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ABSTRACT: The iron-57 Mössbauer spectra of the eight-coordinate complex, [Fe-
(LN4)2](BF4)2, where LN4 is the tetradentate N1(E),N2(E)-bis[(1-methyl-1H-imidazol-2-
yl)methylene]-1,2-benzenediimine ligand, have been measured between 4.2 and 295 K and
fit with a quadrupole doublet. The fit at 4.2 K yields an isomer shift, δFe, of 1.260(1) mm/s
and a quadrupole splitting, ΔEQ, of 3.854(2) mm/s, values that are typical of a high-spin
iron(II) complex. The temperature dependence of the isomer shift yields a Mössbauer
temperature, ΘM, of 319(27) K and the temperature dependence of the logarithm of the
Mössbauer spectral absorption area yields a Debye temperature, ΘD, of 131(6) K, values
that are indicative of high-spin iron(II). Nonrelativistic single point density functional
calculations with the B3LYP functional, the full 6-311++G(d,p) basis set, and the known
X-ray structures for [Mn(LN4)2]

2+, [Mn(LN4)2](ClO4)2, 1, [Fe(LN4)2]
2+, and [Fe(LN4)2]-

(BF4)2, 2, yield small electric field gradients for the manganese(II) complexes and electric
field gradients and s-electron densities at the iron-57 nuclide that are in good to excellent
agreement with the Mössbauer spectral parameters. The structure of 2 with a distorted
square-antiprism C1 iron(II) coordination symmetry exhibits four different Fe−Nimid bonds to the imidazole nitrogens with an
average bond distance of 2.253(2) Å and four different Fe−Nimine bonds to the benzenediimine nitrogens, with an average bond
distance of 2.432(2) Å; this large difference yields the large observed ΔEQ. An optimization of the [Fe(LN4)2]

2+ structure leads to
a highly symmetric eight-coordination environment with S4 symmetry and four equivalent Fe−Nimid bond distances of 2.301(2)
Å and four equivalent Fe−Nimine bond distances of 2.487(2) Å. In contrast, an optimization of the [Mn(LN4)2]

2+ structure leads
to an eight-coordination manganese(II) environment with D2d symmetry and four equivalent Mn−Nimid bond distances of
2.350(3) Å and four equivalent Mn−Nimine bond distances of 2.565(3) Å.

■ INTRODUCTION

Because eight-coordination is rather unusual for first-row
divalent transition metal complexes, a detailed experimental
and theoretical study of their electronic properties is important.
Rather recently the single-crystal X-ray structures of the eight-
coordinate manganese(II) complex, [Mn(LN4)2](ClO4)2, 1, and
the iron(II) complex, [Fe(LN4)2](BF4)2, 2, where LN4 is the
tetradentate ligand, N1(E),N2(E)-bis[(1-methyl-1H-imidazol-2-
yl)methylene]-1,2-benzenediimine, see Scheme 1, have been
reported.1,2 These complexes provide a basis for the study of
the electronic properties of two similar eight-coordinate
complexes.
There are, of course, several papers3−9 dealing either with

eight-coordinate iron(II) complexes and/or with density
functional calculations of their electronic properties that will

be referred to and discussed below in relation to the results
reported herein. Quite recently Conradie et al.10 have used
density functional calculations with several different functionals
to determine both the relative energies of the frontier orbitals
and the optimized structures of 1 and 2. However, these
authors did not report, for either the X-ray structure2 of 2 or for
its optimized structure, any calculated electric field gradients or
s-electron densities at the iron(II) nucleus, two quantities that
can be experimentally determined by Mössbauer spectroscopy.
Herein we report the 4.2 to 295 K temperature dependence

of the Mössbauer spectra of [Fe(LN4)2](BF4)2, 2 and use
density functional calculations on both [Fe(LN4)2](BF4)2, 2,
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and [Mn(LN4)2](ClO4)2, 1, to better understand their
electronic properties through the calculation of the electric
field gradients and s-electron densities at the metal nuclei of the
iron(II) and manganese(II) cations in these two eight-
coordinate complexes.

■ EXPERIMENTAL METHODS
The syntheses of [Mn(LN4)2](ClO4)2, 1, and [Fe(LN4)2](BF4)2, 2,
have been reported1,2 earlier; the same sample of 2 as was studied
earlier has been used for the Mössbauer spectral studies reported
herein.
The iron-57 transmission Mössbauer spectra have been obtained on

a polycrystalline sample of 2 dispersed in boron nitride by using a
conventional constant acceleration Mössbauer spectrometer that was
equipped with a rhodium based cobalt-57 source and was calibrated at
295 K with an iron-57 enriched α-iron foil. The isomer shifts are
reported relative to α-iron as δFe; the corresponding values are given
relative to sodium nitroprusside, SNP, as δSNP by adding 0.2649(8)
mm/s to δFe. The temperature of the sample in a conventional
Mössbauer spectral cryostat was controlled with a Lake Shore 332
temperature controller and is accurate to at least 1% of the reported
temperatures.
The Mössbauer spectra have been fitted with two Lorentzian

doublets that exhibit texture as a result of preferential orientation of
the crystallites in the absorber. The texture was treated phenomeno-
logically as the ratio of the area of the low-velocity line to that of the
high-velocity line. Statistical fitting errors for the adjusted parameters
are given in parentheses throughout the paper. The actual errors are at
least two to three times as large.

■ COMPUTATIONAL METHODS
Nonrelativistic density functional calculations using the Gaussian09
quantum chemical program11 have been carried out with the B3LYP
functional. Earlier reports12−14 have indicated that the B3LYP
functional is the most reliable for the study of iron(II) complexes.
However, a recent paper10 has reported that the PW91 and BP86
functionals, as well as the B3LYP functional, all provide reasonably
good optimized structures for 1 and 2 but that PW91 is best for
determining the energy levels. Because of the need to calculate the s-
electron density at the iron(II) nucleus, the full 6-311++G(d,p) basis
set provided in Gaussian09 has been used for all atoms and ions in the
two complexes. It should be noted that a pseudopotential cannot be
used for the iron core electrons in any calculation of the s-electron
density at the iron-57 nuclide because the 1s and 2s electrons have a
large electron density at the iron-57 nuclide.
Single point electronic energy computations, based on the single

crystal X-ray structures, were followed by Gaussian09 structural
optimizations. All computations have been constrained to the sextet
state for 1 and quintet state for 2. The natural orbital populations have
been calculated by using the method of Carpenter and Weinhold,15

and the tensor representation of the electric field gradient has been
calculated by the method of Barone.16 In order to calculate the
Mössbauer-effect isomer shift17 for 2, single point and optimized
computations with the full 6-311++G(d,p) basis set using the
Gaussian09 cubegen full-density option to calculate the core electron
density at the manganese and iron nuclei in 1 and 2.

■ RESULTS AND DISCUSSION

Mössbauer Spectral Results. The Mössbauer spectra of
[Fe(LN4)2](BF4)2, 2, have been measured at 4.2, 100, 200, and
295 K and the 4.2 and 200 K spectra18 are shown in Figure 1;
the spectra measured at 100 and 295 K are very similar and all
the spectra are shown in Figure S1 in the Supporting
Information.

The Mössbauer spectra have been fit with two quadrupole
doublets, one for the major high-spin iron(II) component in 2
and one for a minor component, an impurity phase most likely
arising from traces of iron(III). The resulting fit parameters for
the major iron(II) phase are given in Table 1; the parameters
for both phases are given in Table S1. Because the spectra
clearly show the presence of texture in the absorber resulting
from preferential crystallite orientation, the spectra have been
fit with a texture parameter that applies to both phases and
represents the ratio of the area of the low-velocity line to that of
the high-velocity line. Thus, the spectra have been fit with a
total of 10 parameters, 2 each for the isomer shift, δ, the
quadrupole splitting, ΔEQ, the line width, Γ, and one each for
the texture parameter, the total spectral absorption area, the
relative component area, and the baseline. It should be noted
that in all the spectra, the preferential crystallite orientation is
rather small and corresponds to a ∼0.95(1) area ratio between
the two components of the major quadrupole doublet observed
for 2.
The isomer shifts, relative to α-iron, observed19,20 for six-

coordinate nitrogen-bonded-iron(II) complexes typically range
from 1.00 to 1.10 mm/s at 295 K and from 1.14 to 1.20 mm/s
at 4.2 K. Hence, it is apparent in Table 1 that the increase to
eight-coordinate iron(II) in [Fe(LN4)2](BF4)2, 2, leads, as
expected, to somewhat higher isomer shifts, namely, 1.117(4)
mm/s at 293 K and 1.260(1) mm/s at 4.2 K. Further, as is
shown at the top of Figure 2 the temperature dependence of
the isomer shift is normal and may be fit with the Debye
model21,22 for the second-order Doppler shift with a character-

Scheme 1. Structure of the Dication in [Fe(LN4)2](BF4)2, 2

Figure 1. Mössbauer spectra of [Fe(LN4)2](BF4)2, 2, measured at 4.2
and 200 K.
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istic Mössbauer temperature, ΘM, of 319(27) K, a value that is
typical of high-spin iron(II) complexes.
The temperature dependence of the quadrupole splitting,

ΔEQ, in [Fe(LN4)2](BF4)2, 2, is shown in the center of Figure 2.
At all temperature ΔEQ is found to be rather large with a
magnitude ranging from 3.854(1) mm/s at 4.2 K to 3.62(1)
mm/s at 295 K.
For a high-spin iron(II) complex, there are two contributions

to the electric field gradient at the iron-57 nucleus, the valence
contribution and the lattice contribution. The former
contribution may be substantial if the reduced symmetry at
the iron(II) nuclide substantially removes the degeneracy of the
t2g and eg orbitals and leads to very different populations of
these orbitals, a population that may be very temperature
dependent. The latter contribution, in the absence of significant
structural changes upon cooling, typically shows at most small
changes with temperature.
Gütlich et al.23 have reported that a good estimate of the

valence contribution, (ΔEQ)val, to the quadrupole splitting is
obtained with a conversion factor of 4.5 mm/s per (4/7)e⟨ r−3⟩
obtained from ⟨r−3⟩ = 5a0

−3, where a0 is the Bohr radius, and

the iron-57 nuclear quadrupole moment, Q, is taken to be 0.16
× 10−28 m2. Hence, the 6th electron of the iron(II) cation in 2,
an electron which is located10 in the dxy orbital, will contribute
an estimated valence contribution of +4.5 mm/s to the
quadrupole splitting. The observed quadrupole splittings of 2
range between 3.854(1) at 4.2 and 3.62(1) mm/s at 295 K.
Thus, it appears that the lattice contribution to the quadrupole
splitting is negative between 4.2 and 295 K and varies between
−0.6 and −0.88 mm/s. This conclusion will be discussed again
below in view of the computational results. No viable fit of the
temperature dependence of ΔEQ with the Ingalls24 model could
be obtained, perhaps because a small structural change may
occur between 100 and 200 K and yield the decrease of 0.14
mm/s in quadrupole splitting between 100 and 200 K.
For [Fe(LN4)2](BF4)2, 2, both the s-electron density at the

iron-57 nuclide and the corresponding isomer shift, as well as
the electric field gradient at the iron(II) ion, will be discussed
below in terms of the density functional calculations.
The temperature dependence of the logarithm of the

Mössbauer spectral absorption area is shown at the bottom
of Figure 2. Its behavior is normal and may be fit with the
Debye model21,22 with a Debye temperature, ΘD, of 131(6) K,
again a value that is rather typical of high-spin iron(II)
complexes. It should be noted that this ΘD is smaller than the
ΘM of 319(27) K obtained from the temperature dependence
of the isomer shift. However, it is well-known21,22 that ΘM is
typically 2 to 3 times larger than ΘD because these two
temperatures sample different vibrational properties of a lattice.
Specifically, the isomer shift depends on ⟨v2⟩, the mean-square
vibrational velocity of the iron-57 nuclide and, the absorption
area depends on ⟨x2⟩, the mean-square atomic displacement of
the iron-57 nuclide; there is no relationship independent model
connecting these two mean-square values.22 Measurements on
structurally related six-coordinate molecular iron(II) com-
plexes21 indicate that ΘM is often twice the ΘD value and
may be as much as 4 times larger for some high-spin iron(II)
salts. It should be noted that this difference is even more
pronounced for low-spin iron(II) complexes21 because the
isomer shift depends on ⟨v2⟩, a velocity that is mainly
determined by molecular vibrations between 400 and 800
cm−1, whereas the spectral absorption area depends on ⟨x2⟩, a
displacement that is mainly determined by the lattice vibrations
found below 250 cm−1. Thus, the increase by a factor of ∼2.4 in
going from ΘD to ΘM in [Fe(LN4)2](BF4)2, 2, is characteristic
of high-spin iron(II) complexes.

Density Functional Calculations. A summary of the
results of the nonrelativistic density functional calculations
carried out with the B3LYP functional and the 311++G(d,p)
basis set for both the [Mn(LN4)2]

2+ dication in 1 and
[Mn(LN4)2](ClO4)2, 1, and both the [Fe(LN4)2]

2+ dication in
2 and [Fe(LN4)2](BF4)2, 2, are summarized in Tables 2−4 for
the single-point calculations based on the X-ray structure of

Table 1. Observed Mössbauer Spectral Parametersa of the Iron(II) in [Fe(LN4)2](BF4)2, 2

T, K δFe, mm/s
b δSNP, mm/s

c ΔEQ, mm/s Γ, mm/s textured area, % area, (% ε) (mm/s)

295 1.117(4) 1.382(5) 3.62(1) 0.26(1) 0.90(3) 84(3) 0.97(4)
200 1.184(2) 1.449(3) 3.673(4) 0.272(6) 0.94(2) 93(2) 2.06(4)
100 1.234(4) 1.499(5) 3.81(1) 0.28(2) 0.90(3) 95(2) 5.22(1)
4.2 1.260(1) 1.525(2) 3.854(1) 0.291(2) 0.95(1) 97.6(4) 7.16(4)

aStatistical fitting errors are given in parentheses. The actual errors are at least 2−3 times as large. bThe observed isomer shifts, δFe, are reported
relative to α-iron foil measured at 295 K. cThe equivalent isomer shifts, δSNP, are also given relative to sodium nitroprusside, SNP, by adding
0.2649(8) mm/s to δFe

dThe area ratio of the left component of the quadrupole doublet to that of its right component.

Figure 2. Temperature dependence of the Mössbauer spectral
parameters obtained for [Fe(LN4)2](BF4)2, 2. The upper and lower
solid lines are fits with the Debye model for a solid. The errors are
approximately the size of the data points in the upper and lower plots.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01121
Inorg. Chem. 2015, 54, 8415−8422

8417

http://dx.doi.org/10.1021/acs.inorgchem.5b01121


each moiety. Further, the results for the optimized structures of
the [Mn(LN4)2]

2+ dication in 1 and the [Fe(LN4)2]
2+ dication in

2 are given in Tables 2−4 and Tables S2 and S3. It should be
noted that the [Fe(LN4)2]

2+ dication in 2 contains 77 atoms or
ions and a total of 334 electrons, whereas [Fe(LN4)2](BF4)2, 2,
contains 87 atoms or ions with 416 electrons. As a consequence
of these counts and the extended basis set used, the single point
and the optimized calculations on the [Fe(LN4)2]

2+ dication
required 65 and 420 h, respectively, to reach convergence on a
numerically intensive computer using six parallel processors.
All of the density functional calculations ignored the

solvation molecules present in the X-ray structures of 1 and

2. Even in the absence of these solvation molecules the actual
point group symmetry of the [Mn(LN4)2]

2+ and [Fe(LN4)2]
2+

dications is C1, mainly because of the substantial nonplanarity
of both of the LN4 ligands. This nonplanarity probably results
from the presence of the two anions and the solvation
molecules present, a presence that is, of course, reflected in the
X-ray structure used in the single point calculations. In contrast,
after optimization of the structure of the [Fe(LN4)2]

2+ dication,
its symmetry is essentially S4; the only deviation from S4
symmetry arises from a very small, just detectable, “cup-like”
nonplanarity of both ligands. Further, upon optimization the
four different Fe−Nimid bond distances in the [Fe(LN4)2]

2+

structure in 2 increase from an average bond distance of
2.253(2) Å to four equivalent 2.301(2) Å bond distances, an
increase of +0.048(4) Å or 2.1% and the four different Fe−
Nimine bonds increase from an average of 2.432(2) Å to four
equivalent 2.487(2) Å bond distances, an increase of +0.055(4)
Å or 2.3%, see Table S3. For comparison, after optimization of
the structure of the [Mn(LN4)2]

2+ dication, its symmetry is
extremely close to D2d with no visual deviation from this
symmetry. Upon optimization, the four different Mn−Nimid

bond distances in the [Mn(LN4)2]
2+ structure in 1 increase

from an average bond distance of 2.316(3) Å to four equivalent
2.350(3) Å bond distances, an increase of +0.034(6) Å or 1.5%
and the four different Mn−Nimine bonds increase from an
average of 2.486(3) Å to four equivalent 2.565(3) Å bond
distances, an increase of +0.079(6) Å or 3.2%. The iron(II) to

Table 2. Calculated Natural Charges and Electronic Configurations

complex structure S electron spin Mn(II) or Fe(II) charge electronic configurationa

[Mn(LN4)2]
2+ X-rayb 5/2 α −1.81(3) [Arα]4s0.133d4.854p0.254d0.08

β 2.59(3) [Arβ]4s0.123d0.494p0.244d0.06

sum 0.78(3) [Ar]4s0.253d5.344p0.494d0.14

optimized 5/2 α −1.77(3) [Arα]4s0.133d4.844p0.224d0.07

β 2.68(3) [Arβ]4s0.123d0.444p0.224d0.05

sum 0.91(3) [Ar]4s0.253d5.284p0.444d0.12

[Mn(LN4)2](ClO4)2, 1 X-rayb 5/2 β −1.81(3) [Arα]4s0.133d4.854p0.254d0.08

β 2.59(3) [Arβ]4s0.123d0.494p0.244d0.06

sum 0.78(3) [Ar]4s0.253d5.344p0.484d0.14

[Fe(LN4)2]
2+ X-rayc 2 α −1.32(3) [Arα]4s0.133d4.874p0.264d0.055p0.00

β 2.11(3) [Arβ]4s0.133d1.464p0.264d0.045p0.00

sum 0.79(3) [Ar]4s0.263d6.334p0.514d0.085p0.01

optimized 2 α −1.30(3) [Arα]4s0.133d4.884p0.234d0.045p0.00

β 2.18(3) [Arβ]4s0.133d1.414p0.234d0.035p0.00

sum 0.89(3) [Ar]4s0.263d6.294p0.464d0.085p0.02

[Fe(LN4)2](BF4)2, 2 X-rayc 2 α −1.32(3) [Arα]4s0.143d4.874p0.264d0.05

β 2.120(3) [Arβ]4s0.133d1.454p0.264d0.04

sum 0.80(3) [Ar]4s0.273d6.334p0.524d0.08

a[Arα] corresponds to the nine spin-up α-electrons and [Arβ] corresponds to the nine spin-down β-electrons. bStructure measured at 293(2) K
obtained from ref 1. cStructure measured at 293(2) K obtained from ref 2.

Table 3. Calculated Total Energiesa

complex structure energy, Ha energy, eV energy, kJ/mol

[Mn(LN4)2]
2+ X-rayb −3046.255(3) −82 892.8(1) −7 997 948(8)

optimized −3046.843(3) −82 908.9(1) −7 999 494(8)
[Mn(LN4)2](ClO4)2, 1 X-rayb −4568.095(3) −124 304.2(1) −11 993 542(8)
[Fe(LN4)2]

2+ X-rayc −3158.942(3) −85 959.2(1) −8 293 809(8)
optimized −3159.526(3) −85 975.1(1) −8 295 343(8)

[Fe(LN4)2](BF4)2, 2 X-rayc −4008.4730(3) −109 076.2(1) −10 524 254(8)
aThe calculated energies in Hartrees, Ha, have been converted to eV and kJ/mol with a conversion factor of 27.2114 eV/Ha and 2625.5 (kJ/mol)/
Ha, respectively. bStructure measured at 293(2) K obtained from ref 1. cStructure measured at 293(2) K obtained from ref 2.

Table 4. Calculated HOMO−LUMO Gap Energiesa

complex structure

HOMO−
LUMO gap
(α-spins), eV

HOMO−
LUMO gap
(β-spins), eV

[Mn(LN4)2]
+2 X-rayb 3.29(16) 3.40(16)

optimized 3.32(16) 3.21(16)
[Mn(LN4)2](ClO4)2, 1 X-rayb 1.31(16) 0.22(16)
[Fe(LN4)2]

+2 X-rayc 3.46(16) 2.50(16)
optimized 3.32(16) 2.67(16)

[Fe(LN4)2](BF4)2, 2 X-rayc 2.53(16) 2.23(16)
aThe calculated energies in Hartrees, Ha, have been converted to eV
with a conversion factor of 27.2114 eV/Ha. bStructure measured at
293(2) K obtained from ref 1. cStructure measured at 293(2) K
obtained from ref 2.
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coordinated nitrogen bond distances are all smaller than the
analogous bond distances in the manganese(II) complex
because of the smaller divalent radius of the iron(II) ion.
The increases in the bond distances upon optimization result

from the removal of the “so-called” lattice pressure in
calculations that involve only an isolated [Mn(LN4)2]

2+ or
[Fe(LN4)2]

2+ cation. The resulting optimized bond distances
are the same within computational error as those obtained10

earlier with the B3LYP functional and the TZP, polarized triple-
ζ Slater-type orbital basis set.
In Table 2 it is apparent that the calculated natural charges

and electronic configurations15 of both the dication and the full
complex of both 1 and 2 are, as expected, very similar. This
indicates that the presence of the two anions in the complexes
has relatively little effect upon the electronic properties of the
eight-coordinate metal(II) cations. In the electronic config-
urations given in this table, [Arα] corresponds to the nine spin-
up α-electrons and [Arβ] corresponds to the nine spin-down β-
electrons.
Density Functional Calculation of the Electric Field

Gradient. The electric field gradient in atomic units calculated
by Gaussian 09 at the manganese(II) dication, [Mn(LN4)2]

2+,
found in 1, and the iron(II) dication, [Fe(LN4)2]

2+, found in 2,
are given in Table 5. From these results it is clear that the
inclusion of the two anions decreases by ∼0.02 au, the absolute
value of the electric field gradient. In the case of the iron(II)
cation, this decrease corresponds to a decrease of 0.03 mm/s in
eQVzz/2 and ΔEQ, a decrease that is ∼6 times the numerical
accuracy of the calculation or 3 times the experimental
accuracy. Thus, this small decrease will not be discussed any
further herein, but rather the discussion will concentrate on
[Mn(LN4)2]

2+ and [Fe(LN4)2]
2+.

Because the manganese(II) cation has a half-filled set of 3d-
orbitals, the only contribution to the electric field gradient of
+0.114(3) au is a lattice contribution. In contrast, because the
iron(II) cation has one additional electron in the dxy orbital,

10

there are two contributions to the calculated electric field
gradient of −2.267(3) au, a lattice and a valence contribution. If
the lattice contribution is assumed to be similar to that
calculated in [Mn(LN4)2]

2+, then we can conclude that the two
contributions are opposite in sign, as is usually observed24 and
as was indicated above. Because the electron charge is negative,
the sign of the calculated electric field gradient has to be
changed to obtain eQVzz/2 and then the quadrupole splitting,
ΔEQ. Thus, the calculated quadrupole splittings in [Fe(LN4)2]

2+

and 2 are positive in agreement with the positive maximum
valence contribution23 of ∼+ 4.5 mm/s for one electron in the
dxy orbital.

10 Further, the calculated values of the quadrupole

splitting are in good agreement with the observed values at 4.2
and 295 K, see Table 5.
Upon optimization of the structure of the manganese(II)

cation in compound 1, the parameter η is calculated to be zero,
as is expected for the D2d, or essentially S4, optimized geometry.
Because of the change in sign in going from Vzz to eQVzz/2, the
“lattice” contribution increases from −0.114 to +0.202 au, i.e.,
an increase of 0.316 au upon optimization. If this “lattice”
contribution to eQVzz/2 is assumed to be similar in the iron(II)
cation of compound 2, an increase of 0.511 mm/s is expected
upon optimization, whereas an increase of 0.210 mm/s is
calculated and an increase of 0.234 mm/s is observed between
295 and 4.2 K, see Table 5. This increase may be understood as
an increase in the negative lattice contribution as a result of a
decrease in the “so-called” lattice pressure in a calculation that
involves only an isolated cation. In other words a less negative
lattice contribution is added to the positive valence
contribution and a resulting more positive total quadrupole
splitting is calculated. As would be expected for the optimized
S4 symmetry of the structure of the dication in 2, its asymmetry
parameter, η, is 0.00009, a value that is zero within the accuracy
of its computation given as 0.000(5) found in Table 5.
In conclusion, the density functional calculation reproduces

rather well the observed Mössbauer-effect quadrupole splitting
and indicates that, although the value is somewhat larger than is
often observed in high-spin iron(II) complexes, it is fully
consistent with the expected electronic environment of the
eight-coordinate complex.

Density Functional Calculation of the s-Electron
Probability Density. The Mössbauer spectral isomer shift
yields a measure of the s-electron probability density at the
iron-57 nuclide relative to that found in α-iron, the typical
reference material for the iron-57 isomer shift. This s-electron
probability density is influenced both by the ns-orbital
populations and by the shielding of this probability density
by the 3d electrons found between the nuclide and its 3s and 4s
electrons.
The isomer shifts of high-spin iron(II) complexes are in the

range of ∼0.7−1.2 mm/s, values that are sensitive to both
temperature and the coordination number of the iron(II) ion;
in general, the higher the coordination number the higher the
isomer shift and, thus the lower the ns-electron probability
density at the iron-57 nuclide.
Because it is very difficult to carry out Gaussian09 density

functional calculations on an extended array solid such as α-
iron, herein the ns-electron density is related to that of sodium
nitroprusside, SNP, an alternative standard reference material
for the iron-57 isomer shift and a molecule for which density

Table 5. Calculated and Observed Electric Field Gradients at the Divalent Metal Cations

calcd observed

complex structure Vzz, a.u.
a eQVzz/2, mm/sb η ΔEQ, mm/s ΔEQ, mm/s T, K

[Mn(LN4)2]
2+ X-rayc 0.114(3) 0.848(1)

optimized −0.202(3) 0.000(1)
[Mn(LN4)2](ClO4)2, 1 X-rayc 0.095(3) 0.617(1)
[Fe(LN4)2]

2+ X-rayd −2.267(3) 3.666(5) 0.148(1) 3.679(5)
optimized −2.397(3) 3.876(5) 0.000(5) 3.876(5)

[Fe(LN4)2](BF4)2, 2 X-rayd −2.245(3) 3.630(5) 0.144(1) 3.643(5) 3.62(1) 295(2)
3.854(1) 4.2

a1 au is 9.717 × 1021 V/m2 and corresponds to (eQVzz)/2 of 1.617(100) mm/s if the nuclear quadrupole moment is 0.16(1) × 10−28 m2. bThe
numerical accuracy is determined by the numerical accuracy of 3 × 10−3 Ha. If the error in the value of the nuclear quadrupole moment is included
the error would be ±0.20 mm/s. cStructure measured at 293(2) K obtained from ref 1. dStructure measured at 293(2) K obtained from ref 2.
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functional calculation may be carried out by using exactly the
same functional and basis set as has been used for the
calculations of a given complex, in this case [Fe(LN4)2](BF4)2,
2.
The electron probability density, ρ(0), at the iron-57 nucleus

in 2 and, for comparison, at the manganese nucleus in 1, has
been calculated from the Gaussian09 calculated electron
probability density; the results are given in Table 6. A
pseudopotential cannot be used to calculate ρ(0) and, as a
consequence, the ρ(0) values reported in this table and Figure
3 have been calculated by using the 6-311++G(d,p) basis set for

all the atoms as well as the iron(II) and manganese(II) ions in
1 and 2. In both cases the single crystal X-ray structures were
used for an initial single point calculation and the starting point
for the optimized structure of the dication in 2. As is shown in
Table S3, all the divalent metal to nitrogen distances increase
upon optimization and, thus, the decrease in s-electron density
at the nucleus, ρ(0), upon optimization is quite normal and
expected. Further, the change in ρ(0) in going from 1 to 2 is in
the direction expected for the electronic changes, i.e., the ionic
radii, the electronegativities, the screening by the 3d-electrons,
and the electron affinities, in going from Mn(II) to Fe(II).

The correlation between the 295 K observed isomer shift,
relative to sodium nitroprusside, in [Fe(LN4)2](BF4)2, 2, and
the calculated ρ(0) values for a series of related iron
complexes25−27 is shown in Figure 3 in which it is clear that
two clusters of points are observed. The first cluster with the
high isomer shifts and low ρ(0) values corresponds to the high-
spin iron(II) complexes and the second cluster with lower
isomer shifts and higher ρ(0) values corresponds to the low-
spin iron(II) complexes. The solid line,

δ ρ= − −0.334(9)[ (0) 11618.0896]SNP (1)

in Figure 3, where δSNP is in mm/s and ρ(0) is in a0
−3, is the

result of a linear least-squares fit that is anchored to the defined
zero isomer shift of sodium nitroprusside with ρ(0) =
11618.0896 a0

−3, a value that is calculated for the 295 K X-
ray structure of sodium nitroprusside28 and, in this treatment, is
considered an exact number. The residual r2 value for this fit is
0.97. The identity of the remaining points in Figure 3 may be
found in earlier papers.25,26 The above equation is slightly
different from that reported earlier26 because it uses as an
anchor of the linear fit the ρ(0) of sodium nitroprusside. The
±0.03 mm/s accuracy of the calculated isomer shifts given in
Table 6 is the result of the ±0.009 a0

3(mm/s) accuracy of the
−0.334(9) a0

3(mm/s) proportionality constant and not the
computational accuracy of ρ(0), which is estimated to be
±0.005 a0

−3.
For the past 10 years, many studies12−16,29−35 have

concentrated on the so-called calibration of the density
functional calculations for the prediction of the iron-57 isomer
shift in various compounds. Figure 3 is an example of such a
calibration and the calibration constant is −0.334(9) a03(mm/
s). The good linear correlation observed in Figure 3 was also
reported12−16,29−36 in many of the earlier studies with various
functionals and basis sets but the exact value of the calibration
constant was found to depend on the choice of the functional
and the basis set. For relativistic and nonrelativistic density
functional calculations, the calibration constants vary30−36 from
−0.260 to −0.431 a0

3(mm/s).
However, an alternate, rather different, approach has been

reported37 by Ladrier̀e et al. A radioactive nuclide with an
excess of positive nuclear charge may undergo K-electron
capture decay in order to reduce its charge while maintaining
essentially the same nuclide mass.38 Indeed, the radioactive
iron-52 nuclide undergoes a transition to manganese-52 by
electron capture with a half-life of 8.3 h and a decay constant
that is proportional to the s-electron density present at the
surface of the nuclide. By studying several different iron
containing compounds made with radioactive iron-52 and
comparing their electron capture decay rates with the iron-57
Mössbauer-effect derived isomer shifts, these authors obtained a

Table 6. Calculated s-Electron Density at the Manganese and Iron Nuclidesa

complex structure ρ(0), a0
−3 δSNP, mm/s calculated δSNP, mm/s observed at 295 K δSNP, mm/s observed at 4.2 K

[Mn(LN4)2]
2+ X-rayb 10 314.692(5)

optimized 10 314.623(5)
[Mn(LN4)2](ClO4)2, 1 X-rayb 10 314.688(5)
[Fe(LN4)2]

2+ X-rayc 11 614.210(5) 1.30(3)
optimized 11 614.052(5) 1.35(3)

[Fe(LN4)2](BF4)2, 2 X-rayc 11 614.225(5) 1.29(3) 1.382(5) 1.525(2)
aAll the ρ(0) values were obtained by using the 6-311++G(d,p) basis set for all the structural constituents including the iron(II) and manganese(II)
cations. bStructure measured at 293(2) K obtained from ref 1. cStructure measured at 293(2) K obtained from ref 2.

Figure 3. Dependence of the iron-57 isomer shift upon the electron
density at the nucleus. The black point corresponds to the high-spin
iron(II) in [Fe(LN4)2](BF4)2, 2, and the blue points correspond to
results for Fe(CO)5 and Fe3(CO)12. The linear fit is anchored to the
value obtained for sodium nitroprusside, SNP. The compounds
corresponding to the red, green, and blue points are given in refs
25−27.
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proportionality constant between the isomer shift and s-
electron density of −0.31(4) a03(mm/s).37

Recent relativistic calculations yield35 a calibration constant
of −0.294 a03(mm/s), a value that is closer to the experimental
value than the earlier nonrelativistic calculations. If the
experimental calibration constant37 of −0.31(4) a0

3(mm/s) is
taken as the most valid value, then the calibration constant of
−0.294 a0

3(mm/s) obtained from relativistic calculations and
the calibration constant of −0.334(9) a0

3(mm/s) obtained
herein from nonrelativistic calculations bracket the experimen-
tal value of −0.31(4) a0

3(mm/s) and reside within the rather
large uncertainty of this value. Hence, on the basis of these
three values, we believe it is not possible, at least for this
iron(II) complex, to give a preference to either relativistic or
nonrelativistic calculations.

■ CONCLUSIONS
The iron-57 Mössbauer spectral properties of the eight-
coordinate complex, [Fe(LN4)2](BF4)2, 2, measured between
4.2 and 295 K are fully consistent with its eight-coordinate
structure. As expected the observed isomer shift is somewhat
higher than observed for six-coordinate iron(II) complexes but
is essentially what one would expect with the increasing
coordination number for four, five, and six coordinate
complexes with bonding to the nitrogen Lewis-base donor
atoms. The temperature dependence of the isomer shift yields a
Mössbauer temperature, ΘM, of 319(27) K. Further, the large
quadrupole splitting reflects the very different iron(II) to
nitrogen average bond distance of 2.253(2) Å to the imidazole
nitrogen donors as compared with the average bond distance of
2.432(2) Å to the benzenediimine nitrogen donors, a difference
that yields a large electric field gradient at the iron nucleus and
the large quadrupole splitting of 3.854(2) mm/s at 4.2 K.
Density functional calculations with the B3LYP functional

and the 6-311++G(d,p) basis set are successful in yielding both
an electric field gradient that is in excellent agreement with the
observed quadrupole splitting and an s-electron probability
density at the iron-57 nuclide that is in good agreement with
the observed isomer shift. The analogous calculation of the
electric field gradient at the manganese nuclide in [Mn(LN4)2]-
(ClO4)2, 1, leads to a small electric field gradient as would be
expected in the absence of any valence contribution to the
gradient. Upon structural optimization, the coordination
environments of both [Mn(LN4)2]

2+ and [Fe(LN4)2]
2+ become

more symmetric and the bond distances of the divalent cation
to the coordinated nitrogen donors increase.
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