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Cooperativity in the Iron(ll) Spin-Crossover Compound [Fe(ptz)s](PFs)2 under the Influence
of External Pressure (ptz= 1-n-Propyltetrazole)
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The iron(ll) spin-crossover compound [Fe(RjdPFe). (ptz = 1-propyltetrazole) crystallizes in the triclinic space
groupP1, with a = 10.6439(4) Ab = 10.8685(4) Ac = 11.7014(4) Ao = 75.644(1), B = 71.671(13, y =
60.815(1y, andZ = 1. In [Fe(ptz}](PFs)2, the thermal spin transition is extremely steep because of cooperative
effects of elastic origin. The transition temperature at ambient pressure is 74(1) K. An external pressure of 1
kbar shifts the transition temperature to 102(1) K, corresponding to a stabilization of the low-spin state, which is
smaller in volume. The volume difference between the high-spin and the low-spin A¥e, is 24(2) A/
molecule. The interaction constantas a measure of cooperativity, is within experimental error independent of
external pressure and has a value of 101(5ycmn contrast to the case of the related compound [Fefptz)
(BF4)2 (Decurtins et allnorg. Chem.1985 24, 2174), there is no hysteresis due to a first-order crystallographic
phase transition, nor is there a hysteresis induced by external pressure as in the mixed crysfed,(@iz)s](BF4)2,

x= 0.1 (Jefticet al.J. Phys. Chem. Solid®996 57, 1743). However, in [Fe(ptg)(PFs)2, the interaction constant

I' is found to be very close to the critical value above which a hysteresis solely due to the cooperative effects is
expected. In addition, high-spirr low-spin relaxation measurements were performed under external pressures
of up to 1 kbar in the temperature interval between 50 and 60 K. An external pressure of 1 kbar accelerates the
high-spin— low-spin relaxation by 1 order of magnitude.

difference in volumeAVRL = Vus — Vis, between HS and LS
. . " complexes is comparatively laje?? due to the large difference
Iron(ll) complexes which show a thermal spin transition from metal-ligand bond lengthsArfy = rus — res &~ 0.16-0.21
thelA; low-spin (LS) state at low temperatures to #ig high- A.23-26 Therefore, the contribution of the work terpAVf,
spin (HS) state at elevated temperatures, so-called spin-crossovey, the Gibbs free energy is already significant for small external
complexes;? are well suited for pressure studis® The pressures of up to 1 kbaf28 In addition to influencing the
spin equilibrium, such external pressures affect the kinetics of
the HS— LS relaxationt®29-32
The neat spin-crossover compound [Fe@(BF4). and its
corresponding mixed-crystal series [ZgFe(ptz)s](BF4)2, which
are closely related to the title compound, have been the subject
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of a number of studies on the thermal spin transfigh3335 Table 1. Crystallographic Data for [Fe(pdjPFs). at T = 130(2)
as well as on the photophysical properifégand the dynamics ~ and 293(2) K
of the HS — LS relaxatior?”383% |n addition to these, a empirical formula: GHagF12N24PoFe fw 1018.65 _
structural studdf revealed that the hysteresis in the thermal spin z=1 space groupl
transition Tt = 128 K, Tt = 135 K) is due to a first-order 4=0.71073A
crystallographic phase transitiqn frar3 abc_)veTcT to P1 below T K 130(2) 293(2)
Td. Whereas Jung et &35 give a detailed account of the a A 10.6439(4) 10.8414(3)
cooperative effects of elastic origion the thermal spin b, A 10.8685(4) 10.9776(4)
transition of [Zn_yFe(ptz)](BF4)2 0.01 < x < 1, in the c, A 11.7014(4) 12.0954(5)
, 28 a, deg 75.644(1) 74.936(1)

supercooled high-symmetry phase, Je#ical?® discuss the 3. deg 71.671(1) 69.540(2)
interplay between the spin transition and the crystallographic ' geq 60.737(1 60.815(1)
phase transition. In the diluted system, the crystallographic v, A3 1114.52(7) 1169.58(7)
phase transition can be induced by an external pres8ure. Pealo mci/m'5 1.518 1.446

Cooperative effects give rise to a strongly self-accelerating ﬁhgglaa - 20) g.gégs 8'?)2?5

. . . H 9 . .

HS — LS relaxation behavior in the neat matef&?® The final WR2 (all data) 0.1913 0.1627

cooperative effects may be pictured as a buildup of an internal ) , , "
pressure during the relaxation process. In much the same way * R512= 2Z(IFol - ‘Fc|)/§|FO|- WR2 = [Z_W(Fo2 - F )éZWHF] ;W
an external pressure was found to accelerate the—HES = U[s(Fo) + (0.119P)° + 2.330(F]; P = (Fo* + 2Fc7)/3.

relaxation in the diluted compound Fed(ptz)s](BF4)2, X . . .
= 0.1, by 1 order of magnituge at 1 Egzt)r;re(a%?@)ﬁa],(o K‘_l2)72 room temperature on a Siemens Smart-CCD diffractometer using

graphite-monochromated ModKradiation § = 0.710 73 A).
For the low-temperature measurement, the crystal was “flash”
cooled in a stream of cold nitrogen gas with no evident damage
to the crystal. During data collection, the temperature was stable
within £1 °C even without the use of the feedback control of
the low-temperature device.

A total of 1271 frames with a step width of 0.B1 w and an

xposure time of 10 s were collected at each temperature,

corresponding to a hemisphere of intensity data. Cell constants
were obtained by least-squares refinement on thed?ues of
the sharpest 3949 reflections out of 4650 collected in the range
rg_.?Os 29 < 46.40 at low temperature and of 2777 reflections
out of 4867 collected in the range 2.622% < 46.51 at room
temperature. The collected frames were processed with the
SAINT#2 program, which automatically performs Lorentz and
polarization corrections; no absorption correction was applied.

1. Preparation of [Fe(ptz)](PFs). and Crystal Growth. The structure was solved by placing the iron atom at 0, 0, 0
[Fe(ptz}](PFs)> was prepared by the procedure previously (site symmetry land locating all the other atoms by difference
described, but with HRfinstead of HBE.3® Well-shaped single  Fourier analysis. The refinement was done by full-matrix least-
crystals were grown from saturated solutions in nitromethane squares procedures &# using SHELXL962 (5-test version).
by slow evaporation of the solvent. The crystals are slightly All non-hydrogen atoms were refined anisotropically, while
bluish due to the broad absorption band of ffle — °E hydrogen atoms, included at calculated positions, were refined
transition in the near-infrared, with its tail extending into the in the riding mode with group temperature factors. Electron
visible region, and are formed as hexagonal plates up to severaldensity corresponding to the counterions was modeled in terms

Because of the complexity of the [ZnFe(ptz)](BFa)2
system (interplay between crystallographic phase transition and
spin transition, pressure-induced phase transition), a compre-
hensive treatment of the spin equilibrium in all phases together
with the dynamics of the HS> LS relaxation is a taunting task.
The title compound, [Fe(ptgPFs)2, does not show a first-
order crystallographic phase transition (vide infra). It is thus
more amenable to such a treatment. In this paper, we presen
the crystal structure of the title compound at 130 K and its
photophysical properties. Thermal spin transition curves be-
tween ambient pressure and 1 kbar and H3.S relaxation
curves in the same pressure range are discussed comprehe
sively.

Experimental Section

millimeters in diameter and about 0.5 mm thick. of regular octahedra using rigid-body restraints: FPdistances
2. Structure Determination. For the X-ray structure  were set to 1.579 Aw = 0.01), F-F distances were set to
determination, a piece of dimensions 9.3 x 0.1 mn? was V/2(P—F), and differences in the components of the anisotropic

chipped off one of the larger crystals with a razor blade. The displacements of all phosphorus and fluorine atoms were
crystals have a cleavage plane perpendicular to the pseudo+estrained to zerax{= 0.001) along the direction of interatomic
hexagonal axis. This makes it very difficult to cut a crystal vectors.
perpendicular to it without introducing a substantial mosaic  The propyl side chains and the counterion appear to be
structure. disordered at both temperatures, but the disorder could be

The relevant structure determination parameters are given indescribed only for the counterion at room temperature by means
Table 1. X-ray diffraction data were collected at 130 K and of a model that takes into account three different orientations
of the regular octahedron restraining the sum of occupation
(33) Franke, P. L.; Haasnot, J. G.; Zuur, AlRorg. Chim. Actal 982 59, factors of the three different parts to be equal to 1.

5. ) o ) 3. Optical Spectroscopy and Pressure Experiments.

(34) é“{‘é’ééi?&“?}?*e“ F. Feile, R.; Spiering, H./®ich, P..Z. Phys.  gjngle-crystal absorption spectra in the region between 300 and
(35) Jung, J.; Schmitt, G.; Wiehl, L.; Hauser, A.; Knorr, K.; Spiering, H.; 1300 nm were recorded on a Cary 5E spectrophotometer. For

Gttlich, P.; Z. Phys. BL99§ 100, 523. o pressure experiments between 1 bar and 1 kbar, a single crystal
(36) gﬁg%tﬁégé%{;f'; Khler, C. P.; Hauser, A.; Spiering, khorg. of [Fe(ptz}](PFs)2 (4 x 3 x 0.4 mn¥) was mounted inside the
(37) Hauser, AJ. Chem. Phys1991 94, 2741. helium-pressure cell described in ref 47. The cell was attached
(38) Hauser, AChem. Phys. Lett1986 25, 4245.
(39) Hauser, AChem. Phys. Lettl992 192 65. (42) SAINT, Version 4; Siemens Energy and Automation Inc.: Madison,
(40) Wiehl, L. Acta Crystallogr.1993 B49 289. WI, 1995.
(41) Spiering, H.; Meissner, E.; Kopen, H.; Miler, E. W.; Gitlich P. (43) Sheldrick, G. M. SHELXL96: Program for the Refinement of Crystal

Chem. Phys1982 68, 65. Structures. University of Gtigen, Germany, 1996.
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Figure 1. ORTEP® drawing of [Fe(ptz)](PFes). at 130 K with the

appropriate atomic labelings. The displacement ellipsoids are given at

the 50% probability level.

to the cold finger of a closed-cycle refrigerator (Air-Products,
Displex CSA-202) equipped with optical windows. Tempera-

Jefticet al.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[Fe(ptz}](PFs)2 at 130 K

Fe-N(41) 2.183(3) C(21C(31) 1.508(6)
Fe-N(42) 2.199(3) C(31C(41) 1.530(6)
Fe-N(43) 2.181(3) P-F(6) 1.553(4)
N(41)—C(11) 1.314(6) P-F(4) 1.580(3)
N(41)-N(31) 1.372(5) P-F(5) 1.583(3)
N(31)-N(21) 1.306(5) P-F(2) 1.584(3)
N(21)-N(11) 1.354(5) P-F(3) 1.584(3)
N(11)-C(11) 1.331(6) PF(1) 1.594(3)
N(11)-C(21) 1.474(5)

N(41)-Fe-N(41) 179.999(1) N(43}Fe-N(42) 90.62(13)

N(41)-Fe-N(42)  88.82(13) N(43)Fe-N(41) 90.19(13)

2. The FeN core shows almost regular octahedral coordination.
The N—-Fe—N bond angles are within 0?4of 90.C°. The
[Fe(tetrazolej?+ fragment shows approximatesgmmetry with

the relative pseudo axis perpendicular to the plane defined by
N(41), N(42), and N(43) atoms.

Two of the three crystallographically inequivalent ligands
show similarities both in thgaucheconformation of the side
chains and in the displacement of the tetrazole plane with respect
to the N(41)-N(42)—N(43) plane 46°, —48°). The third
ligand adopts a trans conformation of the side chain, and the

ture control was realized using a PID temperature controller dgihedral angle between the two planes is approximately 58

(Scientific Instruments), with a Si diode (Lake Shore DT-470)

Also, the Fe-N(41) distance is slightly but significantly longer

in thermal contact with the cell. Hydrostatic He pressure of up (2.199(3) A) than the other two (2.181(3), 2.183(3) A). These
to 1 kbar was achieved with a two-membrane pneumatic yalues are typical for the HS state.

compressor (Novaswiss, Standard Type 554.3350).

In thermal equilibrium, the high-spin fraction as a function
of temperature and pressuggs, was calculated from the area
under the!A; — 1T; absorption band between 430 and 670 nm
relative to the area at 20 K, for whighys = 0.

The equilibrium curve at 1 bar was obtained by slowly cooling

All the bond lengths in the side chains are slightly shorter
than the expected values, due to disorder between the other
possible conformations. In the refinement, no model to describe
the disorder has been taken into account, and this also leads to
large values of the anisotropic displacement parameters for the
corresponding atoms. The structure is ordered in layers

the sample within 8 h, which is necessary because of the veryorthogonal to the pseudo-3-fold axis of rotation. Such a

slow HS— LS relaxation afl < 80 K (vide infra), and then

pseudotrigonal symmetry of the complex layers seems to be a

recording the spectra during slow warming. The curve at 10 general structural feature within the [Fe(R}¢X)- series (R=

bar was obtained by first applying an external pressured0

methyl, ethyl, propyl; X= BF4~, PRs™).4044-46 Figure 2 shows

bar in order to speed up the relaxation, then cooling the samplea packing diagram of one of these layers, with the projection
within 2 h, and subsequently releasing the pressure andtaken along the normal to the plane defined by the three

collecting the spectra at 10 bar under slow warming. The curvesindependent nitrogens attached to the central iron atom. This
under external pressure were obtained by two procedures: (A)direction is very close to that of the* axis.

cooling from room temperature with no pressure, applying the

Direct comparison of the structure of the title compound with

pressure .at 20 K, and recording the spectra during Warming;that of the ana|ogous [Fe(p%F[oz Compoundo shows a
(B) applying the pressure at room temperature and recording practically indistinguishable bidimensional arrangement of the

the spectra during cooling.
Relaxation experiments following the quantitative population

layers. Interplanar spacings are very similar in the two structures
(11 A for [Fe(ptz}](BF4). and 10.8 A for [Fe(ptz](PFs).), but

of the metastable high-spin state were performed by irradiating the relative packing of consecutive planes is completely

the whole crystal with 457 nm Arlaser light, 40 mW, af =

different. Weak interactions of the propyl side chains determine

15 K and a given pressure. The temperature was subsequentlynterlayer contacts in the title compound (Figure 3); thus the
raised to the desired value between 50 and 74 K, and the HSinterlayer plane is the principal cleavage direction in the crystal.
— LS relaxation was monitored by recording absorption spectra 2. Spin Equilibrium and Photophysical Properties. The

in the region of théA; — 1T, band at fixed time intervals. HS
— LS relaxation curvegs(t) were extracted from the area
under this band relative to the area for> .

Results and Discussion

1. Crystal Structure. Both at room temperature and at 130
K the title compound crystallizes in the triclinic space group
P1 with the iron atom placed on a center of inversion. In this
report, only the low-temperature structure, which is similar to,

but more accurate than, the room-temperature one, is discusse

in detail. Furthermore 130 K is closer to the spin-transition
temperature of 74(1) K at ambient pressure (vide infra).
An ORTEP® drawing of the title compound with the

highly temperature-dependent single-crystal absorption spectra
shown in Figure 4 at ambient pressure prove the compound
[Fe(ptz}](PFs)2, to be a spin-crossover system. At room
temperature, there is one absorption band in the near-IR
corresponding to the only spin-allowed-d transition of the

HS species’T, — 5E. At 74 K, only a fraction of the complexes
remain in the HS state and the intensity of fife — °E band

(44) Hinek, R.; Gtich, P.; Hauser, Alnorg. Chem.1994 33, 567.

&45) Hinek, R.; Spiering, H.; Schollmeyer; @oh, P.; Hauser, AChem.
Eur. J.1996 1, 1427.

(46) Hinek, R.; Spiering, H.; Glich, P.; Hauser, AChem. Eur. J1996
1, 1435.

(47) Jeftic J.; Kindler, U.; Spiering, H.; Hauser, Adeas. Sci. Technol.
1997, 5, 479.

appropriate atomic labelings is shown in Figure 1, and some of (48) johnson, C. KORTEP It Report ORNL-5138; Oak Ridge National

the significant bond lengths and angles are collected in Table

Laboratory: Oak Ridge, TN, 1976.



Cooperativity in [Fe(ptz](PF)2

Figure 2. Packing diagram of layers in projection along the pseudo-
trigonal axis normal to the N(4£)N(42)—N(43) plane of [Fe(ptz]-
(PFs)2.

Figure 3. Three-dimensional packing diagram of [Fe(pf®Fs)2
showing the interlayer contacts.
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Figure 4. Single-crystal absorption spectra of [Fe(plFs). at 293,
74, and 20 K before and after irradiation at 457 nm.
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decreases, while two new spin-allowee d bands due to the
1A; — 1T; and!A; — 1T, transitions confirm a population of
the LS state. Below 50 K, the system is completely in its ground
state, and only théA; — 1T, and!A; — 1T, bands are present.
At such low temperatures, using the effectlafht induced
excited spin state trapping (LIESSTF837 it is possible to

populate the HS state quantitatively as a metastable state b
irradiating into one of the LS bands. The absorption spectrum

at 20 K following irradiation with the 457 nm line of the Ar
laser is included in Figure 4 (irradiation at the edge ofhe

Inorganic Chemistry, Vol. 36, No. 14, 1993083
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Figure 5. Experimental and calculated transition curves of [Fegptz)
(PR); at 1, 10, 500, and 1000 bar.

— 1T, band helps to preserve crystal quality). It again shows
the typical HS band in the near-IR. At ambient pressure and
temperatures below 30 K, the complexes remain in the light-
induced HS state for several days.

Figure 5 shows the experimental transition curves, that is the
HS fraction,yns, as a function of temperature, obtained from
temperature-dependent optical spectra as described in the
Experimental Section, at pressures of 1, 10, 500, and 1000 bar.
At 1 bar, the thermal spin transition is quite abrupt with a
transition temperatur@,, (the temperature for whickps =
0.5) of 74(1) K. An external pressure stabilizes the LS state
because of its smaller volume, resulting in a shiftTah to
higher temperatures upon increasing pressure. The experimental
shift ATy, is found to be= 28(1) K/kbar. In contrast to the
case of [Fe(ptz](BF4)2,3¢ there is no hysteresis at ambient
pressure in [Fe(ptg)(PFs)2, nor is there one induced by an
external pressure as in [ZrFe(ptz)s](BFs)2 x = 0.178
indicating the absence of any crystallographic phase transition
in the Pk~ derivative.

The above is substantiated by "Bibauer spectra and
magnetic susceptibility measuremetftsThe transition curves
obtained at 1 bar using the two methods are in good agreement
with the one obtained from optical spectroscopy. ThésMo
bauer spectrum at 130 K consists of a single quadrupole doublet
(0 = 1.03 mm/s,AEq = 1.45 mm/s) typical for high-spin
iron(ll), whereas at 30 K the signal consists of a single lifhe (
= 0.45 mm/sAEqg < 0.1 mm/s) typical for low-spin iron(ll) in
a close to octahedral environment. The line widths of 0.24 and
0.3 mm/s, respectively, and the quadrupole splittings show no
anomalies in the temperature interval of the spin transition,
supporting the statement that in the gPFsalt there is no
crystallographic phase transition.

3. Determination of the Thermodynamic Parameters.
The Gibbs free energy of a neat spin-crossover system contain-
ing a random distribution ofs complexes in the HS state and
yLs = 1 — yus complexes in the LS state can be writte/&$°

G(Vus P, T) = yus [AFRL(T) + pAVE ] — .
TSix(Yne) + GIm(VHS) 1)

All yusindependent terms have been omittedF (T) =
Fas(T) — FPs(T) corresponds to the free energy difference
between the HS and the LS state in a given reference lattice in
the absence of interactions and at 1 bar. It can, for instance,
be directly determined from transition curves obtained for highly
)pliluted mixed crystals, with the iron(ll) complex doped into an

(49) Hinek, R. Diploma Thesis, University of Mainz, Germany, 1990.
(50) Kbohler, C. P.; Jakobi, R.; Meissner, E.; Wiehl, L.; Spiering, Htl{gh,
P.J. Phys. Chem. Solids99Q 51, 239.
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Figure 6. Plot of [-kgT In(Kp,/Kp)] VS [yhs(P2, T) — yrs(pa, T)] for the transition curve at 1 ba®( l, #), together with the second-order
p2 = 500 bar ang; = 10 bar @), p. = 1000 bar angb,= 500 bar &), polynomial fit (—).
andp; = 1000 bar angy; = 10 bar @®). Linear regression fit to the
data () with Ap = 500 bar @, W) and 1000 bar4): slopes ¥ = intercepts of 62(4) and 112(4) cthfor p, — p. = 500 and
194(9) and 210(8) crt and interceptsAp)AVfL = 62(4) and 112(4) 1000 bar, respectively, yielding a value faNg_ of 24(3) A%
cm1, respectively. molecule.

Using the above values &V{ andT, it is now possible to
extractAFL(T) + A from the experimental transition curves
using eq 4. Only their sum is uniquely defined, but their
individual values depend upon the choice of reference lattice.
Figure 7 showa\F{ (T) + A for three independent measure-
ments of the transition curve at 1 baAFd (T) + A does not
depend linearly on temperature. Indeed, it is not expected to
- ) do so, because at low temperatufdsy, (T) andAS? (T) both

G (Yud) = Avus— I'vus ) are known to show comparatively strong dependence on
temperatur@:343551 Within the temperature interval of the
The interaction constaiit describes the interaction between HS  experimental points of Figure AFg.(T) + A is well described
and LS complexes; the lattice shiff depends upon their  empirically by a polynomial of second order, giving values of
interaction with the reference lattice. In the following, the AHR (T1) + A and ASy(Ty) of 357(3) cn! and 3.45(4)

isomorphous host latticB:51 AVRL = Vs — Vs is the
difference in volume between the two stat8gx = —kg[vus

In yus + (1 — yus) In(1 — yug)] is the mixing entropy for the
neat compound, an@™ accounts for all interactions between
the spin-changing molecules. In mean-field approximation, the
latter can be expanded in the following foff50

temperature dependence Afand I is assumed to be negli-  cm-YK, respectively. In Figure 5 the transition curves calcu-
gible >2 lated using the above polynomial fit and settiig= 101 cnr!
In thermal equilibrium, the condition and AV = 24 A3 for p = 1, 500, and 1000 bar are shown.
The overall agreement between experimental and calculated
(ﬁ) =0 (3) curves is satisfactory.
Wusltp Equation 4, the implicit equation of state, has been discussed
in detail by Kdhler et al®® and has been shown to be equivalent
results in the implicit equation of state to the van der Waals equation of state. The so-called reduced
pressuré?
AFR(T) + AV + A — 20ys + kT '“’ ﬁﬁl =0 AF? (T) + A + pAVE,
) = r ©)

By performing measurements at different pressures, one canrelates the total energy separation between the HS and LS states,
determine bot AV andI' without any prior knowledge of  AFg.(T) + A + pAVRL, to the interaction energl. If IT*
AFR (T) and A. From eq 4 it follows that, at a given evaluated at the critical temperature (in the sense of a van der
temperature and two different pressures, the relation Waals gas)

(P2 = PYAVRL — 24P T) — vus(Py T = =1 @)
[P ML = s(Py T © %
—ksTIn Hs\F2» HS\P1» ] )

[1 = Yus(Po DIYhs(Py, T is less than 1, the spin transition is expected to occur as a first-
order phase transition with a hysteresis. Fbrlarger than 1,

holds3! Figure 6 shows a plot of the right hand side of eq 5 Vs the spin transition is continuous and fully reversible. \ith

[7(p2, T) — y(p1, T)] obtained from the transition curves fps =101 cnT?, T, becomes equal to 73 K ardd* equal to 1.03

= 500 bar andp; = 1 bar,p2 = 1000 bar angy; = 500 bar, at 1 bar, 1.62 at 500 bar, and 2.22 at 1000 bar. Thug fer

and p, = 1000 bar andp, = 1 bar. A linear fit to the 1 par, the system is very close to the critical isobar, and

experimental points gives a mean value of the slope of 202(10) consequently the transition curve is extremely steep, With

cm%, corresponding to a value fdr of 101(5) cnrt, and almost equal tol.. External pressure shifts the system away
from the critical isobar, transition curves move to higher
(51) Jakobi, R.; Spiering, H.; Wiehl, L.; Gmelin, E.;"@adh, P. Inorg. temperatures and become more gradual
Chem.1988 27, 1823, N o
(52) Adler, P.; Wiehl, L.; Meissner, E.; Kder, C. P.; Spiering, H.; Glich, 4. Kinetics of the HS— LS Relaxation. The temperature

P.J. Phys. Chem. Solids987, 48, 517. dependence of the HS LS relaxation is shown in Figure 8.
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Figure 9. Arrhenius plot of the initial rate constakg.(p, T) for the
HS — LS relaxation of [Fe(ptz)(PFs). plotted as Inka.(p, T)] vs 1/T
at pressures of 1, 500, and 1000 bar.

its only slightly temperature-dependent tunneling rate constant
and the high-temperature region with a thermally activated
process?

Figure 10 shows the HS> LS relaxation curves af = 54
K and pressures of 1, 500, and 1000 bar. The sigmoidal curves
are still well described by eq 8, but now the initial rate constant
is also a function of pressurk (p, T). A numerical fit to the
experimental curves of Figure 10 results in a value doof
2.0(2), which is in the above range and within experimental
error independent of pressure.

The initial rate constanky (p, T) at external pressures is
included in Figure 9. The external hydrostatic pressure acts
isotropically on the whole crystal and accelerates the HIES
relaxation exponentially as follows:

Ko (7is P, T) = KoL (p, T) explays) =
ki (T) explay, s + Bp) (9)

At higher temperatures the relaxation proceeds faster, but above Within the temperature interval 560 K, the acceleration

65 K it is no longer completeyns(t — ) shifting toward the
value given by the transition curve in Figure 5. The relaxation
curves show a sigmoidal behavior, which is an indication of
cooperative effects and can be quantitatively described with a
relaxation rate constant depending upon the LS fraction ac-
cording to

Kai(Le T) = Ky (ris = 0, T) explys) =
ki (T) explay,s) (8)

Numerical fits to the experimental curves give a value for the
self-acceleration factax of 2.1(2) corresponding to an increase
of 1 order of magnitude from the initial to the final relaxation

factor 8 is almost constant, with values ranging from 2.2(1)
kbar! at 50 K to 2.0(1) kbar® at 60 K. This corresponds to
an increase in HS> LS relaxation rate constant by 1 order of
magnitude per kilobar. An external pressure of 1 kbar thus
accelerates the HS LS relaxation by the same amount as the
cooperative effects. In the physically most simple interpretation
of the latter as a changing internal pressure, the change in such
an internal pressure during the relaxation is therefore equal to
1 kbar, which is on the order df/AV,.

5. Energy Shift of the 1A; — 1T; Band as a Function of
Temperature, Pressure, and the Low-Spin Fraction. Figure
11 shows the shift of the maximum of td&; — 1T; band,
Vmax With pressure at 50 and 73 K. At 50 K, which is well
below the transition temperature, apds = 1, ¥max increases

rate constant. Between 50 and 60 K, that is for temperatureslinearly with external pressure:

below Ty, o is within experimental error independent of
temperature.

Fast cooling of the compound (from 90 to 20 K within 30 s)
results in an almost quantitative thermal quenching of the

1’;max = 17ma>&p - 0) + Ai)pp (10)

From the slope of the curve in Figure 11 values figp(p —

compound in the metastable HS state. Relaxation curves in the®) @ndA¥y(*T1) of 18125(2) and 36(3) cni/kbar, respectively,

temperature region 6568 K identical with the ones obtained
after irradiation at 20 K are observéd. This is a further
indication that just one crystallographic phase is present.

Figure 9 depicts the initial rate constdg (T) at 1 bar for
temperatures between 50 and 74 K plotted alg[r{[)] vs 1/T
(Arrhenius plot). Even within this comparatively small tem-
perature interval, the deviation from classical linear behavior
is obvious. This is not surprising because this temperature
interval is between the low-temperature tunneling region with

result. In this very close to octahedral complex, the shift is
mainly due to an increase of the ligand-field strengtibd'&

as a result of the compression of the- bond length in the
LS stater s, by the external pressure according to

|

res(P) _
rs(p—0)

10Dq"s(p _ 0))1/n an

10Dg">(p)

(53) Hauser, AComments Inorg. Chem995 17, 17.
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Figure 11. Shift of theA; — 1T, band maximum of [Fe(ptg)(PFs)2 Figure 12. Shift of theA; — T band maximum of [Fe(ptg)(PFe)2

as a function of pressure at 50 and 73 K. Insgts as a function of as a function ofy s during the HS— LS relaxation at 61 K and 1 bar.
external pressure.

From the comparison of the self-acceleration factor of the
wheren = 5—6.5* The change of the LF strength with pressure HS — LS relaxationa with the acceleration factor from the

can be written a®)10Dg-S(p), and the change in the F& external pressurg, it was concluded that the internal pressure
distance, a®r s(p). The much smaller value af10Dg-S(p) change is on the order of 1 kbar. But, surprisingly, is more
as compared to the absolute value of the LF strength itself allowsthan 3 times larger than¥,. This can be explained on the
the approximation basis of the crystal packing. The layer structure results in a
comparatively strong anisotropy of the compressibility. Thus,
or s(p) 1 5 1ODqLS(p) B A;,pp not only could an externa}l pressure induce bond length changes,
—_>0) = s = s, as assumed above, but it coul_d, for |nst_ance, alsp_compress_ the
res(P 10Dg~(p— 0) 6(10Dg~(p— 0)) complexes along the pseudotrigonal axis. In addition to a shift,
(12) the 1T, state would also split, leading to a broadening of the

. . ) band under external pressure. Such a broadening is indeed
with 6 10Dg-S(p) ~ Avpp, because in the Tanab&ugano  observed experimentally. The elastic interactions primarily

diagram the'T; energy depends linearly on @ with slope influence the bond length changes in much the same way as
15* With the above value foA#, and the value for 1IDg"5(p the external pressure. But their influence on other than the
— 0) of 20 200 cm*,*’ the estimated change in metdigand totally symmetric Fe-N stretching vibrations is certainly
bond lengthdr, s(p) caused by the external pressuresis-6 x different, leading to different shifts and splitings than the

104 A/kbar. In the context of the relaxation dynamics, external pressure. A direct, quantitative comparison®fand
however, the relevant quantity is the change in bond length Ay is therefore difficult.

differencedAry(p). Since the force constants of the LS state
are typically not more than 50% higher than those of the LS
state?® drps(p) is only expected to be slightly larger than s(p).

In the low-pressure regiméAry.(p) is thus negligible, and in )
a first approximation, this allows the crude assumption that ~We have presented a comprehensive treatment of the thermal
AVEL(P) = AVEL(p — 0). spin transition and the HS- LS relaxation in [Fe(ptz](PFe)..

At 73 K, that is, at a temperature nedi, and ambient Even within the comparatively crude model of the elastic

pressure, a fraction of the complexes is in the HS state, as showrdnteractions, that is, regarding them as a changing internal
in the inset of Figure 11. With application of an external Pressure, a consistent picture of the thermal equilibrium and

pressure, the spin equilibrium shifts from the initial value of the relaxation kinetics emerged. _ _

yis = 0.84 at 10 bar toy,s = 0.995 at 1000 bar. The The related system [Fe(pgiBF4)2 has an interaction constant

corresponding shift ofmaxis included in Figure 11. The curve I of 170 cntin the high-symmetry pha3eand of 138 cm?

is no longer linear and shows thagaxis a function ofys, T, in the low-symmetry phas®, with corresp(_)ndlng values for

and p simultaneously. It shifts toward lower values for AVAL of 262%and 35 A/molecule?’ respectively. The values

increasing temperature, as is evident from a direct comparisonfor the title compound are 101 cthand 24 A/molecule forl’

at a pressure of 1000 bar for whighs — 1 for both curves. It~ @ndAVRy, respectively. There is no direct correlation between

is, however, not straightforward to disentangle the pressurel” @nd AViL. In order to treat the interaction constahit

dependence and the dependence/anof vmax quantitatively quantitatively, the elastic properties of the material would have

from the curve in Figure 11. Qualitatively, and as expected, 0 P& known explicitly, and the various contributions, that is,

an increasing LS fraction corresponds to an increasing internalimage pressure contribution and isotropic and anisotropic direct

pressure. contributions, would have to be evaluated individudfiy556.57
Alternatively they, s dependence Gimax can be determined Whereas all pressure type (isotropic) interactions basically do

_ ] ; . X o o "
during the HS— LS relaxation at constant temperature and scgle W"Fh .AVH,_ gnd give positive cont.nbunons. td’,
constant pressure. In Figure T2axas a function ofx s during anisotropic interactions may also give negative contribui6es,

the relaxation at a temperature of 61 K and ambient pressure isVhich depend very much upon the actual crystal packing.
shown. Pmaxis linear iny.s with a slopeA?, of 125(6) cnt

Conclusions

~ — (55) Jeftic J.; Hauser, A. Manuscript in preparation.
and¥maxatyis = 1 equal to 18114(5) crt. (56) Willenbacher, N.; Spiering, HI. Phys. C: Solid State Phy$988
21, 1423.

(54) Schlder, H. L.; Gliemann, G. Einfarung in die Ligandenfeldtheorie; (57) Spiering, H.; Willenbacher, NJ. Phys. Condens. Mattet989 1,
Akademische Verlagsgesellschaft: Wiesbaden, Germany, 1980, p 462. 10089.
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