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The thermal and light induced spin transition in {&gNio.es(Mtz)](ClO04)2 (Mmtz = 1-methyl-H-tetrazole) was

studied by?"Fe Mtssbauer spectroscopy and magnetic susceptibility measurements. In addition to the spin transition
of the iron(Il) complexes the compound undergoes a structural phase transition. The high-temperature structure
could be determined by X-ray crystallography of the isomorphoug N 75mtz)s](ClO4). complex at room
temperature. The X-ray structural analysis shows this complex to be rhombohedric, spac&3jraith a =
10.865(2) A andc = 23.65(1) A with three molecules in the unit cell. The transition to the low-temperature
structure occurs at60 K without changing the spin state of the molecules. By subsequent heating of the complex
the high-temperature structure is reached again between ca. 170 and 200 K. The spin transition behavior is
strongly influenced by the structural changes, and the observed spin transition curves are completely different for
the high- and low-temperature phases. In the high-temperature structure a complete and gradual spin transition
between 220 and 120 K{,x(yns = 0.5) = 185 K) is detected; the high-spin (HS) state is represented by one HS
doublet in the Masbauer spectra. In the low-temperature structure a two-step transition curve is detected in the
heating mode. About 36% of the molecules show a LS (low-sptnjlS transition between ca 50 and 75 K.

Then the HS fraction stays constant up to 150 K. A further increase in the high-spin fraction is observed at
temperatures above 150 K. In this structural phase the HS state is represented by two different HS doublets in
the Mssbauer spectra. The formation of metastable HS states by making use of the LIESST effect is only
possible in the low-temperature structure. By excitation of the LS molecules with green light, two different HS
states are populated which show very different relaxation behavior. One HS state shows a relaxation to the LS
state even at 10 K; the other HS state shows a very slow-HSS relaxation at 60 K (within days), leading to

the HS fraction corresponding to the thermal equilibrium value.

1. Introduction ligand bond lengths in the course of the spin transition, was
successfully applied to the spin transition behavior in a number
of complexes of the general formula [Fe(pj®).-Sol (pic =
2-picolylamine; X= CI~, Br~; Sol = EtOH, MeOH¥$° where

the spin transition is not associated with further structural
changes of the compounds. In many compounds, however, the
spin transition is accompanied by additional structural changes.
For these compounds large hysteresis effects inythevs T
curve are reported, and in some of these complexes it was
possible to generate metastable HS states by rapid cooling of

Thermal and light-induced spin transition is a well-established
phenomenon in the coordination chemistry of ironfilj. The
phenomenon occurs in solution as well as in the solid state. In
solution gradual transitions are observed which can be under-
stood in terms of a Boltzmann distribution over the vibronic
levels of the high-spin (HS) and the low-spin (LS) state. In
the solid state, however, a great variety of spin transition curves,
given as the HS fractiopys as a function of temperature, are
detected. Gradual as well as steep transitions with and without o -
hysteresis are observed. The different types of spin transitionthe sample due to the slow kinetics of the additional phase

curves are a consequence of the cooperative nature of the SIC)irliransition.lo‘12 The relaxation of the metastable HS state which
transition phenomenon in the solid state. The origin of the is observed by subsequent heating of the compound to a certain

interaction mechanism between the spin-changing molecules jstemperature region is then governed by the kinetics of the phase

T . >
still under debate. The model of Spiering etZaf,which is transition== In _these com_pound; where, in addltlon_ fo the
based on the observation that the volumes of the HS and Lsnormal shortening of the iron(tligand bond lengths in the

complexes are quite different due to the decrease of the-iron course of the spin transition, the spin crossoveris gccompanled
by further structural changes one has to differentiate between

t Present address: Department of Chemistry, Odense University, Dk- €l€Ctronic a_nd crystal structural changes, but obviously both
5230 Odense, Denmark. effects can influence each other.
* Present address: Institutrf@rganische Chemie, Johannes Gutenberg In the course of our studies on metal-diluted iron tetrazole
Universitd Mainz, D-55099 Mainz, Germany. . s .
complexes we found that the spin transition ingglio es(Mtz)s]-
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change. But in contradiction to other examples where the
additional structural changes lead only to a broad hysteresis in
the spin transition curve, the observed spin transition behavior
in the high- and low-temperature phases of the complex under
study is completely different.

In this paper we report on the spin transition behavior in both
high- and low-temperature structural phases. The high-tem-
perature structure of the complex was determined by X-ray
crystallography of the isomorphous p=&Nio.7smtz)s](ClO4).
complex. LIESST (light-induced excited spin state trapping)
experiments were performed in the low-temperature structure.

2. Experimental Section

Caution! Although no problems were encountered in the
preparations of the following complexes as perchlorate salts,
suitable care should be taken when handling such potentially
hazardous compounds

2.1. Sample Preparation. 1-methyl-H-tetrazole (mtz) was
prepared as described earfigrfFe(mtz)](ClO4), and [Ni(mtz)}]-
(ClOy), were obtained from equimolar concentrated aqueous
solutions of [Fe(HO)g](ClO4)2 and [Ni(H0)s](ClO4)2, respec-
tively, and t[he(:?ga)z]é unél)ér nitr[ogt(al_nb. )'?']r(le v40)lime %f this Figure 1. Configuration of the [Fe.sNios{mtz)]*" cation and
solution was carefully reduced at room temperature until the numbering scheme of atoms.
complex crystallized out. The raw product was filtered and
dried. It was further purified by dissolving the material in dry
nitromethane and evaporating the solvent with an oxygen-free
and dry nitrogen stream. Mixed crystals of [N&—x(mtz)]-
(ClO4)2 were obtained by dissolving [Fe(mg{)ClO,4), and [Ni-
(mtz)](ClO4)2 in nitromethane and evaporating the solvent, as
described above. Due to the different solubility of the com-
plexes, small fractions of the precipitated crystals were separate
to avoid inhomogeneous distributions of the iron and nickel
complexes within one fraction. In this way 12 fractions of
[FexNi1—x(mtz)](ClO4)2 mixed crystals with an iron content
ranging fromx = 0.25 for the first fraction tox = 0.934 for the
last fraction were obtained. The relative iron content of the
samples was determined by X-ray fluorescence analysis using
a Philips PW1400 X-ray fluorescence spectrometer. The purity h
of the complexes was controlled by routine elemental analysis.

2.2. Susceptibility Measurements. The magnetic suscep-

nm was used. A carbon/glass resistance was directly mounted
at the sample holder to control the temperature during irradiation.

The Mtssbauer spectra were fitted to Lorentzians using the

program MOSFUN* assuming equal Debya&Naller factors for

the HS and LS states.

2.4. Crystal Structure. 2.4.1. X-ray Measurement.The
Space group was obtained from rotation and Weissenberg
photographs. Intensity data were collected by employing a four-
circle diffractometer (CAD4/Enraf-Nonius) at room temperature.
Measurements were performed with MaKadiation (graphite
monochromator)w/26 scan up to an angle ¢f= 30° (0 < h
< 13,0< k < 13,—33 < | < 33) with Friedel pairs, maximum
scan time 90 s/reflection. The intensities were Lp-corrected.

2.4.2. Solution and Refinement.The positions of all non-
ydrogen atoms were determined from a Patterson synthesis
(SHELX86)15> The hydrogen atoms of the tetrazole rings could
- . . be determined by difference Fourier syntheses. The hydrogen
Eb't“ty X(T%OOf thg r;glée?(crystals of [F’u:jl”‘(.r?;zk](g 104): i positions of the methyl group had to be calculated. The structure

etween and 2> was measured with a Foner ype,, s refined using SHELX7®8. Scattering factors were used
magnetometer’ equipped with a heI_|um ﬂOW. cryostat, In an for C, N, O, and H from SHELX76 and for Ni, Fe, and Cl from
external field of 1 T. The paramagne'qc correction fpr the nickel Doyle and Turnef? anomalous scattering factors were taken
complex was determined by measuriy) of the [Ni(mtz)]- from Cromer and Liberma# All non-hydrogen atoms were

(CGI%‘)SS; n;%lde);'roz]%gg@fggﬁg;ﬁzre?&nZ@rfﬁgit!gr?;isacalculated anisotropically; the hydrogen atoms were calculated
w ! : : isotropically with fixed thermal parameters assuming riding

function of temperature was calculated from the measured motion. The structure could be refined to Rvalue of 0.054
susceptibilities assuming Curi#Veiss behavior for the pure ' U
compound in the HS state and temperature independent para3. Results

magnetism for the LS state.

2.3. Mtossbauer Spectroscopy. Méssbauer spectra of
[Fep.3dNig.esmtz)](ClOg4), were recorded between 5 and 295
K with a conventional Mesbauer spectrometer. TPE0/Rh
source was kept at room temperature. All isomer shifts in this
work refer to the source. The samples were sealed in polished
plexiglass containers (3 énca. 7 mg Fe cm?) and mounted
in a helium flow cryostat (CF 506, Oxford Instruments). The
cryostat was equipped with windows of transparent Mylar foils.
The samples were irradiated with a Xe-arc lamp using a water (14) Midler, E. W. Ph.D. Thesis, Universitaainz, 1982.
bath as IR filter. For LIESST experiments a filter with (15 Sheld}ick, G. M.SHELXBé Program for the solution of crystal
maximum transmission between 350 and 650 nm was used, and  structures; UniversitaGettingen, 1986.

for reverse LIESST experiments a filter translucentifar 700 ~ (16) Sheldrick, G. MSHELX76 Program for crystal structure determina-
tion; University of Cambridge, 1976.

(17) Doyle, P. A.; Turner, P. SActa Crystallogr Sect A 1986 24, 390.

(13) Kamija, T.; Saito, Y. Ger. Offen. P2417023.5, 1971. (18) Cromer, D. T.; Liberman, D. J. Chem Phys 197Q 53, 1891.

3.1. Crystal Structure. The moleculare structure of [kgs
Nig 79(mtz)s](ClO4), shows no significant deviations from
standard bond lengths and angles for the ligand, which is almost
planar. The octahedral environment of the iron (nickel) ion is
slightly distorted (cf. Tables-23). The molecular structure of
the complex cation with the numbering scheme of the atoms is
shown in Figure 1. A projection of the unit cell along the (001)
axis is given in Figure 2.
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Table 1. Crystallographic Data for [FedsNio.7zsmtz)](ClOs,).
chem formula: GH24N24Cl,0gF &y 29Nip 75 fw: 761.45

a=10.865(2) A space groupR3
c=23.65(1) A T=298K
V=2417(1) A 2=0.71073 A
Z=3 pcac= 1.567 g cnm®
R = 0.054 (unit weights) u=2.24mnrt

aR = (Y |Fo — Fe)/YFo.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[Feo.2Nio.7gmtz)e](ClO4)2

Ni1—N1 2.113(3) N2-N3 1.343(5)
N1-C1 1.316(4) N2-C2 1.465(6)
N1-N4 1.355(5) N3-N4 1.287(5)
C1-N2 1.319(5)

N1-Ni1—-N1'  91.4(1)

Table 3. Final Significant Coordinates and Equivalent
Displacement Parameterdd; = (1/3)*Y;5;dUja* a* 4d)

atom X y z Uyg
Nil 0.00000 0.00000 0.00000 0.044(3)
Fel 0.00000 0.00000 0.00000 0.06(2)

N1 0.1278(3)  0.1804(3) —0.0503(1)  0.054(1)
c1 0.2648(4)  0.2483(4) —0.0614(2)  0.056(2)
N2 0.2939(3)  0.3577(3) —0.0942(1)  0.060(1)
N3 0.1731(4)  0.3599(4) —0.1036(2)  0.073(2)

Figure 2. Projection of the unit cell of [redNig7mtz)](ClO,), along N4 0.0736(3) 0.2528(4) —0.0772(1) 0.066(2)
the (001) axis (thermal ellipsoids with 50% probability). C2 0.4292(5) 0.4662(5) —0.1183(2) 0.092(2)
cl1 0.0000 0.0000 —0.3623(1)  0.0836(8)

" D o1 0.0144(6)  0.1276(5) —0.3520(3)  0.183(4)

:’ 100.0} 1000} ? 1 02 0.0000 0.0000 —0.4216(5) 0.262(8)

]

G 998 980r ] shows only one doublet, with an isomer shift of 0.98(1) mm/s
2 9961 980k ] and a quadrupole splittingEq of 1.41(2) mm/§ (cf. Tgble 4).

g These Masbauer parameters are typical of iron(ll) in the HS
Too9af 1 ovol ] state. With decreasing temperatures an additional resonance
S 1000’: . line with 6 ~ 0.41 mm/s at 220 K (typical for iron(ll) in the

1000 & LS state) is observed. This resonance signal becomes more

99.0F ] intense with decreasing temperature, documenting aHS

995 BO 170K ] transition of the compound. At 100 K only the LS state is
97.0r 1 detected in the spectrum. Thus, thé ddbauer spectra clearly
99.0) 96.0f ) prove a gradual and complete spin transition between 240 and

100 K. The results of the Mssbauer investigations were

1000 whwtbeer ] supported by magnetic susceptibility measurements. After

995 980t ] correcting for the diamagnetic and paramagnetic contributions
150 K from the ligands and the nickel complex, respectively, the

99.0 %60 ] derived high-spin fractiogys(T) yields a spin state conversion
aa0b ] curve which is shown in Figure 4. The spin transition is almost

complete between 220 and 140 K. It is important to mention

] that the M@sbauer and magnetic susceptibility measurements
have been shown to yield the same spin transition curves in
both the heating and cooling mode only if the temperature region
is restricted to temperatures higher than ca. 60 K.

] If the compound is cooled to 20 K, a very strange behavior

100.0}- %% 100.01
9951

99.01

98,51

Q0L ] is observed. By subsequent heating of the complex, the
=30 -15 00 15 30 Mossbauer spectra depicted in Figure 5 were recorded. The
v [mm/s] v [mm/s] iron(ll) complexes are still in the LS state at 40 K, but in the

_ ' temperature range from ca. 50 to c&. K a HSstate with an
Figure 3. Mdssbauer spectra of [F@Nio.es(mtz)e](ClO), recorded isomer shift ofd ~ 1.06 mm/s and a quadrupole splittindcqg
at decreasing temperatures. At 240 K only the resonances of the HSq¢ 5 5 mmy/s (cf. Table 4) is populated, leading to a HS fraction

state are observed in the “Skbauer spectrum. With decreasing 270 : :
temperature the resonance line (singlet) of the LS state appears Wi'[hOf 37% at 80 K. Then the HS/LS ratio remains constant at

increasing intensity. At 100 K only the resonance line of the LS state (€Mperatures up to 150 K, thus leading to a plateau in the spin
is observed. Thus, the Mebauer spectra prove a complete spin transition curve. At 150 K an additional HS state is detected

transition in the cooling direction. with Mdssbauer parameters quite similar to the HS state which
was observed by initial cooling of the compound (cf. Table 4).
3.2. Thermal Spin Transition. Mdssbauer spectra of  To distinguish the two HS states, we shall refer to the HS state
[Fen.3sNig.eg(Mtz)](ClO4)2 recorded at decreasing temperatures with the low and highAEq values as HS(A) and HS(B),
are shown in Figure 3. The Msbauer spectrum at 240 K respectively. The intensity of the HS(A) doublet increases with
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Table 4. Mossbauer Parameters of féNiges(mtz)](ClO4), Obtained from a Fit with Lorentzian Lings
HS(A) HS(B) LS

T (K) o (mm/s)  AEqg(mm/s) I/2(mm/s) o (mm/s) AEqg(mm/s) TI/2(mm/s) o6 (mm/s) I/2(mmi/s) VHs

2401 0.98(1) 1.41(2) 0.15(1) 100

22014 0.997(5) 1.424(10) 0.13* 0.407(10) 0.13* 91.3(32)
2001 1.002(4) 1.457(7) 0.121(5) 0.406(6) 0.123(9) 70.7(17)
1904 1.004(5) 1.446(11) 0.123(8) 0.415(5) 0.116(7) 59.0(23)
180! 1.025(5) 1.486(10) 0.122(7) 0.415(2) 0.116(4) 42.9(17)
1701 1.034(7) 1.493(14) 0.119(10) 0.417(2) 0.117(3) 26.8(16)
1601 1.030(24) 1.467(47) 0.125(33) 0.417(3) 0.122(4) 14.3(30)
1501  1.075(32) 1.454(63) 0.12* 0.416(2) 0.120(3) 0.0
1004 0.433(2) 0.132(3) 0.0

5014 0.429(2) 0.125(3) 0.0

10} 0.438(3) 0.144(4) 0.0

401 0.438(2) 0.145(3) 0.0

501 1.062(29) 2.45(6) 0.14* 0.436(2) 0.143(3) 8.0(13)

601t 1.065(3) 2.454(5) 0.117(4) 0.429(1) 0.124(2) 35.2(68)

801t 1.062(3) 2.438(7) 0.115(6) 0.427(2) 0.120(2) 37.1(10)
110t 1.053(5) 2.369(9) 0.124(7) 0.418(2) 0.125(3) 36.9(12)
125t 1.040(7) 2.316(13) 0.129(11) 0.427(3) 0.128(4) 37.8(17)
140t 1.039(3) 2.258(7) 0.110(5) 0.412(15) 0.116(3) 37.3(10)
150t 1.087(80) 1.370(14) 0.125* 1.036(3) 2.213(6) 0.117(5) 0.418(1) 0.118(2) 38.6(9)
1601 1.085(73) 1.380(14) 0.125* 1.032(4) 2.170(8) 0.125* 0.405(11) 0.125* 45.1(19)
170t 1.04(1) 1.45(2) 0.125* 1.025(5) 2.13(1) 0.125* 0.405(3) 0.125* 47.6(22)
180t 1.020(6) 1.45(2) 0.125* 0.996(16) 2.10(3) 0.125* 0.403(3) 0.125* 49.6(28)
190t 1.014(4) 1.473(8) 0.125* 1.012(4) 2.07(9) 0.125* 0.399(4) 0.125* 61.1(28)
220t 1.001(5) 1.431(6) 0.13* 0.402(7) 0.13* 89.5(25)

a(*) Parameter was not variedt) (spectrum was measured in cooling directidi;spectrum was recorded in heating direction.

2 1.0F
0.8f
0.6F
0.4
02F

0.0F ,Oe-

B° oo oo ome?

P L

100

200 300
T [K]

Figure 4. HS fractionyns as a function of temperature in [f=8Nioes

(mtz)](ClO,), derived from Maesbauer spectradj and magnetic
susceptibility measurementS)in the cooling direction. The measure-
ments prove a complete and gradual spin transition in the temperature

range from ca. 220 to ca. 140 K upon cooling.

increasing temperature, whereas the intensities of the LS single
line and the HS(B) quadrupole doublet decrease with increasing
temperature; a net increase in the total HS fraction is observed
with increasing temperature. At 220 K the doublet correspond-
ing to the HS(B) state has completely disappeared, and the
spectrum is similar to the one obtained by cooling the complex
(cf. Figures 3 and 5). The changes in théddbauer spectra in
the temperature range from 150 to 220 K can also be followed
in the plot of the logarithm of the effective thickness vs
temperature (cf. Figure 6), where a discontinuity between 160

100.0

95.01

rel. transmission [%]

90.01

100.0p-
98.01
96.0F

94.0f

100.01

150 K

4 1000

100.0

4 1000

99.5

98.5

995

99.0

] 99.0r

98.01

99.0F

1 1000} s

and 170 K is observed. Again the Ng&bauer investigations
were supported by magnetic susceptibility measurements, and
the derived spin transition behavior is shown in Figure 7. )
Obviously, by heating the compound, a two-step transition with Flghtg:tii'g g/il:):;iboiue;\fa?)cgaor?lfy [iﬁej\lr'ggég‘;ﬁ)g]éi'r%‘)éf rt?]‘;olr_dsegtate
a plateau in the temperature range between ca. 75 and ca. 154551 detected. Af temperatures between ca. 50 and && & HS(B)
Kis detepted. ) . ) state is populated leading to a total HS fractiom&7% at 80 K. At

3.3. Light-Induced Spin Transition. LIESST experiments 150 K another HS state (HS(A)) is detected. The intensity of the
were carried out with a polycrystalline sample of {ENio ¢5 resonance lines of this HS state increases with increasing temperatures,
(Mt2)](Cl04)2. The sample was first cooled down slowly to  Whereas the intensity of the resonance lines of t_he LS and HS(B)
10 K. The Missbauer spectrum shows a single resonance line deécreases. At 220 K the HS(B) has completely disappeared and the
arising from the LS state (cf. Figure 8, top). If the crystal is spectrumdls similar to the one recorded by initial cooling of the
irradiated with green lightA( ~ 350-650 nm) at 10 K, one compound.
observes a partial conversion of the LS state into the HS(A) distinguished in the Mssbauer spectra due to the different
and HS(B) states, respectively. The HS states can clearly bequadrupole splittings of the doublets (cf. Table 5 and Figure 8,

v [mm/s] v [mm/s]
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Figure 6. In te vs T plot measured in the heating direction. The plot |
deviates from the expected linearity; the discontinuity between 160 and a0 !
170 K indicates the onset of a structural phase transition. I
% 10F T L ] _I+ .IE ;'_'p 2 Iq.
< ost f‘ay ] v [mm,z]
06k ] Figure 8. 5"Fe Mtssbauer spectra of [-eNioefmtz)](ClO.), recorded

I at 10 K before (top) and after (bottom) irradiation of the sample with
0.4F D_Qmuggﬁj E green light. Two different metastable HS states are populated by
: irradiating the compound.

02F ]
oobod ! - The spin transition behavior in the low-temperature structure
0 100 200 300 is completely different. From the Mgbauer measurements we
T [K] can state that there are at least two inequivalent positions for
Figure 7. HS fractionyus as a function of temperature in [&Nio.es the iron atoms in this structure.
(Mtz2)e](ClO4). derived from Mwsbauer spectradj and magnetic The quadrupole splittings observed at 10 K for these atoms,

suscc_eptibility measurement©) in_the heating direction. The spin  after irradiation with green light (LIESST), are ca. 3 and 1.5
transition curve shows a plateau in the temperature range from ca. 75mm/s, which is the low-temperature value for iron(Il) complexes
to ca. 150 K. . . .

with ground states with 1- and 2-fold orbital degeneracy,
respectively?! The most interesting feature of the spin transi-
tion behavior in the low-temperature structure is the pla-
teau in the spin transition curve between ca. 75 and ca. 150 K.
Some other complexes are known, where a plateau in the spin
transition curve was observéd?® In the case of the spin

bottom). The relaxation behavior of the HS states is quite
different. It was found that the HS(A) shows a relaxation to
the LS state even at 10 K (complete relaxation withih at 15
K). Therefore, a quantitative LS- HS conversion could not
be observed with Mesbauer spectroscopy. “KEbauer spectra . i .
recorded after LIESST and sSbsequen%eating of thepcomplexCrossover cpmpound [Fe(2-p3_t9:I2-E.tOH, t.h? iron(ll) ions
are depicted in Figure 9. From the spectrum at 30 K it can be occupy.equwalglnt l"’.lttlce. posmoﬁé,the origin of the two-
step spin transition in this case is presumably due to short-

clearly seen that the HS(A) state has disappeared. The HS(B) ange interactions, leading to correlations of HS and LS states
state shows no noticeable relaxation at temperatures below Gd(;levgi]atin from a r’an domg distributic. In the present com-
K (cf. Figure 9, spectra at 30 and 50 K). Only & K a very 9 : P

slow HS— LS relaxation of this HS state (within days) leading PO, however, one must assume that the iron atoms are lo-
to the HS fraction corresponding to the thermal equilibrium 7. : - ' pparently cause t
value was observed. The Msbauer spectrum recorded at 75 different spin transition temperatureL A snjular situation is
K after LIESST at 10 K and subsequent heating to 75 K shows known for the [Fe(miz]X. (X = BF,, CIO,) complexes,

no difference from the spectrum recorded after slowly cooling where_ the iron atoms occupy tw% different lattice sites A and
to 20 K and subsequent heating to 75 K. B, which are only slightly different® The complexes at lattice

No long-lived metastable HS states could be generated atSite A show a HS~ LS transition.at tgmperaturgs below 100
temperatures above 60 K. Reverse LIESST experiments onf whereas thezcéomplexes at lattice site B stay in the HS state
HS(B) using red light were carried out at 20 K after complete even at 4.2 K€/ The plateau in the Spin transition curve in
relaxation of the HS(A) state. After irradiation of the sample the present .examp!e most probably arses _fr.om two successive
with red light a reduction of only 10% of the HS intensity was SPIN transitions with different spin transition temperatures

observed, proving that a partial back conversion from the TuAyws = 0.5), the spin transition in lattice site A at higher
HS(B) to the LS state has occurred temperatures and the spin transition in lattice site B at lower

temperatures.
4, Discussion

. L. . .. L (19) Martin, J. P.; Zarembowitch, J.; Dworkin, A.; Haasnoot, J. G.; Codjovi,
The investigation of the spin transition behavior in the present E. Inorg. Chem 1994 33, 2617.

compound revealed that apparently an additional phase transition(20) Martin, J. P.; Zarembowitch, J.; Bousseksou, A.; Dworkin, A.;
occurs when the compound is cooled to temperatures below 60, Haasnoot, J. G.; Varret, fnorg. Chem 1994 33, 6325.
K. Theref h . ition behavior in the high dl (21) Ganiel, U.Chem Phys Lett 1969 4, 87.

: erefore, the spin transition ehavior In the high- and low- (22) Koppen, H.; Miier, E. W.; Kohler, C. P.; Spiering, H.; Meissner, E.;
temperature structure should be discussed separately. Gitlich, P.Chem Phys Lett 1982 91, 348.

In the high-temperature structur®3) all iron atoms are gig Eﬂeiirou!eaMs, \}2 Tuchﬁgugs,tlcf(hcerf? Phgﬁ Lelt_t t119%7§3g,32266

H H H IKami, M.; Konno, M.; Salto, em yS Le 1 .

equw.ffllent, and therefore on_Iy one HS doublet is observed in (25) Jakobi, R.: Spiering, H.: Glich, P.J. Phys Chem Solids1992 53,
the Missbauer spectra. In this structure a complete and gradual’ ~ 267.
spin transition is detected due to the reduced cooperative (26) Wiehl, L. Acta Crystallogr Sect B 1993 49, 289.
interaction between the spin-changing molecules caused by the27) 3',320795”'“"*" P.; Decurtins, S.7tBeh, P.J. Am Chem Soc 1990 112,
nickel matrix; this effect is well-known from other metal dilution 28y Buchen, Th.; Poganiuch, P.:@ch, P.J. Chem Soc, Dalton Trans

studies?9:19.20 1994 2285.
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Table 5. Mossbauer Parameters of féNige(mtz)](ClO4). before and after Irradiation with Green Light

HS(A) HS(B) LS
T o0 (mm/s) AEq(mm/s) TI/2(mm/s) o (mm/s) AEqg(mm/s) TI/2(mm/s) o6 (mm/s) TI/2(mm/s) YHs
10 K before LIESST 0.436(4)  0.148(6) 0.0
10 K after LIESST 1.11(2) 1.65(4) 0.125* 1.066(3)  2.419(6) 0.125* 0.444(2)  0.125* 46.9(14)
30 K after LIESST 1.070(4)  2.443(7) 0.119(6) 0.425(2) 0.128(3)  39.8(11)
50 K after LIESST 1.078(6)  2.458(12) 0.125(10) 0.434(2)  0.129(3)  38.7(15)
75 K after LIESST 1.059(5)  2.435(9) 0.129(7) 0.435(2) 0.133(3) 38.3(5)
a (*) Parameter was not varied.
ool ] *E 1O999F 40
g g 7s00f 180 K .
-
8 ot ] S 5000t 190 K .
s 200 K
é goF 1 2500 ]
b
—_ L 0, L L L]
o) 4 8 12 16
100 20
88 Figure 10. X-ray powder spectra of [lgNioes(mtz)](ClO,), recorded
96 at 170, 180, 190, and 200 K in the heating direction with the (101),
04 (003), and (102) rgfl_exes at2—= _10.26?”, 1_1.38?, and 12.152% at
{ 170 K. Characteristic changes in the region of the (101) reflex are
92t i observed in this temperature region which agree with the changes seen
in the Mssbauer and magnetic measurements in the same temperature
100 | xvs regions.
%8 temperature regionl(< 60 K). However, we could measure
96 temperature dependent X-ray powder diffraction patterns, which
94 should also enable us to obtain some information about the
92t ] structural changes. As it is well-known that the spin transition
behavior is strongly influenced by grinding effeéts3! the spin
100k | transition behavior of the powdered sample was checked and
turned out to be similar to the behavior which was observed
o6l 1 for the polycrystalline sample. Thus, there was no additional
change on the spin transition behavior introduced by grinding
92k ] the sample. The high-temperature structure of pgdio 75
(mtz)](ClO4), was then used to assign the reflexes in the powder
88k, . . . . diffraction pattern at high temperatures. Characteristic changes
-4 -2 0 2 4 in the X-ray diffraction pattern were observed in the region of
v [mm/s] the (101) reflex at~60 K and between ca. 170 and 200 K for

cooling and heating, respectively (cf. Figure 10 for heating
Figure 9. Mdssbauer spectra of [F@Nioes(mtz)](ClO4), recorded direction), which agrees with the changes seen in thestdauer
at 10 K after irradiation with green light and subsequent heating of the gnd magnetic measurements in the same temperature regions.
_complex.“At 10 K the two metastable HS states A and B are detected Tarefore. we believe that the observed changes in the X-ray
in the Mssbauer spectrum. The HS(A) state shows HSLS '
relaxation even at 10 K; in the spectrum recorded at 30 K this HS powder measurements reflect the structural changes of the
state has completely disappeared and only the HS(B) and the LS statecOMpound at these temperatures. Whatever the process behind
are observed. The HS(B) state shows no relaxation at temperatureshis phenomenon is, the nickel concentration apparently plays
below 60 K. The 75 K spectrum resembles the one measured at thisa significant role. The intensity of the HS(B) state increases
temperature in the heating direction. with increasing nickel content of the mixed crystals, and the
phase transition is no longer observed for mixed crystals with
The change from the low- to the high-temperature structure g nickel content of<55%.
is observed between ca. 170 and 200 K in the heating mode. The LIESST experiments in the low-temperature structure
We concluded this from the changes in théddbauer spectra  yielded two different HS states, for which a different relaxation
(disappearance of HS(B)) and from the unexpected behavior ofpehavior was observed. The HSLS relaxation kinetics after
the Inter) vs T plot, which shows a discontinuity between 160 |aser excitation was carefully studied by Hauser in a series of
and 170 K, indicating the onset of a structural phase transition. iron(Il) complexes with an FeNg core432-34 He observed a
It would be desirable to investigate the structural changes thermally activated relaxation behavior at elevated temperatures
directly by diffraction methods because a comparison of the and a nearly temperature independent tunnelling mechanism for
high- and low-temperature structure should give an insightinto the HS — LS relaxation at low temperatures. The low-
the mechanism which is responsible for the dramatic changestemperature tunnelling rate depends, on one hand, on the so-
in the Missbauer spectra and in the spin transition behavior.
The high-temperature structure could be determined by X-ray (29) |HaddagﬁM' %SFeggrelzng. D.; Lynch, M. W.; Hendrickson, D. N.
crystallography of the isomorphous complexdelio.7dmtz)]- (30) Miller, E. W Splierin'g, H.; Gtlich, P.Chem Phys Lett 1982 93,
(ClO4)2. But up to now we were not in the position to perform 567.
an X-ray structural analysis on single crystals in the very low (31) Miiler, E. W.; Spiering, H.; Gtlich, P.Inorg. Chem 1984 23, 119.
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called Huang-Rhys factor, which is a measure of the horizontal HS and the LS state. This effect has been discussed in detalil
displacement of the potentials of the HS and LS state and, onin ref 27. At 60 K a very slow relaxation is observed toward
the other hand, the energy gap between the HS and LS stateshe HS fraction reached in the course of the thermal spin
(the difference between the lowest vibronic levels of the HS transition. This proves that the generated HS(B) state is a
and LS state). In iron(ll) complexes with F&lg cores the metastable state at temperatures below 60 K. But at 60 K the
crucial parameter for the tunnelling rate is the energy gap. HS(B) state becomes already thermodynamically stable (see
Although the spin transition temperatufey, is only a crude thermal spin transition curve in Figure 7) so that no complete
measure for this gap, Hauser observed an increase in the low-decay of the HS(B) can be observed. This is obviously due to
temperature tunnelling rate with increasifig, (inverse energy overlapping regions of kinetic and thermodynamical stability
gap law). The relaxation behavior found for fréNig.es(mtz)s)- of the HS(B) state.

(ClOq4), agrees qualitatively with Hauser’s relaxation model. For
the iron complexes on site Ay, is 185 K, wherea3, for the
complexes on site B is around60 K, so that a faster relaxation
for the light-induced metastable HS(A) state is predicted an
in fact observed.

At temperatures below 50 K the HS LS relaxation of the
HS(B) state is very slow and no relaxation could be observe
within days using Mesbauer spectroscopy; the HS state
generated by light is kinetically stable. In this temperature range  Supporting Information Available: Tables of the detailed crystal-
reverse LIESST experiments on HS(B) are possible. The fact lographic data, final coordinates and equivalent displacement parameters
that we achieved only a partial HS(B) LS(B) back conversion for non-hydrogen atoms, anisotropic displacement parameters for non-
is most likely due to the broad band irradiation using a xenon- hydrogen atoms, final coordinates and isotropic displacement parameters

arc lamp and filters leading to a simultaneous excitation of the for the hydrogen atoms, and all distances, angles, and torsion angles
for [Fep 29Nig7(mtz)](ClO4), (7 pages). Ordering information is given
(32) Hauser, A.; Vef, A.; Adler, PJ. Chem Phys 1991 95, 8710. on any current masthead page.

(33) Hauser, AJ. Chem Phys 1991, 94, 2741.

(34) Hauser, AChem Phys Lett 1992 192, 65. 1C9504405
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