Inorg. Chem. 2003, 42, 982-985

Inorganic:Chemistry

* Article

A High-Pressure Iron K-Edge X-ray Absorption Spectral Study of the
Spin-State Crossover in {Fe[HC(3,5-(CHs)2pz)s)2} I, and
{ Fe[HC(3,5-(CH3)2pz)3]2} (BF4)2

Cristina Piquer and Fernande Grandjean

Institut de Physique, B5, Unérsitede Liege, B-4000 Sart-Tilman, Belgium

Olivier Mathon and Sakura Pascarelli

European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble, France

Daniel L. Reger and Christine A. Little

Department of Chemistry and Biochemistry, bbsity of South Carolina,
Columbia, South Carolina 29208

Gary J. Long*

Department of Chemistry, Umrsity of Missouri-Rolla, Rolla, Missouri 65409-0010

Received July 15, 2002

The room temperature iron K-edge X-ray absorption near edge structure spectra of { Fe[HC(3,5-(CHs),pz)s],} I, and
{Fe[HC(3,5-(CHs)2pz)s]2} (BF4), have been measured between ambient and 88 and 94 kbar, respectively, in an
opposed diamond anvil cell. The iron(ll) in {Fe[HC(3,5-(CHs),pz)s]2} l.undergoes the expected gradual spin-state
crossover from the high-spin state to the low-spin state with increasing pressure. In contrast, the iron(ll) in
{ Fe[HC(3,5-(CHs)2pz)s]2} (BF4), remains high-spin between ambient and 78 kbar and is only transformed to the
low-spin state at an applied pressure of between 78 and 94 kbar. No visible change is observed in the preedge
peak in the spectra of { Fe[HC(3,5-(CHs)2pz)s)o} I, with increasing pressure, whereas the preedge peak in the spectra
of { Fe[HC(3,5-(CHs)2pz)s]2} (BF4), changes as expected for a high-spin to low-spin crossover with increasing pressure.
The difference in the spin-state crossover behavior of these two complexes is likely related to the unusual behavior
of { Fe[HC(3,5-(CHs)2pz)3]2} (BF4)2 upon cooling.
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Figure 1. Temperature dependence of the percentage of high-spin iron- g 02 i )
(I1) observed inl left, and2, right. The closed symbols correspond to values 2 o [ diference
obtained upon cooling, and the open symbols correspond to values obtained 0‘2 LN T
upon subsequent heating. The left panel is adapted from ref 9, and the right o 0 10 20 30 40 50 60 70 80 90 100
panel is adapted from ref 8. Energy, eV

. . . _ Figure 2. Normalized iron K-edge XANES spectra dfa) obtained at 0,
studies have shown that the iron(ll) in FE[HB(3,5-(H 45 60 and 88 kbar an@ (b) obtained at 0, 35, 78, and 94 Kbar. The

pz)]2, where pz is the pyrazole ring, is completely converted difference is a plot of the highest pressure absorption minus the ambient
from the high-spin state above ca. 195 K to the low-spin Ppressure absorption.

state below 195 K or upon the application of pressures above ) )
ca. 20 kbar. The spectrometer is coupled to two low K undulators in a High

section of the synchrotron ring through a Kirkpatrick Baez optical

) . system which permits operation between 5 and 27 keV. The optical
[HC(3,5-(CH)pz)la} 2 1, is completely converted from the system produces a stable X-ray beam of ca. 968 area at the

high-spin state to the IQW'Spin state_ upon COO"r_‘g' albeit With diamond anvil celt®17 The spectrometer was calibrated witkiron
arather large hysteresis upon heating and cooling; see Figurg;| for which the maximum in the slope of the rising edge was
la. In contrast, only 50% of the crystallographically identical taken as 7112 eV. All spectra reported herein are given relative to
iron(ll) sites in {Fe[HC(3,5-(CH)2pz)]2} (BF4)2 2, are 7112 eV, and the energy resolution is 0.25 eV. The spectra were
converted from the high-spin state to the low-spin state upon normalized at the maximum in the slope of the rising edge of the
cooling; there is virtually no hysteresi§ Further, it has been  oscillation found at about 6670 eV, i.e., at ca. 55 eV.
showri? that the partial spin-state crossoveq ire[HC(3,5- The sample, along with a small ruby chip, was placed in a
(CHs)2pz)i)2} (BF4), is accompanied by a crystallographic C_hervin-tyr_)e membrane diamond anvil é&lvhich was equipped
phase transition between 220 and 173 K to a structure with With @ stainless steel gasket and standard Drukker diamonds;
two crystallographically different iron(ll) sites, one high- silicone 0|Iwa§ used asa pressure-transmitting medium to improve
. . . - S the hydrostatic conditions on the sample. The pressure was
spin and (_)ne low-spin. This phase transition, Whl(_:h s also determined from the pressure-induced shift in the energy of the
opserved "{_M[Hq?”S'(CFb)Zka]Z}_ (BF“)Z’ where Mis CO_' ruby fluorescencdé2%and is accurate te-4 kbar. All studies were
Ni, and Cu, is believeld to be the driving force for the partial .4 ried out at room temperature.
spin-state crossover §Fe[HC(3,5-(CH).pz)].} (BF4)-.
Because of the differences in the spin-state crossoverResults and Discussion
behaviof® shown in Figure 1, we have undertaken an X-ray The normalized iron K-edge X-ray absorption near edge

absorption spectral study at the iron K-edgg Be[HC(3.5-  grcture spectra, the XANES spectralaind2 are shown
(CHs)202)]2} 2 and{ Fe[HC(3,5-(CH)zpz)lz} (BFa):2 athigh iy Figure 2 as a function of increasing pressure.
Pressures. A visual microscopic observation @fin the diamond anvil
Experimental Section cell indicated that it was, as expected, white at ambient
o pressure and was gradually transformed to red at higher
The samples of and2 used in this study are the same samples |, asgyres. In contrast, the color 2fremained essentially
as have been used in previous studiés. white from 0 to 78 kbar but was red at 94 kbar. In both

The high-pressure X-ray absorption studies were carried out in compounds the color chande was completely reversible upon
an opposed diamond anvil cell on beam-line |52t the European pou gew P y reversibie up
the release of the pressure.

Synchrotron Radiation Facility in Grenoble, France. This beam line
uses parallel detection of the entire X-ray absorption spectrum

In a similar fashion we have recently showthat { Fe-

(16) Pascarelli, S.; Plouviez, Bucl. Instrum. Methods Phys. Re& 200Q

through the use of energy dispersive highly focusing X-ray optics. 226, 467.
(17) Pascarelli, S.; Mathon, O.; Aquilanti, G. Alloys Compd in press.

(13) Reger, D. L,; Little, C. A,; Young, V. G., Jr.; Park, NMhorg. Chem (18) Chervin, J. C.; Canny, B.; Besson, J. M.; PruzanR&n. Sci. Instrum
2001 40, 2870. 1995 66, 2595.
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2002 40, 0000. 1972 176, 284.
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J. Phys. 1IV1997, 1, C2—-303. 21, 305-314.
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Figure 3. Percentage variation, relative to ambient pressure, of the 1, 88 kbar

normalized iron K-edge XANES absorption observed at 25 eVI1f(l)

Normalized Absorbance

and?2 (@) as a function of applied pressure. 0.4
00 difference
The difference in the pressure dependence of the two '
compounds is clearly revealed in Figure 2. The changes B S ——
. -10 0 10 20 30 40 50 60 70 80 90 100
observed in the shape of the XANES spectrun afe rather Energy, eV

typ_ical of those observéd for Othe_r iron_(”) compounds Figure 4. A comparison of the normalized iron K-edge XANES spectra
which gradually convert from the high-spin state to the low- of 1 and 2 at 88 and 78 kbar, respectively (a), and 88 and 94 kbar,

spin state with increasing pressure. This change typically re_spectively (b). In each case, the difference is a plot of the spectrdm of
manifests itself as both a small gradual shift in the rising minus the spectrum .

edge and in peak position to higher energies and an increase 0.20 [
in the absorption at ca. 25 eV. The changes in the normalized
absorption at 25 eV with increasing pressure are shown in
Figure 3, a plot that clearly reveals the differences in the
spin crossover for the two compounds.

From the changes shown in Figures 2 and 3, it is apparent
thatl is gradually and completely transformed from the high-
spin state at ambient pressure to the low-spin state at 88 kbar.
In contrast, the behavior & is quite different in that little
if any change in the XANES absorption is observed between
ambient pressure and 78 kbar. But there is a dramatic change
in the spectrum o2 between 78 and 94 kbar, a change which
presumably corresponds to a complete transformation of the
iron(ll) in 2 to the low-spin state at the higher pressure. This /J
difference is most easily apparent in Figure 4, which shows )
the difference betweehat 88 kbar an@ at 78 kbar, Figure /WJT/Z
4a, and 94 kbar, Figure 4b. In Figure 4a the difference be- T4 0 1 2 3 4 5
tween the low-spirl and the high-spin compleXis indicated Energy. eV
by the shift of the XANES spectra dfat 88 kbar to higher ~ Figure 5. Preedge region of the iron K-edge XANES spectraldf)
energies, a difference which is typical of the different iron- Egﬁ"”ed at0, 40, 60, and 88 kbar ang) obtained at 0, 35, 78, and 94
() spin stateg! In Figure 4b, the major difference in the "
spectra of the two compounds, both of which are low-spin transm_ons_ from the 4 state t_o the 8 state_. The charjges
at these pressures, is the difference in absorbance, a differoccurring in the pregdge region dfand2 with Increasing
ence which results either from a difference in sample Préssure are shown in parts a and b, respectively, of Figure
thickness and/or a difference in scattering by the iodide 2 N 1 there is no visible change with pressure, except
anions as compared to the B&nions. perhaps a decrease in intensity in the preedge peag, In

In addition to the obvious increase in the absorption at for pressures of less than 80 kbar, the preedge peak has a

o : L shape which is very similar to that observ&fbr the high-
ca. 20-30 eV with increasing pressure, a characteristic of spin iron(ll) complexes, particularly those obserfddr [Fe-
the transformation of iron(Il) from the high-spin state to the P P P y

) . imidazole}]Cl, and [Fe(HO)[SiFs]. Unfortunately, the

low-spin state, see Figures 2 and 4, there are other Changeg ) 2 [Fe(HO)][SiFd] A

o . energy resolution of 0.25 eV makes very difficult a
with increasing pressure that should be noted. All the spectra
exhibit the so-called “preedge” peak between 0 and 3 eV, & (22) Hannay, C.; Thissen, R.; Briois, V.; Hubin-Franskin, M.-J.; Grandjean,
peak that is assignéd?* to symmetry-forbidden electronic F.; Long, G. J.; Trofimenko, Snorg. Chem 1994 33, 5983.
(23) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,

K. O.; Solomon, E. 1.J. Am. Chem. S0d997, 119, 6297.

(21) Briois, V.; Sainctavit, Ph.; Long, G. J.; Grandjean,iforg. Chem (24) Petit, P. E.; Farges, F.; Wilke, M.; Spl. A. J. Synchrotron Radiat
2001 40, 912. 2001 8, 952.
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comparabl&-2* and realistic decomposition of the preedge its spin-state crossover does show a substantial thermal
peak into three peaks covering an energy range of at most 4hysteresis. In contrasg exhibit$ a partial but sharp spin-
eV. Further, the signal-to-noise ratio of the data achieved in state crossover at ca. 210 K, a crossover that is accompanied
the high-pressure cell is not as good as that obtained at 10by a reversible phase transitidrin which the single high-
K in ref 23, and makes difficult, if not impossible, a more spin iron(ll) crystallographic site observed above 220 K is
detailed analysis of the preedge peak. However, a change intransformed into two iron(ll) sites, one high-spin and one
the shape of the preedge peak is observed, see Figure 5, dow-spin, at 173 K and below.
94 kbar, a change which is expecteth accompany a high- We conclude that the crystalline arrangemen? oésists
spin to low-spin transition2 shows two weak features at the change to the low-spin state, necessitating very high
ca. 1.0 and 3.5 eV, features which are similar to those pressure to affect the spin-state crossover. We propose that
observed in Fe[HB(pz}],. Further, in the 94 kbar spectrum  the application of pressure may not change the spin state of
of 2, there is a clear shoulder that appears on the rising edgeany of the iron(ll) in2 until the pressure has induced the
at ca. 8 eV. This shoulder is also fod#dn the XANES samé? or possibly a similar crystallographic phase transition,
spectra of Fe[HB(3,5-(Ckkpz)]. at higher pressures and at which point the applied pressure converts all the iron(ll)
in Fe[HB(pz}]. at 10 K23 Photoelectron multiple scattering in 2 to the low-spin state. Alternatively, it may be possible
calculationd! have shown that this shoulder is related to the that only half of the iron(ll) sites ir2 have been converted
scattering by the first carbon near neighbors of the iron atom to the low-spin state, but this seems less likely because the
at a distance of 3.06 A. For some unknown reason, a similar shape of its spectrum at 94 kbar is virtually identical to that
shoulder is not observed in the XANES spectrd at higher of 1 at 88 kbar, a pressure at which all the iron(ll) sites have
pressures. undergone the spin-state crossover.

The differences in spin-state behavior with increasing
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