI-SbRsMeOH
(5a). C 33.65,H4.03, N 18.69. Found: C 33.72,H 4.02, N 18.78.
IR(KBr): vc—n 1640 cnt?, vsp-r(SbR™) 661 cnrl.

[Fe"HaLMe][Fe! LMe]CIO 4 (1). To a warm methanol solution of
[FE'H3LMe|(ClOy), (1) (0.60 g, 0.89 mmol) was added 1 M
aqueous KOH (1.5 equiv). The mixture was warmed on a water
bath for several hours, during which time the color of the solution

disks at room temperature. Electronic spectra were recorded on a
Shimadzu UV+vis Spectrophotometer UV-2450 at room temper-
ature. Magnetic susceptibilities were measured using a MPMS5
SQUID susceptometer (Quantum Design) in the8B0 K temper-
ature range,tal K min~! sweeping rate, under an applied magnetic
field of 1 T. The calibration was carried out with palladium metal.
Corrections for diamagnetism were applied using Pascal’'s con-
stantst® For the LIESST and reverse-LIESST experiments, a xenon
arc lamp (Hamamatsu L7810) and diode laser (806 nm, ILX
Lightwave LDT-5525, LDX-3525) were used as the light sources.
The interference filtered light of a xenon arc lamp was guided via
an optical fiber into the SQUID magnetometer. The sample was
placed at the edge of the optical fiber, where the power of the light
is 2 mW cnr2. The measurements were performed on a very thin
layer of powdered sample. The weight was estimated by comparing
the thermal SCO curve with that for an heavier and accurately
weighted sample. The Msbauer spectra were recorded using a
Wissel 1200 spectrometer and a proportional court€o(Rh)
moving in a constant acceleration mode was used as radioactive
source. The hyperfine parameters were obtained by least-squares
fitting to Lorentzian peaks. The isomer shifts are reported relative
to metal iron foil at 293 K. The sample temperature was controlled
by a Heli-tran liquid transfer refrigerator (Air Products and
Chemicals, Inc.) with an accuracy &f0.5 K.

Crystallographic Data Collection and Structure Determina-
tion for [Fe'"H3L Me][Fe'' LMe]PFg (3) at 295, 200, and 100 KThe
selected crystal (red prismatic block, 0.400.25 x 0.10 mn?)
was mounted on an Oxford-Diffraction Xcalibur diffractometer
using graphite monochromated MaxKadiation ¢ = 0.71073 A)
and equipped with an Oxford Instruments Cryojet cooler de¥ice.
Three data collections were performed at 295, 200, and 100 K.
Data were collected with 4 rung (= 0°, 9¢°, 18C°, 27C°) andw
scans up t@ = 26°. There were 9397 reflections collected at 295
K, of which 3192 were independerR = 0.0655), 8943 reflections
at 200 K of which 3057 were independeR,( = 0.0532), and

gradually changed from yellow-orange to dark-red, and red-black 8507 reflections at 100 K of which 2906 were independ&q ¢

crystals of [FEH3LMe]|[Fe"LMe]CIO, (1) precipitated. They were
collected by suction filtration, washed with a small volume of
methanol, and dried in vacuo. Yield: 0.30 g (64%). Anal. Calcd
for [Fe'HsLMe][Fe''LMe]CIO,: C 47.90, H 5.46, N 26.60. Found:
C 47.90, H 5.65, N 26.59. IR(KBr)vc=n 1635 cn1?, vc—o(ClO; ™)
1100, 1082, 1053 cr.

[Fe'"HsLMe][Fe!' LMeIBF, (2), [Fe'HaLMe][Fe!'LMe]PFg (3),
[Fe"'HsLMe][Fe' LMe|AsF (4), [Fe" HaL Me][Fe!' LMe]SbFe-H,0 (5).
These complexes were prepared similarlylfaising [F&HsLMe]-
(BF4)2:0.5MeOH @a) for 2, [Fe'HsLMe]CI-PR*MeOH (3a) for 3,
[FE'H3LMe]CI-AsFe:0.5MeOH @a) for 4, and [FéHsLMe|Cl-
SbR-MeOH (5a) for 5, instead ofla. Red-black crystals were
obtained with 57%2), 73%(3), 66%(4), and 35%(5) yields. Anal.
Calcd for [F&HsLMe]|[Fe''LMe]BF, (2): C 48.48, H 5.52, N 26.92.
Found: C 48.24, H 5.48, N 27.07. IR(KBr)vc—y 1635 cn1l,
ve—r(BF;7) 1084 cntl. Anal. Calcd for [F&HsLMe][Fe"LMe]PF
(3): C45.91, H5.23, N 25.50. Found: C 45.72, H 5.11, N 25.63.
IR(KBr): ve—n 1635 cn1?, vp_(PRs~) 849 cnr. Anal. Calcd for
[Fe'HsLMe|[Fe'LMe]AsFg (4): C 44.15, H 5.03, N 24.52. Found:
C 43.87, H5.03, N 24.60. IR(KBr)ve=y 1637 cnm?, vas r(AsFs )

705 cntl. Anal. Calcd for [F8HsLMe][Fe"LMe]SbR-H,O (5): C
41.78, H 4.93, N 23.12. Found: C 41.78, H 4.84, N 23.12. IR-
(KBr): ve=n 1638 cntl, vsp (SbR™) 665 cnrl.

Physical MeasurementsElemental 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 spectrometer using KBr

0.0550). No absorption corrections were applied. The structures
were solved by direct methods using SHELXS%and refined

on F2 by a full-matrix least-squares method using SHELXI297
with anisotropic displacement parameters for all the non-hydrogen
atoms. Scattering factors were taken from ref 22. The &#&ms
appeared to be disordered. Occupancy factors were refined in the
ratio 50/50 for the structures at 295 and 100 K, and in the ratio
85/15 for the structure at 200 K. Refinement diverged for the data
at 200 K, so in this case the disorder was ignored. The imidazole
hydrogen atom H(7) and approximately half of all hydrogen atoms
were located on the D-Fourier. For consistency, all H atoms were
located geometrically for the CIF file, with isotropic thermal
parameters 1.1 times higher than those of the riding atom. However,
in order to unambiguously identify the cationic and anionic
components in this structure, we have refined the imidazole
hydrogen atom and obtained the following results allowing to
consider the [PEH3LMe]2H[Fe'LMe]~ (PRs)~ formulation as the most

(18) Kahn, O.Molecular MagnetismVCH: Weinheim, 1993.

(19) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.
CRYSTALS$ssue 10; Chemical Crystallography Laboratory: Oxford,
U.K., 1996. CRYSTALS/ersion 170. Oxford-Diffraction: Oxford,
2002.

(20) Sheldrick, G. MSHELXS-97Program for Crystal Structure Solution
University of Gdtingen: Gitingen, Germany, 1990.

(21) Sheldrick, G. MSHELXL-97 Program for the refinement of crystal
structures from diffraction datdniversity of Gatingen: Gatingen,
Germany, 1997.

(22) International Tables for Crystallographluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C.
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plausible chemical formula, at 100 K, located on the D-Fourier:
N(7)—H(7) = 1.02 A; N(8)+*H(7) = 1.66 A; N(7)—H(7)--*N(3)

= 175°. Refined: N(7)-H(7) = 0.75(5) A; N(3)--H(7) = 2.02(5)

A; N(7)—H(7)--*N(3) = 150(6¥. At 200 K, located on the
D-Fourier: N(7-H(7) = 0.91 A; N(3)--H(7) = 1.76 A; N(7)~
H(7)--*N(3) = 168. Refined: N(7)-H(7) = 0.90(4) A; N(3)--
H(7) = 1.83(4) A; N(7)-H(7)---N(3) = 159(3). At 295 K located

on the D-Fourier: N(7H(7) = 0.98 A; N(3)--H(7) = 1.70 A;
N(7)—H(7)--*N(3) = 16&. Refined: N(7}-H(7) = 1.04(17) A;
N(3)---H(7) = 1.71(18) A; N(7)>-H(7)--*N(3) = 158(9Y.
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