
Inorg. Chem. 1994,33, 5983-5981 5983 

Articles 
X-ray Absorption Spectroscopic Study of the Structure and Bonding in 
M[B(3-isopropylpyrazol-1-yl)~]~, Where M is Fe, Co, Ni, Cu, and Zn 

CCcile Hannay,’ Roland Thissen,’ ValCrie Briois: Marie-Jeanne Hubin-Franskin,’ 
Fernande Grandjean? Gary J. 

Instituts de Chimie et Physique, UniversitC de Libge, B-4000 Sart-Tilman, Belgium, 
le Laboratoire Lure, UniversitC de Paris-Sud, F-91405 Orsay, France, Department of Chemistry, 
University of Missouri-Rolla, Rolla, Missouri 65401-0249, and Du Pont Central Research and 
Development, Experimental Station, Wilmington, Delaware 19880-0302 

Received July 8, 1994@ 

and Swiatoslaw Trofimenko5 

An X-ray absorption spectroscopic study of M[B(3-isopropylpyrazol-l-y1)~]~, where M is Fe, Co, Ni, Cu, and Zn, 
has been undertaken to compare the local structure about the iron(II) ion with that of the other divalent transition 
metal ions. Earlier Mossbauer spectral studies have indicated the presence of an unusual displacement of the 
iron ion within its coordination sphere, especially at temperatures above 160 K; a displacement which might or 
might not occur in the cobalt complex whose X-ray structure is normal or in the remaining complexes. An 
extended X-ray absorption fine structure analysis of the absorption spectra reveals very similar coordination 
environments and metal to nitrogen bond lengths for the various complexes. The preedge X-ray absorption does 
reveal differences in the complexes, differences which result from electronic transitions of the metal 1s electron 
into the differing crystal field split states of the divalent metal ions. 

Introduction 

Polypyrazolylborate ligands have been used extensively to 
study the steric effects of ligands upon the structural and 
electronic properties of transition metal c o m p l e x e ~ . ~ ~ ~  They have 
also been useful in the study of electronic spin-state transitions 
induced by a temperature* or p r e s ~ u r e ~ * ’ ~  perturbation of the 
crystal field in pseudooctahedral complexes. These ligands are 
also of special interest because of their ability to form complexes 
of variable symmetry and coordination number, as has been 
shown for several cobalt(II) complexes.11J2 These variations 
result from changes in the steric bulk of the ligands as a function 
of the various substituants which may be placed on the pyrazolyl 
ring. 

The structural characterization of coordination complexes is 
usually performed by means of single crystal X-ray diffraction? 
but when crystallization difficulties arise, it is necessary to use 
altemate experimental methods to obtain structural information. 

*Address all correspondence to this author at the University of 
Missouri-Rolla. 
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These methods often give precise structural information but 
usually less detail than a single-crystal study. X-ray absorption 
spectroscopy can provide information on the local structural 
order about a specific atom even in a compound for which well- 
defined single crystals are not available. This paper presents 
the structural results obtained for such a compound, Fe[B(3- 
isopropylpyrazol- l-y1)4]2, I, see the schematic structure, Co- 

I 

[B(3-isopropylpyrazol- l-y1)4]2,II, whose single crystal structure 
is known,” and the related divalent metal complexes, Ni[B(3- 
isopropylpyrazol- 1 -y1)4]2, III, Cu[B(3-isopropylpyrazol- 1 -y1)412, 
IV, and Zn[B(3-isopropylpyrazol-1-y1)4]~, V. 

A Mossbauer spectroscopic study13 of I has shown that there 
is an unusually sharp decrease in the spectral absorption area 
as a function of temperature, especially above 160 K. This 
decrease, which shows a strong variance from the Debye model 
of a solid, has been interpreted as resulting from the displace- 
ment of the iron atom in its coordination sphere, beginning at 
ca. 160 K and increasing with increasing temperature. Long 
et al.13 have shown that the room temperature displacement must 

(13) Long, G. J.; Grandjean, F.; Trofimenko, S. Inorg. Chem. 1993, 32, 
loss--1 nsx. . - - - - . - -. 

(14) Michalowicz, A. Logiciel d’analyse EXAFS pour le mac; Ecole du 
CNRS “Structure Fine d’Absolption des Rayons-X en Chimie”: 
Garchy, France, 1988. 
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Table 1. The K-Edge Energies, EO, and Relative Energies, in eV, 
and Intensities of the XANES Transitions 

Hannay et al. 

metal Eo 

intensity 

intensity 

intensity 

intensity 

intensity 

Fe energy, eV 7112 

Co energy,eV 7709 

Ni energy,eV 8333 

Cu energy,eV 8979 

Zn energy, eV 9659 

P A B C E  

0.20,2.00 8.9 15.0 
0.13,O.lO 0.54 1.23 
0.10 9.2 15.6 
0.15 0.78 1.20 
0.12 10.5 16.7 
0.10 0.65 1.20 

-2.32 8.0 14.8 
0.04 0.51 1.22 

5.0 12.2 
1.19 1.57 

22.7 63.8 

23.6 65.6 

23.3 65.9 

21.6 66.0 

19.6 58.9 

1.34 1.09 

1.40 1.09 

1.46 1.11 

1.47 1.12 

1.49 1.15 

be ca. 0.36 in order to explain the deviation from normal 
Debye law behavior. This room temperature displacement is 
approximately twice that predicted by the Debye model. A 
structural analogy between I and the related cobalt complex, 
11, has been proposed.13 A single-crystal study" of I1 at room 
temperature has found that the cobalt(I1) ion is in a pseudotet- 
rahedral, Du, structural environment with the four coordinated 
nitrogen atoms at an average bond distance of 1.98 A from the 
cobalt. Long et al.13 have concluded that a reduced steric 
constraint on the iron in this complex may result in "nonideal" 
bonding between the iron and its coordinated ligands. If this 
is the case, a large displacement of the atom in its coordination 
sphere, unusual bond lengths, and an anomalous Debye-Waller 
factor might be expected. In order to confirm this we have 
carried out an X-ray absorption spectroscopic study followed 
by an extended X-ray absorption fine structure (EXAFS) 
analysis to determine the structural parameters around the 
divalent metal ion in I-V at both 77 and 300 K. 

Experimental Methods 
The complexes were prepared as described earlier" and are the same 

samples as used in our earlier ~ tud ie s .~~ . '~  
The X-ray absorption spectra have been measured with the syn- 

chrotron radiation provided by the DCI storage ring of the Laboratoire 
pour 1'Utilisation du Rayonnement Electromagnktique (LURE) in Orsay, 
France. The iron and cobalt complexes were measured at the D42 
experimental station, which uses a channel cut silicon (331) crystal 
monochromator. The nickel, copper, and zinc complexes were 
measured at the D13 experimental station which uses a double crystal 
silicon (31 1) monochromator. All X-ray absorption measurements were 
carried out in the transmission mode using ion chambers in front and 
behind the sample. An oblong pellet of the material with a surface of 
1 cm2 and a mass of 20 to 30mg was pressed to yield the absorbers. 
The EXAFS spectra were recorded with a 2 eV step over an energy 
range starting at lOOOeV above the metal K-edge, EO, whose values 
are given in Table 1. The X-ray absorption near-edge spectra (XANES) 
were recorded with a 0.25 eV step over an energy range starting at 
125 eV above the metal K-edge. 

During the processing of the XANES data, a linear background was 
subtracted from the experimental spectrum by extrapolating a least- 
squares fit of the preedge experimental data points. The maximum of 
the first derivative of a metallic foil spectrum, corresponding to the 
first inflection point in the absorption curve, was used as the metal 
K-edge reference energy. For energy calibration, the spectrum of a 
thin metallic foil was recorded both immediately before and after each 
XANES measurement. K-edge spectra were normalized by taking as 
unit absorbance the intersection point between the atomic background 
and the first EXAFS oscillation. 

X-ray Absorption Near-Edge Spectral Results 

The XANES results for I at 77 and 300 K are shown in Figure 
1. It is apparent that the change in temperature has little effect 
on the absorption in I, a conclusion which holds for all the 
complexes. Consequently, in the following we will concentrate 
on the XANES measurements at 77 K. Figure 2 shows the 

7100 7120 7140 7160 7180 7200 

Energy, eV 

Figure 1. Near-edge X-ray absorption spectra of I measured at 77 
(top) and 300 K at the iron K-edge. 
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Figure 2. Near-edge X-ray absorption spectra of I-V measured at 
77K at the metal K-edges. 

XANES spectra for complexes I-V at 77 K plotted relative to 
the metallic K-edge energy scale. The K-edge energies, EO, 
the relative absorption energies, and the normalized intensities 
of the main spectral features are given in Table 1. The XANES 
spectra of these complexes exhibit three edge transitions, labeled 
A, B, and C, respectively, which appear at virtually the same 
relative energy for the iron, cobalt, nickel, and copper com- 
plexes, I-IV, with EA = 9.2 f 1.2, EB = 15.7 f 1.0, and EC 
= 22.8 f 0.8 eV. The spectrum of the zinc complex, V, has 
the same three transitions, but they are shifted to lower energy. 
It should be noted that in the edge region, the spectra of the 
iron and cobalt complexes are the most similar of the series. 
For the other complexes, with the exception of the zinc complex, 
the major differences are observed in the relative intensity of 
the A, B, and C edge transitions. Furthermore, a clear difference 
is observed in the region of the preedge structure, labeled P in 
Figure 2. 

Extended X-ray Absorption Fine Structural Results 
We have performed an EXAFS analysis14 of the extended 

energy range spectra in order to extract the structural parameters 
of the near-neighbor atoms about the metal in complexes I-V. 
The analysis was optimized by a comparison with the known 
X-ray structural parameters of the cobalt complex.*l This 
permits both an evaluation of the quality of the electronic 
parameters, based on the tabulations of Teo and Lee,15J6 and a 
further evaluation of the influence of temperature upon the 
Debye-Waller factor. 

(15) Teo, B. K. EXAFS: Basic Principles and Data Analysis, Springer- 

(16) Teo, B. K.; Lee, P. A. J.  Am. Chem. Soc. 1919, 101, 2815-2832. 
Verlag: Berlin, 1968. 
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Table 2. Structural Parameters Obtained from the EXAFS Analysis of the Metal K-Edge Spectra 
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T, K Fe c o  Ni cu Zn 

Fe - A I 

metal-nitrogen bond length, 8, 77 

Debye-Waller factor, 8, 77 

r factor,a A-2 77 

quality factor, % 77 

300 

300 

300 

300 
300 
300 
300 

effective metal ionic radii, Ab 
change in ionic radii, A, expected 
change in ionic radii, A, observed 

2.00(2) 
2.01(2) 
0.055 
0.062 
0.85 
0.85 
0.97 
0.92 
0.77 
0.00 
0.00 

1.97(2) 
1.98(2) 
0.045 
0.055 
0.74 
0.74 
0.28 
0.50 
0.72 

-0.05 
-0.03 

1.95(2) 
1.95(2) 
0.048 
0.056 
0.66 
0.67 
0.48 
0.35 
0.69 

-0.08 
-0.06 

1.93(2) 
1.94(2) 
0.07 1 
0.083 
0.67 
0.65 
0.91 
0.42 
0.71 

-0.06 
-0.07 

1.97(2) 
1.98(2) 
0.047 
0.055 
0.67 
0.70 
0.42 
0.50 
0.74 

-0.03 
-0.03 

a Related to the electron mean free path by the relationship I(k) = kK. The Shannon and Prewitt effective metal ionic radii for a tetrahedral 
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Figure 3. Fourier transforms of the EXAFS oscillations in complexes 
I-V observed at 77 K at the metal K-edges. 

All the Fourier transforms of the EXAFS oscillations, shown 
in Figure 3, are composed of a well resolved peak in the range 
of 1.3 to 2.2 8, which corresponds to the first coordination shell 
of four nitrogen atoms. The peaks located above 2.3 8, are 
due to coordination shells at longer distances and to multiple 
scattering. Unfortunately, a multiple scattering analysis did not 
yield a significantly better transform nor did it provide further 
details of the coordination environment. As a result no multiple 
scattering analysis is reported herein. The Fourier transform is 
carried out while simultaneoulsy optimizing the electronic and 
structural parameters. The same optimization procedure has 
been applied to all the spectra at 77 and 300 K and the resulting 
parameters are given in Table 2. 

There is very good agreement between the results given in 
Table 2 and the values obtained from a single-crystal X-ray 
diffraction study" of the cobalt complex. Both experimental 
methods give the same number of coordinated nitrogen atoms 
and the 1.98 8, cobalt to nitrogen bond distance agrees well 
with the 1.975 8, average value obtained from the single crystal 
study." Decreasing the temperature from 300 to 77 K has no 
significant influence on this bond length. 

As expected on the basis of the Shannon and Prewitt17J8 
effective ionic radii, see Table 2, the observed 2.01 8, room 
temperature iron to nitrogen bond length is somewhat longer 
than the 1.98 8, cobalt to nitrogen bond length. It is also longer 
than the 1.97 8, bond length foundlg in octahedral low-spin Fe- 
[HB(pyrazolyl)3]2. However, as expected, it is shorter than the 
2.17 8, bond length foundlg in octahedral high-spin Fe[HB(3,5- 

(17) Shannon, R.; Prewitt, C. T. Acta Crystullogr. 1%9, B25, 925; Shannon, 
R. D. Ibid. 1976, A32, 751. 

(18) Huheey, J. E.; Keiter, E. A.; Keiter, R. L. Znorganic Chemistry, Harper 

(19) Oliver, J. D.; Mullica, D. F.; Hutchinson, B. B.; Milligan, W. 0. Znorg. 
Collins College Pub.: New York, 1993; p 113. 

Chem. 1980, 19, 165-169. 

(CH3)2-pyrazolyl)3]2 and the average 2.25 8, bond length found20 
in Fe[HB(3-phenylpyrazoly1)3]2. As revealed at the bottom of 
Table 2, the variation in the room temperature metal-nitrogen 
bond lengths is essentially that expected on the basis of the 
variation in the Shannon and P r e ~ i t t ~ ~ . ~ *  effective metallic ionic 
radii. 

It is interesting both that the increase in temperature from 
77 to 300 K has no significant effect on the bond length in the 
iron complex and that the Debye-Waller factor associated with 
this bond length shows upon warming a 13% increase, an 
increase which is smaller than the 22% increase found for the 
cobalt complex but similar to the 17% increase found for the 
nickel, copper, and zinc complexes. In view of these changes 
it is difficult to understand the anomalous behavior observed 
in the Mossbauer spectra of the iron complex. 

We conclude that the influence of temperature on the iron, 
nickel, copper, and zinc complexes is similar and presumably 
normal. In contrast, the temperature variation of the Debye- 
Waller factor for the cobalt complex is somewhat larger than 
might be expected. This observation provides little support for 
our earlier work13 which proposed either a variation in the local 
order around the iron atom or an enhancement of the amplitude 
of vibration of the iron atom in the coordination sphere of I. In 
either case, this should be observed as either a variation of the 
iron-nitrogen bond length or a larger than expected variation 
in the Debye-Waller factor, only the second of which is 
observed and only for the cobalt complex. It would thus appear 
that whatever causes the unusual displacement of the iron ion 
in I, as evidenced by the Mossbauer spectral work,13 may also 
be operative in the cobalt complex, 11. Thus a cobalt-57 
emission Mossbauer effect study of II might reveal a similar 
unusual decrease in its spectral absorption area with increasing 
temperature. It is indeed surprising, in view of the Mossbauer 
spectral work, to find that both complexes have normal bond 
lengths. At this point the fundamental cause of the unusual 
decrease in the Mossbauer spectral absorption area of I above 
160 K is obscure. However, a second Mossbauer spectral study 
of a completely new preparation of I has completely confirmed 
the earlier work.13 

While studying the structural questions through the above 
EXAFS analysis, an interesting feature was noted in the XANES 
spectra. As indicated above, the XANES spectra of the 
complexes are very similar except in the preedge region, which 
is shown in detail in Figure 4. A clear doublet is visible in the 
case of the iron complex, whereas only a single line of 
decreasing intensity is observed for the cobalt, nickel, and copper 
complexes, and no absorption is found for the zinc complex. 
The splitting between the two lines in the iron complex is cu. 

(20) Eichhom, D. M.; Armstrong, W. H. Inorg. Chem. 1990, 29, 3607- 
3612. 
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Figure 4. Expansion of the near-edge X-ray absorption spectra of I-V 
measured at 77 K. 

1.5 eV or 12 000 cm-'. These low intensity absorption lines, 
found below the optically allowed s- to p-orbital electronic 
transitions, are well-known in X-ray absorption spec t ro~copy~~-~~  
and correspond to the excitation of the metal 1s electron into 
an unoccupied molecular orbital composed predominantly of 
metal 3d atomic orbitals, as is discussed below. 

Discussion 

The transitions occuring in the preedge region of the K-edge 
absorption are firmly e~ tab l i shed~~  as transitions of the 1s 
electron to bound HOMO states composed of 3d and 4p metal 
atomic orbitals and 2p ligand orbitals. In the near-edge region, 
the transitions are of the 1s electron to an empty p orbital. 

The interpretation of the XANES structure is based on the 
Fermi-Golden rule 

in which the photoabsorption cross section, a(@, is proportional 
to the vacant state density, N(Ej, and to the square of the 
transition moment, ~ ( Y f ~ 3 ~ Y i ) ~ ,  where 2-7 is the electric dipole 
transition operator, Yf and Yi are the final and initial states of 
energy Ef and Ei, and 6 is the Dirac function. For this work Ei 
is the binding energy of the 1s electron, the K-edge energy, EO, 
given in Table 1. This expression indicates that X-ray absorp- 
tion spectroscopy is sensitive to the valence shell occupancy 
and the site symmetry. Indeed a transition of a 1s electron into 
a molecular orbital is allowed if the molecular orbital is 
unoccupied or partially occupied and if the transition moment, 
l(Yf/2*7IYi)l, is nonzero. This condition25 is equivalent to the 
requirement that the direct product, rf x r d i p  x Ti, of the 

(21) Cartier, C.; Momenteau, M.; Dartyge, E.; Fontaine, A,; Tourillon, G.; 
Michalowicz, A.; Verdaguer, M. J.  Phys. (Paris) 1986,47, 649-652. 

(22) ThuCry, P.; Zarembovitch, I.; Michalowicz, A.; Kahn, 0. Inorg. Chem. 
1987, 26, 851-855. 

(23) Roux, C.; Zarembowitch, J.; ItiC, J. P.; Verdaguer, M.; Dartyge, E.; 
Fontaine, A.; Tolentino, H. Inorg. Chem. 1991,30, 3174-3179. 

(24) Cartier, C.; Verdaguer, M. J. Chim. Phys. 1989,86, 1607-1621. Briois, 
V.; Lequan, R. M.; Lequan, M.; Cartier, C; Van der Laan, G.; 
Michalowicz, A.; Verdaguer, M. Chem. Mater. 1992, 4, 484-493. 
Briois, V.; Cartier, C.; Momenteau, M.; Maillard, P.; Zarembowitch, 
J.; Dartyge, E.; Fontaine, A,; Tourillon, G.; ThuCry, P.; Verdaguer, 
M. J. Chim. Phys. 1989, 86, 1623-1634. 

(25) Cotton, F. A. Chemical Applications of Group Theory; Interscience 
Publ. Inc.: New York. 1991. 

Table 3. Preedge Absorption Band Assignments 

metal 3d" electronic transition" N(E) obsd intens 

0.149 Fe 3d6 ls2 + e3tz3 - 1s' + e4tz3 - 1s' + e3tZ4 
CO 3d7 ls2 + e4tZ3 -. IS' + e4tz4 3 0.144 

Zn 3d'O ls2 + e4tZ6 - [forbidden] 0 0.000 

Ni 3d8 ls2 + e4tz4 - 1s' + e4@ 2 0.103 
Cu 3d9 Isz + e4t25 - 1s' + e4tz6 1 0.058 

Obtained by assuming a strong mixing of the ligand p-orbitals with 
the metal 3d orbitals of t2 symmetry 

applicable irreducible representations, contains the totally sym- 
metric, A', irreducible representation. 

The use of the direct product permits the determination of 
the allowed transitions and their polarizations. For example, 
in the preedge region, for a metal in a centrosymmetric complex, 
the electric dipole transition to a molecular orbital composed 
of only 3d metal atomic orbitals is totally forbidden. In contrast, 
for a metal in a noncentrosymmetric complex, the transition to 
a molecular orbital composed of 3d metal atomic orbitals of t2 
symmetry in a tetrahedral complex, or of e and b2 symmetry in 
a D u  complex, are allowed. This rule reflects only the local 
symmetry at the absorber and whether or not there is a mixture 
of the 3d and ligand p atomic orbitals in the frontier molecular 
orbitals. When the preedge absorption is observed, and no 
quadrupolar contribution is expected, the observed transitions 
are allowed through the mixing of ligand p-orbital character 
into the predominantly 3d metal frontier orbitals. 

If we compare quantitatively the preedge absorptions shown 
in Figure 4, we observe changes in the integrated intensities 
from the iron(I1j to the zinc(II) spectra. The integrated intensity 
of the preedge peak is directly proportional to the number of 
empty states in the predominantly metal 3d character frontier 
orbitals for which the transitions are allowed. Hence, in Table 
3, we have included the tetrahedral 3d orbital occupancy of each 
metal and the integrated intensity measured in the spectra. There 
is excellent agreement between the orbital occupancies of the 
final state or the vacant state density, N(E), and the observed 
integrated intensities. As expected the integrated intensity 
decreases from iron(I1) to zinc(I1) with a ratio close to 3:2:1:0, 
the zero corresponding to the totally occupied 3dL0 electronic 
configuration of the Zn(IIj complex. The 1.5 eV or 12 OOO cm-' 
splitting observed in the preedge bands of the iron complex 
corresponds to a crystal field parameter, Dq (tetrahedral), of 
1200 cm-', a rather large but not unreasonable value. 

In agreement with the distorted tetrahedral D u  structure of 
the absorbing metals in complexes I-V, the general shape of 
the K-edge spectra, shown in Figure 2, is characteristic of a 
noncentrosymmetric environment around the metal. The three 
A, B, and C edge bands, shown in Figure 2, are surprisingly 
similar to the features observed in the spectra of coordination 
complexes with square-planar symmetry, such as metallic 
porphyrins o r   phthalocyanine^.^^^^^ In this symmetry, polarized 
experiments on single-crystal copper complexes28 have clearly 
demonstrated that the A band is a 1s - 4p, + "shake-down" 

(26) Cartier, C.; Momenteau, M.; Dartyge, E.; Fontaine, A,; Tourillon, G.; 
Bianconi, A,; Verdaguer, M. Biochim. et Biophys. Acta 1992, 1119, 

(27) Cartier, C.; Momenteau, M.; Dartyge, E.; Fontaine, A,; Tourillon, G.; 
Michalowicz, A.; Verdaguer, M. J. Chem. Soc., Dalton Trans. 1992, 

(28) Smith, T. A,; Penner-Hahn, J. E.; Berding, M. A.; Doniach, S.; 
Hodgson, K. 0. J .  Am. Chem. Soc. 1985, 107, 5945-5955. Kosugi, 
N.; Yokoyama, T.; Kuroda, H. Chem. Phys. 1986, 104, 449-453. 
Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; 
Hodgson, K. 0.; Solomon, E. I. J.  Am. Chem. Soc. 1993, 115, 767- 
776. 

169- 174. 
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transition with a metal to ligand charge transfer, the B band is 
a pure 1s - 4p, transition, whereas the C band is a 1s - 4 ~ , , ~  
transition. Because the 4p,(b2) molecular orbital is more stable 
than the 4pxJe) molecular orbitals in DU symmetry, we assume 
that the same assignments can be made for the present spectra. 

Finally, the apparent relative shift, shown in Figure 2, of the 
leading edge of the zinc complex to lower energy with respect 
to the other metals of the series occurs because the zero energy 
value used to place the spectra on the same relative energy scale 
does not correspond to the same energy level in this 3d1° 
compound as for to the other 3d“ complexes. For each transition 
metal, we used as zero energy the maximum of the first 
derivative of the metallic foil spectrum, the maximum of which 
corresponds to the Fermi level of the metal. But in iron, cobalt, 
nickel, and copper metallic foils, the Fermi level corresponds 
to empty 3d levels, whereas in zinc it corresponds to empty 4p 
levels which are at a higher energy. This accounts for the 
apparent relative shift observed for the zinc spectrum. 
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Note Added in Proof. We have just learned that the crystal 
structure of I has been solved29 and shows a highly distorted 
pseudotetrahedral coordination environment for the iron(II) ion. 
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