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Introduction 
Coordination complexes containing various substituted poly- 

pyrazolylborate ligands have been very useful in investigating 
the steric properties of ligands and the electronic properties of 
the resulting transition metal comp1exes.I Indeed, the polypyra- 
zolylborate ligands have been invaluable in understanding the 
influence of ligand steric interactions upon both the electronic 
spin-state of iron(I1) complexes2" and the important spin-state 
crossover, between high-spin iron(I1) and low-spin iron(II),,often 
observed in octahedral complexe~.~-~ More recently, it has been 
shown that polypyrazolylborate ligand steric interactions can lead 
to a variety of different coordination environments and coordi- 
nation numbers, especially in the case of cobalt(I1) complexes.6J'-12 
Indeed, ligand steric interactions are believed to be responsible 
for reducing the chelating nature of the tetra(34sopropylpyra- 
zoly1)borate ligand from the expected tridentate to the bidentate 
bonding found in Co[B(3-isopropylpyrazol- 1-y1)4]2.I1 

The Mbsbauer effect spectral hyperfine parameters have been 
extensively used to characterize the electronic properties of iron 
polypyrazolylborate complexes as a function of temperat~re,~-~ 
pressure? and ~pin-s ta te .~.~ In contrast, there has been relatively 
little use of the MBssbauer effect to study the lattice properties 
and latticedynamics of thesecoordination complexes. The utility 
of the Mdssbauer effect in the study of the lattice properties of 
a series of organoiron compounds has been nicely demonstrated 
by Herber and his colleagues.13,14 More recent studies have dealt 

* To whom correspondence should be addressed at the University of 

+ University of Liege. 
Missouri-Rolla. 

E. 1. du Pont de Nemours and Co. 
(1) Trofimenko, S. Acc. Chem. Res. 1971,4,17-22. Trofimenko, S.  Chem. 

Rev. 1972,72,497-509. Trofimenko, S. Prog. Inorg. Chem. 1986,34, 
115-210. 

(2) Jesson, J. P.; Trofimenko, S.; Eaton, D. R. J .  Am. Chem. SOC. 1967,89, 
3 158-3 164. Trofimenko, S. J .  Am. Chem. SOC. 1967,89,3 170-3 177. 
Jesson, J .  P.; Trofimenko, S.; Eaton, D. R. J .  Am. Chem. SOC. 1967,89, 

(3) Jesson, J. P.; Weiher, J .  F.; Trofimenko, S. J .  Chem. Phys. 1968, 48, 

(4) Long, G. J.; Hutchinson, B. B. Inorg. Chem. 1987, 26, 608-613. 
(5) Grandjean, F.; Long, G. J.; Hutchinson, B. B.; Ohlhausen, L.; Neill, P.; 

Holcomb, J. D. Inorg. Chem. 1989, 28, 4406-4414. 
(6) Calabrese, J .  C.; Domaille, P. J.; Trofimenko, S.;  Long, G. J. Inorg. 

Chem. 1991, 30, 2795-2801. 
(7) Goodwin, H. A. Coord. Chem. Rev. 1976, 18, 293-325. 
(8) Kbnig. E. Prog. Inorg. Chem. 1987, 35, 527-622. 
(9) Giitlich, P. In Mossbauer Spectroscopy Applied to Inorganic Chemistry; 

Long, G. J., Ed.; Plenum Press: New York, 1984; Vol. I ,  pp 287-337. 
(IO) Trofimenko, S.; Calabrese, J. C.; Thompson, J .  S. Inorg. Chem. 1987. 

( I  I )  Trofimenko, S.; Calabrese, J. C.; Domaille, P. J.; Thompson, J. S .  Inorg. 

(12) Calabrese, J .  C.; Domaille, P. J.;Thompson, J .  S.; Trofimenko, S. Inorg. 

(13) Ernst, R. D.; Wilson, D. R.; Herber, R. '4. J .  Am. Chem. Sor. 1984, 

(14) Herber, R. H. In  Chemical Muwbauer Spectroscopy, Herber, R. H., 

3148-3 158. 

2058-2066. 

26, 1507-1 5 14. 

Chem. 1989, 28, 1091-1 101. 

Chem. 1990. 29, 44294437. 

106, 1646-1650. 

Ed.; Plenum Press: New York, 1984; pp 199-216. 

0020-166919311332-1055$04.00/0 

with ligand dynamics in some organoiron compounds15 and with 
the lattice dynamics in several iron(II1) dithiocarbamate com- 
plexes.I6 The purpose of this note is to illustrate the use of the 
MBssbauer effect in the study of the unusual lattice properties 
which are foundin Fe[B(3-isopropylpyrazol-l-y1)4]2, I; properties 
which can be attributed to coordinated ligand steric interactions. 

Experimental Section 
Fe[B(3-isopropylpyrazol-l -yI)&, I, was prepared as described pre- 

viously.ll The Mhsbauer  effect spectra were obtained under constant 
geometry conditions on a Harwell constant acceleration spectrometer 
which utilizes a room-temperature rhodium matrix cobalt-57 source and 
was calibrated a t  room temperature with a-iron foil. The absorber 
contained 90 mg/cm2 of finely divided crystals which were dispersed in 
vaseline. The observed spectra were fit by using standard computer least- 
square minimization techniques with two quadrupole doublets of equal 
area and linewidth. The left and right components of both doublets had 
slightly different areas, presumably as  a result of texture in the absorber. 

Results and Discussion 
The MBssbauer effect spectra of Fe[B(3-isopropylpyrazol-l- 

y1)4]2, I, have been measured between 85 and 296 K and three 
typical spectra are shown in Figure 1. As this figure reveals, the 

I 

MBssbauer spectra exhibit a non-symmetric doublet with a large 
quadrupole splitting. It is not possible to fit the observed spectra 
satisfactorily with a single asymmetric quadrupole doublet and 
we have been forced to fit them with two quadrupole doublets of 
equal area. These two doublets are shown as the solid line 
component fits in Figure 1 and the resulting hyperfine parameters, 
as a function of temperature, are given in Table I. 

To understand the Mbsbauer spectral hyperfine parameters, 
it would be useful to have the single crystal structure of Fe- 
[B(3-isopropylpyrazol-l-y1)4]~. Unfortunately, we have been 
unable to obtain the crystal structure of this compound, but have 
found that its X-ray powder diffraction pattern is similar to, but 
surely not identical to, that of Co[B(3-isopropylpyrazol-l-yl)4] 2. 
As a result, weconclude that the molecular structureof the former 
is similar to that of the cobalt compound but that the iron 
compound probably crystallizes in a less symmetric space group 
than does the latter. The single crystal X-ray structure of Co- 
[B(3-isopropylpyrazol-l-y1)4]~ indicates that the inner coordi- 
nation sphere of the cobalt atom is best described as a flattened 
tetrahedron' I comprised of two imidazole nitrogen atoms from 
each of the two coordinated ligands. In other words, only two 
of the four available pyrazolyl nitrogen donor atoms on each of 
the ligands are coordinated to the cobalt(I1) ion. The four- 
coordinate bonding found in this compound is unexpected and, 
no doubt, results from steric interactions between the two 
coordinated ligands. Indeed, molecular models have indicated" 
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The temperature dependence of the isomer 
shift for the two sites is completely consistent with that expected 
from the second order Doppler shift,23 and yields db/dT values 
of -3.38 X 1V and -4.84 X 10-4 mm/(s-K). The quadrupole 
splittings for the two sites are similar but rather larger than those 
typically observed in distorted tetrahedral high-spin iron(I1) 
c o m p l e ~ e s . ~ ” ~ ~ . ~ ~  The maximum expected25.26 valence contri- 
bution to the quadrupole splitting for iron(I1) is 3.717 mm/s. 
Hence the observed splittings indicate that thevalence and lattice 
contributions to the electric field gradient must have the same 
sign. These large values also indicate that, almost surely, the 
coordination sphere about the iron must be more highly distorted 
than that observed in the analogous cobalt compound.Il The 
very small temperature dependence observed for the two quad- 
rupole splittings is consistent with this large distortion and indicates 
a large splitting of the tetrahedral 5Eg ground state, such that 
only one of the two ground state eg orbitals ,is doubly occupied 
between 85 and 296 K. Hence, the splitting of the d , ~ - ~ z  and dzz 
orbitals must be at least on the order of 600 cm-I, a splitting not 
unreasonable for this type of coordination en~ironment.2~826 
Unfortunately, because the sign of the quadrupole splitting is 
unknown, it is not possible to determine which orbital is theground 
state orbital.27 

The most unusual aspect of the Mbsbauer spectra of Fe[B(3- 
isopropylpyrazol- 1 -yl)4] 2 is the temperature dependence of the 
spectral absorption area given in Table I. This dramatic tempera- 
ture dependence is indicated by the time required to obtain the 
spectra shown in Figure 1. The 85 K spectrum was obtained in 
ca. 6 h, but more than 150 h were required to obtain the 296 K 
spectrum, which, even after this length of time, has a rather poor 
signal to noise ratio. 

The temperature dependence of the Mbsbauer spectral 
absorption area is best understood in terms of the Debye model 
for lattice vibrations. This model predicts a linear decrease in 
the logarithm of the Mbsbauer spectral absorption area above 
approximately half the lattice Debye t e m p e r a t ~ r e . ~ ~ , ~ ~ . ~ ~ . ~ ~  It is 
apparent in Figure 2 that the temperature dependence of the 
logarithm of the Mbsbauer spectral absorption area in Fe[B(3- 
isopropylpyrazol-l-y1)4]2 is linear below ca. 170 K. However, 
above these temperatures, the spectral absorption area decreases 
much more rapidly than expected from the Debye model. The 
linear behavior observed between 85 and 160 K yields a slope, 
d (In A)/dT, of -1.02 X K-I and a Debye temperature, Bo, 
of 115 K. The straight line shown in Figure 2 corresponds to the 
Debye model with this Debye temperature and a mass of 57 
g/mol for the iron nucleus. Alternatively, we can calculate a 
Mbsbauer temperature, OM, which is equivalent to the Debye 
temperature, but takes intoaccount theeffective recoil mass which 
can be determined from the second order Doppler shift.13J4 The 
second order Doppler shift, as obtained from the temperature 
dependence of the isomer shift given above, yields values for the 
effective recoil masses of 123 and 86 g/mol and MBssbauer 

R E L A T I V E  ENERGY ( J x 1 0 z 6 )  
- 3  - 2  - 1  0 I 2 3 

100.0-  

1 

1 100.0 

9 9 ’ 5  ~ 

9 8 . 5  

_ccI 

I 
L...d, : : ’ I 

- 4 - 3 - 2 - 1  0 I 2  3 4 5 

gg’O! 

SOURCE V E L O C I T Y  (MM/S)  

Figure 1. MSssbauer effect spectra of Fe[B(3-isopropylpyrazol- I - Y I ) ~ ] ~  
obtained a t  several temperatures. 

that an octahedral structure with the two ligands in a tridentate 
coordination mode would be highly strained because of steric 
interactions of the six isopropyl groups, groups which would lie 
in the equatorial belt of this complex. Apparently to relieve this 
strain, the ligand adopts a bidentatedistorted tetrahedral bonding 
mode with two rather long but similar cobalt to nitrogen bond 
l e n g t h ~ ’ ~ J ~ - ~ ~  of 1.970(3) and 1.980(3) A. Co[B(34sopropyl- 
py ra~o l - l -y l )~ ]~  crystallizes in the monoclinic C 2 / c  space group 
with four crystallographically identical molecules in its unit cell. 

The Mbsbauer spectra and powder diffraction pattern indicate 
that Fe[B(3-isopropylpyrazol-l-y1)4]2 most likely crystallizes in 
a space group which has two crystallographically distinct 
molecules, but which retains the distorted tetrahedral coordination 
geometry. Indeed, as indicated above, two quadrupole doublets, 
with very similar hyperfine parameters, see Table I, are required 
to successfully fit the observed Mbsbauer spectra. Very similar 
hyperfine parameters would be expected for the two crystallo- 
graphically non-equivalent, but chemically very similar, molecules. 
As indicated in Table I, the area ratio of the left and right 
components, A, of each doublet is ca. 0.75 and independent of 
temperature. The less than unit value of this ratio reveals the 
presence of texture in the MBssbauer absorber. However, this 
texture cannot account for the broadening observed in the left 
spectral line. This broadening can only be accounted for with 
two doublets. The Mhsbauer effect isomer shifts of the two 
doublets found in Fe[B(3-isopropylpyrazol- l-y1)4]2, are very 
characteristic of those expected for iron(I1) in a tetrahedral 
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Table I. MBssbauer Spectral Hyperfine Parameters Obtained for Fe[B(3-isopropylpyrazol-l -yl)4]2 

abs area doublet A doublet B 
T, K mm/s U p ,  mm/s 8," mm/s U p ,  mm/s r, mm/s Ab (% c)(mm/s) In area 

85 0.76 4.30 0.84 4.12 0.30 0.75 2.81 1.03 
100 0.76 4.29 0.84 4.11 0.3 I 0.74 2.35 0.85 
I20 0.75 4.28 0.84 4.1 1 0.30 0.74 1.94 0.66 
140 0.75 4.27 0.83 4.1 1 0.30 0.74 1.61 0.48 
160 0.74 4.26 0.81 4.10 0.29 0.75 1.29 0.25 
180 0.73 4.25 0.80 4.10 0.28 0.75 0.96 -0.045 
200 0.72 4.25 0.79 4.10 0.28 0.75 0.70 -0.36 
220 0.72 4.24 0.79 4.10 0.27 0.77 0.38 -0.96 
240 0.72 4.23 0.78 4.08 0.27 0.75 0.27 -1.31 
260 0.7 1 4.23 0.76 4.04 0.25 0.79 0.18 -1.74 
280 0.69 4.18 0.75 4.04 0.26 0.77 0.10 -2.28 
296 0.69 4.17 0.74 4.04 0.24 0.92 0.032 -3.44 

Measured relative to room-temuerature natural abundance a-iron foil. The ratio of the area of the left component of the two quadrupole doublets 
to the area of the right component'of the two quadrupole doublets. 
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Figure 2. Temperature dependence of the logarithm of the Mijssbauer 
spectral absorption area for Fe[B(3-isopropylpyrazol-l-yl)4]2. The 
straight line corresponds to a Debye mode! fit of the data between 85 and 
160 K. 

temperatures, 8 ~ ,  of 79 and 94 K. Both the Debye and Mdssbauer 
temperatures are rea~onable~~.23,30for a compound which consists 
of well separated neutral monomeric Fe [ B( 3-isopropylpyrazol- 
l-yl)4I2 molecules which are bound into the lattice by only van 
der Waals forces, as was found to be the casell for Co[B(3- 
isopropylpyrazol- 1 -~1)~]2. The increased recoil masses of the iron- 
57 nuclide indicate the presence of covalent bonding with the two 
ligands, bonding which apparently is rather different for the two 
sites. 

As shown in Figure 2, above 160 K the Mtksbauer spectral 
absorption area deviates substantially from that expected for 
Debye model behavior. This deviation indicates that the iron 
nuclide is undergoing, in addition to the usual lattice vibration, 
another, more highly temperature dependent, di~placement.~' In 
order to describe this additional displacement, we have used an 
approachsimilar to that proposed by Wordel and Wagner,32 which 
we have recently applied to hydride motion in some organoiron 
compounds.15 The difference, In A - In AD, between the 
experimental Mdssbauer spectral absorption area and the area 
expected on the basis of the Debye model, see Figure 2 and Table 

(30)  Adler, P.; Wiehl, L.; Meissner. E.; Kohler, C. P.; Spiering, H.; Giitlich, 
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(32) Wordel, R.; Wagner, F. E. J. Less-Common Met. 1987, 129, 271-278. 

P. J .  Phys. Chem. Solids 1987, 48, 517-525. 

Table 11. Miissbauer Derived Lattice Dynamic Properties of 
Fe[B(3-isopropylpyrazol- 1 -y1)4]2 

T, K In A In AD'' In A - In AD (u2) ,  A2 (u*)~,, ,~,  A 
180 -0.045 0.055 -0.010 0.0056 0.075 
200 -0.36 -0.15 -0.2 1 0.0 12 0.1 1 
220 -0.96 -0.35 -0.61 0.034 0.18 
240 -1.31 -0.56 -0.75 0.043 0.21 
260 -1.74 -0.76 -0.98 0.055 0.24 
280 -2.28 -0.96 -1.32 0.074 0.27 
296 -3.44 -1.13 -2.3 I 0.130 0.36 

In AD is the logarithm of the absorption area as computed from the 
Debye model represented by the straight line shown in Figure 2. 
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Figure 3. Logarithm of the mean square displacement of the iron nuclide 
in Fe[B(3-isopropylpyrazol-l-yl)4]2 as a function of the inverse temper- 
ature. 

11, is used to calculate the additional mean-square displacement 
of the iron nuclide, ( d ) ,  above 160 K. If we assume that the 
additional iron displacement is controlled by a thermally activated 
process,33 the logarithm of the mean-square displacement should 
obey the Arrhenius law. Figure 3 shows the expected linear 
behavior for the Arrhenius plot and yields an activation energy 
of 1350 K or 940 cm-1 for the displacement in Fe[B(3- 
isopropylpyrazol- 1 -y1)4]2. This activation energy is reasonable 
for a displacement which surely must involve some ligand motion. 
The magnitude of the displacement, ( u2)rms, increases from zero 
at 160 K up to 0.36 A at 296 K; values which are twice that 
expected for the normal Debye lattice vibrational displacement. 
Although the 296 K displacement seems rather large, it should 
be remembered that ligand-ligand steric interactions produce a 

(33) Raj, P.; Sathyamoorthy. A. J. Less-Common Met.  1987,129,251-259. 
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rather large chelation cavity for the metal ion. Further, it should 
be noted that typical octahedrally coordinated cobalt polypyra- 
zolylborate complexes have, at 200 K, cobalt to nitrogen bond 
distances's12 which fall in the range from 2.05 to 2.21 A. These 
values are 0.08-0.14 A larger than the average cobalt to nitrogen 
bond distance found' I in Co[B(3-isopropylpyrazol-l-yl)~]~, and 
are of the same order of magnitude as the additional iron 
displacement calculated a t  200 K; see Table 11. 

It is difficult to understand exactly why Fe[B(3-isopropyl- 
pyrazol- l - ~ l ) ~ ]  should show both the normal Debye lattice 
vibrations and the additional iron displacement, but we believe 
this may be due to the strong ligand-ligand steric interactions in 
the coordination sphere of the iron(I1) ion. The packing energy 
of the individual neutral Fe[B(3-isopropylpyrazol- 1 -y1)4]2 mol- 
ecules in the extended lattice is controlled by the van der Waals 
potential between the peripheral portions of the ligands. It is this 
packing which results in the Debye model vibrational behavior 
at low temperature. However this packing does not necessarily 
yield the ideal binding of the iron atom into the lattice, especially 

Notes 

in view of the ligand steric interactions mentioned above and 
found' I in Co[B(3-isopropylpyrazol-l-yl)4]~. We believe it is 
this non-ideal binding of the iron nuclide in the lattice which 
yields, a t  higher temperature, the additional thermally activated 
displacement. This additional displacement produces destructive 
interference3I between the absorbed MBssbauer y-rays and, as 
a consequence, decreases the recoil free fraction, and hence, the 
observed M&sbauer spectral absorption area. It would be 
interesting to compare this behavior with that observed in the less 
sterically hindered five and six coordinate complexes. 
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