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In the [Fe(mtz)6] (BF4)zspin-crossover system, the Fe(I1) complexes occupy two nonequivalent lattice sites. Complexes 
on lattice site A show a thermal high-spin (HS) - low-spin (LS) transition at 74 K, whereas complexes on site 
B remain in the high-spin state down to 10 K. Complexes on both sites exhibit light-induced spin-state conversions 
at 20 K: LS - HS on site A after irradiation at 514.5 nm; HS - LS on site B after irradiation at 830 nm. The 
subsequent relaxation processes are strongly influenced by cooperative effects of elastic origin, leading to characteristic 
deviations from first-order kinetics. This is attributed to a buildup of an internal pressure during the relaxation 
process, giving rise to a shift in both the horizontal (bond length difference AQL) and the vertical (energy gap 
A,?$,,) displacements of the potential wells of the two states relative to each other. The shifts can be estimated from 
the observed shift of the d-d absorption bands on the order of 100 cm-I. For site B complexes, this may lead to 
a change in the true ground state. 

Introduction 

The series of compounds [Fe(Rtz)6](BF4)2 (Rtz = l-alkyl- 
tetrazole) are so-called spin-crossover compounds,l.Z exhibiting 
an entropy-driven spin transition from the true low-spin (LS) 'Al 
ground state at low temperatures to the high-spin (HS)  ST^ state 
at elevated temperatures. The detailed spin-crossover behavior 
varies with the substituent R and is strongly influenced by 
cooperative effects3v4 of elastic origin due to the large difference 
in metal-ligand bond length h r ~ ~  = rHS - r u  of 0.16-0.21 AS-' 
or rather the concomitant difference in volume AVHL = VHS - 
V u  of up to 50 As per complex* between the two states. The 
propyl derivative [Fe(ptz)6] (BF4)2, for instance, shows a quan- 
titative spin transition, which is accompanied by a first-order 
crystallographic phase transition.IJ In the methyl derivative [Fe- 
(mtZ)a](BF4)2, space group P21/n, the Fe(I1) complexes occupy 
two nonequivalent lattice sites? Only complexes on the one site, 
henceforth referred to as site A, show a steep thermal spin 
transition at 74 K, whereas complexes on the other site, site B, 
remain in the HS state down to 10 K,Io indicating that the true 
ground state of the latter is the HS state. 

The phenomenon of a light-induced LS - HS conversion at 
temperatures well below the thermal transition temperature was 
discovered for [Fe(ptZ)6](BF4)~.~' The complete scheme for the 
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large number of intersystem crossing (isc) processes, shown in 
Figure 1, was in fact fully established using the [Fe(ptz)6](BF4)2 
system.12 The metastable HS state can be formed quantitatively 
by irradiating either into the spin-allowed 'AI - 'TI or the spin- 
forbidden 'Al - 3T1 absorption bands of the LS species. The 
system can be pumped back to the LS state by irradiating into 
the spin-allowed 5Tz - 5E absorption band of the HS species. 
The same holds for A site complexes in the [ F e ( m t ~ ) ~ l ( B F ~ ) ~  
system. In addition, Poganiuch et aLIO achieved a partial light- 
induced HS - LS conversion and thus created a metastable LS 
state for complexes on site B. In their Miissbauer study, broad- 
band irradiation with X > 700 nm gave a LS population on site 
B of 62%, as well as reducing the LS population on site A from 
the initial 100% to 62%. These populations are to be regarded 
as steady-state populations, resulting from the overlapping 
absorption bands of the LS and the HS species and the isc processes 
involved. 

At low temperatures, the light-induced metastable states are 
very long-lived. In the [Fe(pt~)~](BF4)2 system, for instance, the 
lifetimeofthe HS stateat 20 K is > 10%. TheHS- LS relaxation 
at T > 50 K deviates strongly from first-order kinetics.llJ3 
Qualitatively, the elastic interactions lead to a buildup of an 
internal pressure during the relaxation process, resulting in self- 
accelerating, sigmoidal relaxation curves. A shift in the maxima 
of the d-d absorption bands of around 200 cm-1 indicates that 
there is a substantial increase in the zero-point energy difference 
A,?$HL = pHs - pu during the relaxation process. The HS - 
relaxation rates depend crucially upon the relative horizontal 
and vertical displacement of the two potential wells relative to 
each other. The sigmoidal relaxation curves could be explained 
quantitatively14 on the basis of the inverse energy gap law from 
the theory of nonadiabatic multiphonon relaxation in the strong 
vibronic coupling limit.15 

In this paper we report the HS - LS relaxation curves for 
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Figure 1. Potential wells of the 'AI ground state and the thermally 
accessible ST2 state as well as the higher excited ligand field states for 
a d6 spin-crossover system. Arrows indicate the mechanism for the light- 
induced spin-state conversion. 

complexes on site A and LS - HS relaxation curves for complexes 
on site B in the [Fe(mtz)6](BF4)2 spin-crossover system. In 
particular, it is shown that a change in the true ground state of 
the B site complexes can be induced by the internal pressure 
resulting from the elastic interactions. 

Experimental Section 
Sample Preparation. The 1-methyltetrazole (mtz) ligand was prepared 

as described in ref 1. [Fe(mtz)6] (BF& itself was prepared according to 
refs 1 and 10. Single crystals in the form of colorless hexagonal plates 
of up to several millimeters in diameter and up to 1 mm thick were grown 
from nitromethane by slow evaporation in a stream of oxygen-free dry 
nitrogen at 293 K. 

OptidSpectroclcopy. Single-crystal absorption spectra were recorded 
with a UV/vis near-IR spectrometer (Bruins Instruments, Omega-10). 
Sample temperatures down to 10 K were achieved with a cold helium gas 
flow technique. 

Irradiation experiments were performed with an Ar laser (Spectra- 
Physics 2020) at 514.5 nm and with a Ti-sapphire laser (Spectra-Physics 
3900) at 830 nm. Laser powers used were of the order of a few tens of 
a milliwatt with irradiation times of a few minutes. 

In the temperature range under consideration, relaxation processes 
areslow. Thecrystals were keptat the temperatureat which therelaxation 
curve was to be recorded throughout the irradiation, and the relaxation 
was monitored by recording full absorption spectra at appropriate time 
intervals after switching off the laser. 

Results 
Light-Induced Spin Transitions in [Fe(mtz)6](BF,)*. At 20 K, 

the optical absorption spectrum of [Fe(mtz)6](BF& (Figure 2a) 
consists of the typical 'A1 - IT1 and 1Al - IT2 absorption bands 
in the visible region, corresponding to site A complexes, and the 
ST2 - 5E band in the near-IR region of the site B complexes. 
Irradiation at  514.5 nm, that is into the 'A1 - 'TI absorption 
band, results in a quantitative light-induced LS - HS conversion 
on site A. This follows from the optical absorption spectrum in 
Figure 2b, in which the characteristic bands of the LS species 
have disappeared completely and the HS band has grown in 
intensity. 

As can be seen from the optical absorption spectrum in Figure 
2c, irradiation at  830 nm and 20 K results in an overall increase 
of the LS fraction ym to approximately 82%. This is mainly due 
to a light-induced HS - LS conversion on site B. But, as in the 
propylderivative,lz this process is not quitequantitative. Because 
of the overlapping bands of the spin-allowed 5T2 - 5E transition 
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Figure 2. Single-crystal absorption spectra of [Fe(mtz)6](BF4)2 at 20 K: 
(a) before irradiation (yu = 0.5); (b) after irradiation at 514.5 nm (ym 
= 0); (c) after irradiation at 830 K (yu = 0.82); (d) after warming to 
5 5  K in stages as described in the text ( y ~  = 0.95). 

of the HS species and the spin-forbidden 'AI - 3T1 and 'A1 - 
3T2 transitions of the LS species, the corresponding isc processes 
lead toa steady-state LS fractionof less than unity. For irradiation 
at  830 nm, that is at  the maximum of the 5T2 - 5E band, a 
maximum steady-state LS fraction is obtained. Of course, the 
same thing applies to site A as well, with the difference that 
starting with the complexes in the LS state requires a small fraction 
to be converted to the HS state in order to reach the steady state. 
That this is indeed the case is borne out by the Massbauer spectra 
of Poganiuch et al.,"J showing approximately equal LS fractions 
on both sites, except that, for broad-band irradiation with h > 
700 nm, the overall steady LS fraction of 62% is somewhat lower 
than that for the laser irradiation. 

Relaxation Processes. (a) HS - LS Relaxation at Site A. At 
20 K, the lifetimeof thelight-induced metastable HS statecreated 
on site A by irradiating at  514.5 nm is >lo6 s. At T 2 45 K, a 
HS - LS relaxation process sets in. Figure 3a shows the 'A1 - IT1 band growing in intensity with time a t  64 K after the laser 
has been switched off. Plotting the relative intensity against time 
results in the HS - LS relaxation curve for site A complexes 
displayed in Figure 4a. I t  should be remembered that, during 
the HS - LS relaxation on site A, all the complexes on site B 
are in the HS state, that is y& = 0, while the LS fraction on site 
A goes from y&(t = 0) = 0 to y&(t-m) = 1. Therefore the 
total LS fraction y s  = I/*(& + y&,) goes from 0 to 0.5. As 
in the propyl derivative, the HS - LS relaxation is self- 
accelerating and can be described phenomenologically with a 
rate constant GL depending upon the LS fraction according to14 

k$L(Y&) = kOHL exp(a& (1) 
A numerical fit to the experimental curve results in values for a 
of 2.25(3) and kiL of 1.63(4) X 1V s-1. 
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Autax = 230(5) cm-1 and a value of ukx = 18 130(10) cm-l for 
the maximum at the end of the relaxation. 

Because the HS - LS relaxation at the thermal-spin-transition 
temperature of 74 K is quite slow, the sample can be frozen in 
the HS state not only by irradiation but also by rapid cooling. 
Included in Figure 4 is the relaxation curve at 64 K for the 
temperature-quenched HS state. It is within experimental error 
identical to the relaxation curve obtained after the light-induced 
population of the metastable HS state. In this system, with no 
added complications arising from crystallographic phase tran- 
sitions, the manner in which the metastable HS state is prepared 
does not influence the HS - LS relaxation. 

(b) LS - HS Relaxation at Site B. The relaxation processes 
after irradiation at  830 nm are somewhat more complicated. 
Warming the sample from 20 K to T > 60 K directly results in 
a relaxation curve of type I, as shown in Figure 4 for a temperature 
of 64 K. Obviously, the small HS fraction on site A created by 
the irradiation at 830 nm (via 'A1 - 'Tl.2 - 5T2) decays more 
rapidly than the metastable LS fraction on site B, thus causing 
the initial increase in the total LS fraction. Unfortunately, at 64 
K the relaxation processes are too fast to be monitored by 
Mhsbauer spectroscopy, and with optical methods it is not possible 
to properly disentangle them at this stage. 

If the sample is warmed up to T > 60 K in stages, something 
quite surprising happens, depending upon the initial LS population. 
In the MGssbauer study of Poganiuch et al.1° with an initial LS 
population of 6296, obtained after broad-band irradiation with X 
> 700 nm, a very slow HSA - LSA relaxation was observed to 
set in at T 45 K, followed by the LSB - HSB relaxation at  T 
c 55 K. In our experiment with an initial LS population of 82% 
after narrow-band irradiation at 830 nm, the HSA - LSA 
relaxation is as before, but if in the second stage the sample is 
warmed to T =  55 K, it is not the expected LSB-HSB relaxation 
which sets in; much rather, the remaining HS complexes on site 
BgototheLSstateas well! Inthecorrespondingopticalspectrum 
of Figure 2d, the ST2 - 5E absorption band has disappeared 
completely, whereas the intensity of the 'A1 - IT1 band has 
become twice as large as in Figure 2a. Warming the sample to 
T > 60 K in a third stage now results in a relaxation curve of type 
11, as shown in Figure 4 for T = 64 K. This curve, obtained from 
the optical spectra of Figure 3b, corresponds to a clean LS - HS 
relaxation on site B. Similar to the HS - LS relaxation on site 
A, it is self-accelerating with a rate constant given by 

k;H($S) = kOLH exp(b&) (2) 
A numerical fit yields b = 2.69(3), which is somewhat larger 
than a = 2.25(3) for the HS - LS relaxation on site A, and 
ktH = 6.34(4) X 10-5 s-1. The optical spectra of Figure 3b, too, 
show a small shift of the band maximum during the relaxation. 
Of primary interest is not this shift itself but the shift of the 
subspectrum from complexes on siteB. It would of course be 
wrong to just subtract the spectrum for t - from Figure 3a 
as subspectrum for complexes on site A, because the increasing 
internal pressure due to the nonzero LS fraction on site B also 
acts on complexes on site A, shifting their subspectrum toward 
higher energy, but without changing its intensity. Since the two 
sites are geometrically very similar,g it is fair to assume that the 
internal pressure depends basically upon the total LS fraction 
and that therefore subspectrum A continues to be shifted linearly 
toward higher energy even for y u  > 0.5. As illustrated 
schematically in Figure 6, subspectrum B can thus be obtained 
by subtracting subspectrum A for t - from Figure 3a, shifted 
according to the total LS fraction, from the experimental spectrum. 
The resulting band maximum as a function of y~ during the LSB - HSB relaxation is displayed in Figure 5 .  It, too, is linear in 
ym with a slope of Au& = 372(8) cm-1 and a value of u& = 
17 950(12) cm-1 at  t - -, which is just 180 cm-1 less than 
.:ax. 
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Figure3. Single-crystal absorption spectra of [Fe(mtz),j](BF4)2showing 
(a) therecoveryofthe1Al -IT1 absorptionbandat 64Kafterirradiation 
at 514.5 nm (time interval 240 s) and (b) the decreasing intensity of the 
'A1 - 'TI absorption band after irradiation at 830 nm and warming the 
sample to 64 K in stages (time interval 360 s). 
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Figure 4. Relaxation curves y u  versus t at 64 K: (a) HSa - LSA 
relaxation after irradiation at 514.5 nm (+) and after rapidly cooling 
down (0); (b) LSB - HSB relaxation after irradiation at 830 nm, after 
warming up directly (type I) and after warming up in stages (type 11). 
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Careful analysis of the position of the band maximum of the 
'A1 - lT1 transition reveals a small but significant shift during 
the relaxation process. This shift, shown in Figure 5 as a function 
of the total y ~ s ,  is found to be linear in y ~ s  with a slope 



510 Inorganic Chemistry, Vol. 33, No. 3, 1994 Hinek et al. 

Figure 6. Schematic illustration of the procedure adopted to determine 
the shift of the 'A1 - IT1 absorption band of site B complexes during 
the LSB - HSB relaxation. 

Discussion 

The steep thermal spin transition at  74 K for complexes on site 
A indicates that cooperative effects of elastic origin4J6J7 are 
important in the [Fe(mt~)6] (BF~)~ spin-crossover system. The 
purpose of this paper, however, is not to discuss these effects on 
the thermal spin transition but to show that they are responsible 
for the unusual relaxation behavior observed in [ Fe(mtz)~] ( BF4)2. 

Thecooperative effectsareattributed toa buildupofaninternal 
pressure acting on each individual complex as a result of the large 
difference in metal-ligand bond length ~ H L  or rather the large 
difference in volume AVHL between complexes in the HS and in 
the LS state. In the most simple, isotropic model? this internal 
pressure increases linearly with the total LS fraction, and as a 
consequence, the horizontal as well as the vertical displacements 
of the potential wells of the two states relative to each other 
depend upon the LS fraction in much the same way as they do 
upon application of an external pressure.'* 

Fine-Tuning the Energy Gap by Internal Pressure. With a 
thermal transition temperature T1/2 = 74 K, the zero-point energy 
difference dHL for site A complexes is small but certainly larger 
than zero at  all times. For the 20 K thermodynamically stable 
phase, that is with ym = 0.5 (yh = 1, yh = O), d H L  for B site 
complexes is less than zero, since they show no thermal spin 
transition. But it cannot be much smaller than zero, because the 
two sites are geometrically very similar. What then is the 
difference in hEoHL between the two sites? Well, in a first step 
the ligand field (LF) strength lODq or rather the difference in 
LF  strengths between the two states can be derived from the 
experimental data. Because of thefidependence, the LFstrength 
differs by a factor of N 1.7 between the HS and the LS state.l2 
Therefore, in order to be meaningful, the LF  strengths for the 
two sites in the same spin state, e.g. the LS state, have to be 
compared. Furthermore, since the absorption bands shift with 
the total LS fraction ym, this has to be done at  some specific 
conditions, for instance at  20 K in the thermodynamically stable 
phase. The LF  strength for site A complexes in the LS state 
lOD@, has been estimated from the spin-allowed d-d transition 
energies by Poganiuch et al.1° to be -20 200 cm-I. Of course, 
the corresponding transition energies for B site complexes in the 
LS state at y L  = 0 cannot be measured directly. However, the 
difference in LF  strength between the two sites AlODqLs = 
1ODqh - 1ODqh can be estimated from Figure 5 to be 
approximately equal to utax  - v L x  = 180 cm-I. The INDO- 
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Jakobi, R.; Spiering, H.; Wiehl, L.; Gmelin, E.; Giitlich, P. Inorg. Chem. 
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1973. 

Figure 7. Fine-tuning of the energy gap PEoHL on site B complexes by 
internal pressure. 

SCF-MO calculations of Clack and Smithlg showed that there 
is a linear relationship with slope 1 between lODqLs and 
dHL, and therefore dyL for B site complexes is N 180 cm-I 
smaller than it is for A site complexes. 

As mentioned above, dHL at y u  = 0.5 is >O for A site 
complexes and <O for B sitecomplexes. The LFstrength resulting 
in A,!& - 0 must therefore correspond to a transition energy of 
the 'A1 - 'TI transition between ut,, and v L x ,  as indicated in 
Figure 5. The shift of the band maxima of the 'A1 - 'TI transition 
toward higher energy with increasing ym indicates that lODqm 
and thus &HL increase with ym, in accordance with the 
increasing pressure favoring the LS state. For A site complexes 
nothing spectacular happens, the increasing dHL just being the 
reason for the steep thermal transition curve and the sigmoidal 
HSA - LSA relaxation curves to be discussed in detail later. The 
light-induced population of the initially metastable LS state for 
B site complexes, on the other hand, has some interesting 
consequences: At a total LS fraction ym below a critical value 
y g  = 0.75, dvL for B site complexes is still <0, and upon 
warming to 55 K,just the straightforward LSB - HSB relaxation 
sets in, as observed upon broad-band irradiation with X > 700 
nm.lo But for y u  above this critical value dHL becomes >O; 
that is, the LS state is now the true ground state for site B 
complexes too, as illustrated in Figure 7. Thus the fine-tuning 
of A,?& by the elastic interactions is responsible for the observed 
HSB - LSB relaxation at  55 K after narrow-band irradiation at  
830 nm. 
The Sigmoidal Relaxation Curves. In the [Fe(ptz)6](BF4)2 

spin-crossover system, the HS - LS relaxation was first discussed 
using an empirical model with an activation energy Ea depending 
linearly upon the LS fraction as a consequence of the buildup of 
an internal pressure during the relaxation.I3 However, at  that 
stage, it was not clear how an internal pressure, estimated to be 
of the order of kilobars, could lower the effective energy barrier 
between the potential wells of the two states to any large extent, 
because the change in ~ H L  due to such a pressure would only 
be of the order of -10-3 A. As was later shown for [Fe(ptz)6]- 
(BF4)214 and is explained in detail in the preceding section, it is 
not so much ~ H L  which is subject to large changes but rather 

(19) Clack, D. W.; Smith, W. E. J .  Chem. SOC. 1974, 2015. 
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the energy gap hEoHL which is a function of the LS fraction yu.  
Since the HS - LS relaxation is a nonadiabatic process, classical 
concepts are not really adequate for its description anymore, 
especially at  low temperatures, where tunneling processes become 
important.20-21 

In the theory of nonadiabatic multiphonon relaxation,ls the 
rate constant for an intersystem crossing process is given by22 

(3) 

with the electronic matrix element Bw = (@Ls~Hso~@Hs) 150 
cm-I for the AS = 2 isc process in Fe(I1) systems. The electronic 
degeneracy of the final state gf is equal to 1 for the HS - LS 
relaxation and equal to 15 for the LS - HS relaxation. For 
harmonic potentials with equal force constants f and equal 
vibrational frequencies o, the thermally averaged Franck-Condon 
factor Fp( T )  takes the formz2 

XI ( X n l X m )  1’ exp(-m ho/kBT)  

x e x p ( - m  f i w l k B  T )  
Fp(T) = (4) 

m 

The reduced energy gap p = @,/hw is a measure for the 
vertical displacement of the potential wells of the initial and final 
states relativetoeachother. The sumgoes over all thevibrational 
levels m of the initial state, and the vibrational level of the final 
state n = m + p ,  in order to ensure energy conversation. For T - 0, Fp simplifies to 

where the Huang-Rhys factor S = l/zr(AQ~#/ ho is a measure 
for the relative horizontal displacement of the potential wells. 
For Fe(I1) coordination compounds, a value for S of a45 has 
been and with an average vibrational frequency of 
-250 cm-l for the metal-ligand stretch, bl < 1 for the [Fe- 
(mtz)6] (BF4)z system. In the so-called strong-coupling limit with 
S >> p ,  the characteristic features of kiS( T )  are a temperature- 
independent tunneling rate below -50 K and a thermally activated 
process at  elevated temperatures. In particular, the low- 
temperature tunneling rate kh( T-0) is predicted to increase 
exponentially with increasing p :  

~,,,(T-.o) = exp(ap) (6) 
with a! - 4-5 (Zln(S)).14 The analytical form of eq 6 is still 
approximately valid at  elevated temperatures, but with the value 
for a! dropping as 1 / T  above -50 K. 

Thus if the energy gaps &HL(A) and &&B) of the two sites 
are functions of the LS fraction, the relaxation rates for the HSA - LSA and the LSB - HSB relaxation will obviously depend 
upon the LS fraction as well. Now, according to Figure 5, 
&HL for both sites is a linear function of the total LS fraction 

rather than the total LS fraction, EoHL(,) and AEHL(B)  can be 
expressed as follows: 

y ~ .  With the individual LS and HS fractions y b  and Y ~ ~ ,  B 

@,,(A) = @&,(A)(&=o) + 1 / 2 A v t a x & i  (7a) 
with & = 0 and Autax = 230 cm-I for the HSA - LSA 
relaxation, and 

with y i s  = 0 and A v L ,  = 372 cm-l for the LSB - HSB 
relaxation. In terms of reduced energy gaps, eqs 7a and 7b can 

~ ~ ~ ~~~~~ 

(20) Xie, C.-L.; Hendrickson, D. N. J .  Am. Chem. SOC. 1987, 109, 6981. 
(21) Hauser, A.; Vef, A.; Adler, P. J.  Chem. Phys. 1991, 95, 8710. 
(22) Donnelly, C. J.; Imbush, G. F. NATO ASISer., Ser. B 1991,245, 175. 

Thus the energy gap law of eq 6 together with the experimentally 
determined linear dependence of the energy gap on the LS fraction 
justifies the phenomenological approach to the rate constants of 
eqs 1 and 2. Using values for (Y of -5 and for o of -250 cm-1, 
valuesforaandbofa2.5 and=3.5,respectively,can beestimated. 
These values hold for the low-temperature limit. As expected, 
the experimentally determined values a t  64 K of 2.25 and 2.69, 
respectively, are slightly smaller than this. As predicted from 
the somewhat larger shift of the ‘A1 - ‘TI band for site B 
complexes as compared to theone for site A complexes (see Figure 
5), the acceleration of the LSB - HSB relaxation is more 
pronounced than for the HSA - LSA relaxation. 

Conclusions 
The [Fe(mtz)6] (BF& spin-crossover system is unique insofar 

as it is possible to actually determine the zero-point energy 
difference of the two sites from spectroscopic data. In the 20 K 
normal phase, that is with y u  = 0.5 (y& = 1 and yh = 0). 
&&A) = 120 cm-l and AJ&L(B) a -60 cm-l. With irradiation 
in the red, the LS state of site B complexes can be populated, a t  
first as a metastable state but above some critical LS fraction as 
a thermodynamically stable state, because of the increasing 
internal pressure favoring the LS state. This system is thus truly 
bistable with respect to the B site complexes. 

Basically the HS c=) LS relaxation in [Fe(mtz)J(BF4)2 can 
still be treated at  a single-molecule level, despite the fact that the 
relaxation curves deviate substantially from first-order kinetics. 
The cooperative effects due the large difference in volume between 
complexes in the HS and the LS state are accounted for by a 
varying internal pressure acting on a single complex molecule. 
Both the HSA - LSA relaxation and the LSB - HSB relaxation 
are self-accelerating, corresponding to an increasing pressure 
during the relaxation process favoring the LS state for the former 
and to a decreasing internal pressure favoring the HS state for 
the latter. 

The simple form of eqs 1 and 2 for the rate constants results 
because of the exponential dependence of the rate constants on 
the zero-point energy difference in the limit of strong vibronic 
coupling, known as the “inverse energy gap law”, and the linear 
dependence of the energy gap upon the LS fraction. It is quite 
gratifying to note that, despite the rather crude estimates of the 
vibrational frequency and the value for a, the quantitative 
agreement between theory and experiment is very reasonable. 

Of course the simple picture of an internal pressure, depending 
linearly upon the LS fraction and acting basically upon the totally 
symmetric normal coordinate, is only valid in systems with very 
close to octahedral coordination, as is indeed the case for [Fe- 
(mtz)6] (BF&.9 In systems with lower symmetry, where the elastic 
forces are anisotropic,23J4 an internal pressure is no longer a 
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meaningful concept. In such systems, a more complicated 
dependence of the electronic energy gap on the LS fraction and 
additional electronic splittings would result in quite different 
deviations from first-order kinetics. 

Our model treats the cooperative effects as due to long-range 
elastic interactions. In principle nearest-neighbor interactions 
have to be considered as well,2s but those are small in systems 
with separated individual complexes such as ours. The plateau, 
in our case, is essentially due to the difference in hEHL between 
the two nonequivalent lattice sites. In systems with direct links 
between nearest neighbors, for instance those with hydrogen 

(23) Willenbacher, N.; Spiering, H. J .  Phys. C SolidStare Phys. 1988,21, 

(24) Spiering, H.; Willenbacher,N. J.  Phys.: Condens. Marrer1989, I ,  10089. 
(25) Sasaki, N.; Kambara, T. Phys. Rev. B 1989, 40, 2442. 
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bondsz6 or those containing dinuclear complexes,27 nearest- 
neighbor interactionsdoindeedbecomeimportant. As was shown 
by Bousseksou et a1.,28 an “antiferromagnetic” type of interaction 
may lead to a plateau in the thermal-spin-transition curve even 
in the case of no nonequivalent lattice sites. It would, of course, 
be most interesting to study the relaxation kinetics in such systems. 
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