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CHAPTER I

INTRODUCnON

1.1

THE MÖSSBAUER EFFECT

Mössbauer spectroscopy is based on the resonant absorption of y-radiation by a
nucleus, which thereby goes from the nuclear ground state to an excited state.
Before the chemical applications of Mössbauer spectroscopy will be discussed, a
short introduction into the physical aspects will be given.
Consider a nucleus that undergoes a transition between an excited nuclear state with
energy Eo and the ground state. According to the conservation laws of momentum
and energy the energy of the photon involved in the transition is given by

where M is the mass of the free nucleus and с is the velocity of light; the plus
sign refers to absorption, the minus sign to emission. The second term in this
equation describes the kinetic energy taken up by the nucleus, the so-called recoil
energy. In nuclear transitions the recoil energy is much larger than the linewidth
and, therefore, radiation emitted by one nucleus cannot be absorbed by another one.
The energy width of the excited level, which is equal to the uncertainty of the
photon energy, is given by Г, = -^ T¡ being the mean life time of the level. For
example, the first excited state of 57Fe with energy Eo = 14.4 keV has a life time
τ-, = 1.4 χ 10~7 sec, corresponding to Гі = 4.6 χ IO -9 eV, whereas the recoil
energy is equal to about 2 χ IO"3 eV.
Mössbauer1 discovered that, when the nucleus is bound in a solid, part of the
nuclear transitions occurs without recoil, so that the emitted photons have energy
E,,. In this way photons, recoil-lessly emitted during de-excitation, can be absorbed
without recoil by other nuclei of the same isotope. For a nucleus in a harmonic
potential the fraaion of recoil-less transitions is given by 2
2

2

f' = exp (— ко < χ > )

(1.2)
1

E,
where ko = — and <C χ 2 > is the average of the squared vibration amplitude of
~f>c

the nucleus parallel to the direction of the emitted photon, f' is known as the
Mòssbauer fraction. A sufficiently large f' is expected for small £<> and for small
< x 2 > , which generally requires a rigid lattice structure and/or low temperature.
In practice the required j'-radiation can be obtained if another isotope exists that
via radioactive decay produces Mòssbauer nuclei in the first excited state. The
decay schemes of 57 Co and 119Sn, which were used as a source in this work, are
shown in figure 1.1. In a Mòssbauer experiment the y-radiation emitted by the
source passes through a sample onto a detector, and the transmittance is measured
as a function of energy. Mòssbauer 1 varied the energy by moving the source with
a velocity "v with respect to the absorber; because of the Doppler effect the energy
of the radiation incident on the absorber is then given by
E(v) = (1 +'-^-!) E0B™r™

(1.3)

Usually source velocities up to some millimeters per second are needed. For
example the observed linewidth in the case of 57Fe is equal to the sum of
2Г
emission and absorption linewidth and corresponds to Δ ν = т г ^ ' c ö ä O-^O π 1 1 1 1 /
Eo
sec.
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The importance of the Mossbauer effect for chemistry lies in the dependence of
E,, on the chemical environment of the nucleus. Since these variations are of the
-7
order of IO eV they can be observed by means of the Doppler shift, as described
above. The energy difference E,, depends on the electrostatic interaction between
the nuclear charge and the electron density at the nucleus; states having I > J/^
can be split up by the interaction of the nuclear quadrupole moment and an
electric field gradient.
In Mossbauer spectroscopy the emission spectrum of the source is compared with
the absorption spectrum of the sample and only relative energy differences are
relevant. The chemical environment of the Mossbauer nucleus in the source is
chosen so that a narrow single-line emission spectrum is obtained. Then the observed
absorption spectra of 5 7 F e and 1 1 9 Sn compounds, in principle, consist of two
lines. The position of the center determines the isomer shift (IS) and reflects the
electron density at the nucleus, while the separation of the lines is called the qua
drupole splitting (QS) and indicates the deviation from a spherically symmetric
charge density around the nucleus.

1.2

SCOPE OF THE PRESENT STUDY

This investigation intends to contribute to a better understanding of the Mossbauer
parameters IS and QS. Though Mossbauer spectra of numerous iron and tin compounds have been reported, the explanations for the observed parameters vary
widely and mostly emphasize rather different contributions (as, for example, the
influence of ionic charges 3 , expansion of Т 2 Й orbitals 4 , back-donation 5 , covalency
of T 2 B orbitals e , contributions from inner shells 7 , and so on). One should expect
relationships between IS and QS on one hand, and spin state, symmetry, coordina
tion number and covalency on the other hand. W e will try to show that in com
plexes the most relevant contributions to IS and QS can be described in terms of
atomic orbital (АО) populations.
It seems advantageous to study high spin ferrous compounds, which have
a characteristically large IS and a large spread of QS values, so that these para
meters might be sensitive to chemical changes. W e have chosen to study neutral
complexes forming molecular crystals in the solid state, since for these compounds
the Mossbauer interactions can be expected to depend mainly on the local environ
ment of the Mossbauer nucleus. It is known for instance, that counterions influence
the QS in an unpredictable way 8 . In an ionic lattice interactions between ions can
not be neglected, this in contrast with the weak intermolecular forces in molecular
crystals. More specifically, iron complexes were investigated in which the iron is
bound to two univalent bidentate ligands L and to two neutral monodentate ligands
M. The bidentate ligands L form bonds through two O, one N and one O, or two
S atoms (ligands forming only Fe-N bonds generally result in low spin complexes).
Many of the high spin ferrous complexes investigated are reported here for the
first time. Undoubtedly this is partly due to their high oxidation sensitivity which
requires special experimental techniques. Since iron has a strong tendency for six-

3

coordination, it is sometimes difficult to prepare these complexes reproducibly
because of polymerization and solvation effects. As high spin ferrous compounds
have characteristic Mössbauer and electronic spectra, both these spectroscopic
methods are useful for investigating these complexes in the solid state. For instance,
in a Mössbauer spectrum the presence of oxidation products and other species
containing iron is revealed clearly, and impurities not containing iron do not affect
the spectra. Most other techniques such as magnetic resonance, magnetic susceptibility measurements and crystallography require high purity, single crystals, or
other properties that prevent their use for characterization of these ferrous complexes. Therefore experimental data for this class of compounds are scarce and no
crystal structures are known. Though Mössbauer and electronic spectra do give
insight in the nature of the complexes, many problems concerning molecular
structures and chemical properties remain to bei solved.
In chapter II the spectrometer and the preparation procedures of the ferrous
complexes are discussed. In chapter HI the IS and QS are shown to be related to
the АО populations of the central atom. These occupation numbers can be obtained
9
from Extended Hiickel calculations , if the structures of the compounds are known,
or they can be approximated with the help of group theory by a simple LCAO-MO
model. The QS is found from the orbital populations and the corresponding
3
3
< r > values. Factors that might influence < r > are discussed in Appendix
A. In chapter IV the Extended Hiickel method has been applied to the calculation
of the QS of the intermediate spin five-coordinated bis(diethyldithiocarbamato)iron(III)chloride, because for this complex the structure is known. The charac
teristic large QS of this and similar complexes is compared to the QS's of fivecoordinated high spin ferric and ferrous complexes in chapter V. Moreover in this
chapter the change of the QS on dissolving five-coordinated ferric complexes is
discussed. In chapter VI the results of measurements on FeLjMg complexes are
presented and discussed with the help of the LCAO-MO model mentioned above.
High spin ferrous complexes with counterions are reported in chapter VII.
In chapter VIII the results obtained on tin complexes with bidentate ligands are
given; these data are qualitatively in agreement with observations normally made
for tin compounds. The LCAO-MO method used for describing ferrous compounds
turned out to be also very useful for rationalizing the experimental tin data. Since
tin has an electron configuration different from that of iron, and more specifically
has no partially filled d-shell, the use of АО populations in this case gives a clear
insight in the relative importance of the various contributions to IS and QS.

4

CHAPTER II

EXPERIMENTAL SECTION

In this chapter we will describe the experimental methods used to measure the
Mössbauer spectra, and those used in the preparation and handling of the iron
complexes studied.

II. 1 EXPERIMENTAL METHOD AND MÖSSBAUER SPECTROMETER
As was mentioned in the introduction, Mössbauer spectra are recorded by moving
the source with respect to the absorber and measuring the transmission through
the absorber as a function of velocity. The spectrometer used in this research was
of the „constant acceleration" type, where the velocity of the source is changing
linearly and periodically in time. The transmitted intensity is stored in a Multi
Channel Analyzer (MCA), in which the channels are opened synchronously with
the motion of the source. Figure II. 1 presents a schematic drawing of the spectrometer. W e will briefly describe the various parts, going into detail when other
than conventional methods have been used.
One may discern three major parts of the spectrometer: a) the deteaion system
counting in the MCA memory the number of photons transmitted through the
absorber, b) the synchronization between the Doppler velocity of the source and
the MCA channel in which all incoming pulses are counted, and c) the drive
system providing a carefully controlled motion of the source.

a) Detection system
The photons transmitted through the sample are counted with a proportional
counter. The amplitude of each pulse obtained is proportional to the energy of the
corresponding photon. After amplification a Single Channel Analyzer (SCA) selects
the pulses corresponding to the Móssbauer transition and transforms them into
standard pulses that can be counted in the MCA.
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For measurements on iron compounds 57Co diffused in palladium was used as a
source. The average activity was about 10 mCi. Use was made of a Reuter-Stokes
RSG 60 proportional counter (filled with an argon/C0 2 mixture). The MCA is a
1024 channel Nuclear Data 2200 analyzer.

b) Synchronization
The velocity of the source is a periodic function of time and an MCA is used to
store the pulses from the SCA in such a way that each channel corresponds with
a fixed velocity interval. The synchronization is established because the reference
waveform controlling the source velocity and the address advance (AA) signal
controling the MCA are derived from the same primary oscillator. In figure II.l
one can see that the AA signal, advancing the channel number, is obtained from
a 100 kHz oscillator via the frequency dividers A and B. The gating circuits I and
II operate with signals from the ten-bit binary up/down counter ВС. The states
of the latter can be characterized by a digital number running from BC=:0 to
BC=1023. Gating circuit I controls the up/down operation of the counter ВС
via the up/down flip-flop FF, and is wired in such a way that FF changes the
6

up/down operation of ВС when B C = 1 1 2 and B C = 9 1 2 . Gate II enables inter
ruption of the AA signal during a period determined by the gating circuit I,
presently this is the case for BCì?896. Gating circuit I also generates the signal
„start" to initiate the sweep through the channels of the MCA, when B C = 1 2 8 .
Finally the flip-flop FF supplies the square wave signal that is shaped and integrated into the required triangle reference wave form. Frequency divider С is
used to change the relation between the source frequency and the sweep time of
the MCA. The frequency position of С has to correspond to the number of channels
chosen. In table II. 1 the operating frequencies are shown together with the corres
ponding positions of frequency dividers A and С and the number of channels.

number of channeb
position of С
position of A
1
2
4
8
Table II.1

256
1

512
2

1024
4

15.62
7.81

15.62
7.81
3.90

15.62
7.81
3.90
1.95

Operating frequencies of the spectrometer

(Hz).

A specific example may clarify the operation of this synchronization circuit (see
figure II.2). Suppose we want to operate at a frequency of 15.6 Hz with 512
channels per period. Frequency divider A is then in position -=-2. After division
in В this results in a residence-time of 120 /xsec per channel. Frequency divider С
is put in position -=- 2. The ВС then changes state every 40 /¿sec, and the frequency
of the reference wave is (2 χ (912—112) χ 40 /¿sec)"1 = 15.62 Hz. From B C = 1 1 2
on all photons are counted in channel 0, untili the „start" pulse at B C = 1 2 8 (see
figure II.2); the MCA then runs through the channels untili channel 255. Then
the AA pulses are blocked since BC^896. On decreasing ВС numbers from
B C = 8 9 6 down, the second half of the memory is used untili after channel 511 the
MCA stores all counts in channel 0 and waits for the next „start" pulse.
In this system the motion of the source is independent of the MCA, and on record
ing a spectrum the synchronization between velocity and channel number is
established every period again. The MCA can be stopped and read out without
interference with the motion of the source and the synchronization is insensitive to
disturbances from outside. N o photons are counted in the region where the source
acceleration changes sign; this is useful since in these time intervals deviations
from linearity occur.
Before the system described here was used, the triangular reference voltage was
generated directly from reference voltages +Vrpf and —Vmt by means of a digital
to analog converter, described by van der Kraan 1 0 . This generates without inte
gration a very stable triangular signal, consisting of hundreds of small „steps".
7
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However very high precision is required of the converter, and in our apparatus
discontinuities were always observed. An advantage of this method is, that instead
of a triangle a sawtooth mode can be used, so that the counting rate is twice as
high since no mirror spectrum is recorded.
c) Drive system
The heart of each Mossbauer spectrometer is the transducer or motor that moves
the source in a controlable way. The transducer used in our experiments is shown
in figure II 3. It consists of two modified loudspeaker magnets, taken from Philips
9710 speakers The source is mounted on a rod suspended with two leaf springs.
The two coils attached to this rod move in the cylindrical gaps of the magnets 1 1 .
When the rod is moved by putting a current through the „drive coil", a voltage
will be produced across the ,,pick-up coil" proportional to the velocity of the rod
8

This voltage is compared with the triangular reference signal and the difference
between the two is amplified and used to provide the current through the drive
coil. If the amplification is large enough the pick-up signal will be practically
equal to the reference signal.
The sensitivity of the pick-up coil of 25 mV/ lllm / 4 0 ( . For the characterization of
the transducer and the feedback circuit it is also important to know the displace
ment produced by a voltage across the drive coil, which is 0.25 mm/Volt (DC).

Figure II.3. Transducer used tn Mossbauer spectrometer, a source, b magnets, с drive сой,
d pick up coti, e leaf springs.

The total voltage gain in the feedback circuit is 2000. This results in a very small
deviation between pick-up and reference signal. Another cause of alinearity
is the non-rigidity of the rod-coil construction. These deviations from alinearity are
reflected in the spectra of metallic iron, which were used to calibrate the instru
ment. The observed linewidth on the inner lines of the spectrum of an iron foil
of 0.01 mm thickness is 0.25 mm/sec. The long-term stability is very good: the
peak positions are reproducible within 0.02 mm/sec over a period of several
months. An extensive description of the apparatus has been given elsewhere 12 .

II.2

CRYOSTAT

For chemically oriented Mossbauer investigations, whereby many different samples
have to be investigated, it is useful to have a cryostat in which the sample can be
changed without removing the vacuum or warming up the cryostat. Figure II.4
shows the cryostat used*. The sample holder A fits into a brass block В at the
end of a stainless steel pipe С that runs through the liquid nitrogen vessel D. A can
now be removed with a long rod with threaded end. A thermal shield which is
kept at liquid nitrogen temperature surrounds block С Because С is connected to
the nitrogen bath with a stainless steel tube it can be heated with a heater coil
in С without excessive nitrogen loss. The temperature is measured with a thermo-

* designed by Dr J. M Trooster
9

©

Figure 11.4. Cryostat. Λ sample holder, В brass block, С stainless steel tube, D hquid
nitrogen vessel, E sample, Ρ thermal shield, G mylar windows, H vacuum.
couple and regulated with a Philips PR 3500 recorder. Stabilization better than
0.1 0 C could be obtained.
At higher temperatures the air-sensitivity of most complexes investigated increases
strongly and the Mössbauer fraction decreases considerably. Therefore no spectra
were recorded above room temperature. In the last stage of the present investigation
a Smhr 29-105 helium cryostat was available for measurements down to 4 0 K . In
this cryostat the source moves vertically, and the detector is mounted below the
dewar.
ΙΓ.3 PREPARATION METHODS OF AIR-SENSITIVE COMPOUNDS
The Mossbauer spectra of high spin iron (II) complexes prepared in air clearly
indicated that special precautions had to be taken to prevent oxidation. Three
different methods were used to prepare and purify iron (II) complexes and all
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three are based on preparing the compounds in vacuum. This technique was prefered since it prevents oxidation effectively and provides an easy way to dry the
prepared complexes.

><

©

4

φ ®
Figure 11.5. Simple apparatus for the preparation of complexes in vacuum.

1. In the simplest preparation procedure an apparatus was used as depicted in
figure II.5. The iron salt solution is poured into tube A and the ligand solution into
tube B; opening С is sealed. By repeated freezing, pumping and thawing both
solutions are degassed thoroughly. Then the apparatus is sealed off the vacuum
line and the frozen solutions are allowed to warm up. By pouring the ligand
solution into the tube containing the iron salt solution the complex is formed
immediately in most cases; sometimes the apparatus was shaken for a few hours.
The solid is allowed to settle down and the solution is decanted into the empty
tube B. By cooling tube A pure solvent is distilled back into A onto the solid,
after which the purification procedure is repeated. Finally В is cooled in liquid
nitrogen till the complex is completely dry. Then the tube A containing the dry
complex is sealed off.
2. Method 1 can only be applied if precipitation of the complex occurs. Therefore
we developed another method for compounds forming suspensions. The apparatus
used is depicted in figure II.6. For the purification of the complex a Soxhlet
extraction apparatus is utilized. Again the whole system is evacuated and all
solutions are thoroughly degassed. The complex formed in A is poured on the
extraction paper filter B. Then the water in bulb С is heated and the Soxhlet
extraction procedure starts. This system worked satisfactorily, and due to the
11

vacuum maintained in the system the complex was never heated above 40 0 C . The
purified complex was dried by closing valve E and cooling tubes A and F down to
liquid nitrogen temperature. The filter containing the dry complex could be taken
out of the apparatus by opening joint G in a glovebox.

τ; Z~cooling

© ®
V W heating
Figure 11.6. Soxhlet apparatus for the preparation of complexes in vacuum. Α-G see text.

3. For the preparation of the complexes described in chapter VII a third method
was used, which enables fast preparation and purification, and prevents unwanted
chemical reactions. The apparatus used is shown in figure II.7: as in method 2
the suspension of the complex is poured on the glass filter A, after which the
system has been evacuated through opening B. The previously degassed water in
bulb С is used to wash the complex on the filter, by opening valves D and E.
After the washing procedure the complex is dried by cooling tubes F down to
liquid nitrogen temperature with valve G open. Again a glovebox was used to
collect the purified and dried complex. This procedure appeared to be efficient
and gave pure complexes within a short time. Furthermore the washing water is
collected in bulb I and can easily be analyzed.

II.4

SAMPLE PREPARATION

The air-sensitive complexes, prepared as described in the previous section, were
handled in a VAC HE-43-6 dri-Iab glovebox, in which nitrogen is recycled and
12

purified continuously The glovebox fulfills the following specifications less
than 1 ppm 0 2 and Η,Ο, a liquid NaK alloy kept a shiny surface for several days
To prevent oxidation during the measurements, the samples for Mossbauer,
electronic and IR spectroscopy were prepared as follows
1 Mossbauer samples
Sample holders for the Mossbauer measurements were prepared from 1 mm thick
polypropylene, which has favorable transmittance for the 14 4 keV radiation and
can be handled easily 13 With a round-shaped press, mounted on a 50 Watt soldering
iron, disks with a diameter of 14 mm were pressed out By heating the border of
these disks a cup was formed when the polypropylene was soft, the depth of the
cup was about 0 5 mm and the diameter was about 8 mm In the glovebox this cup
was tightly and homogeneously filled with the compound, and thereafter it was
covered with a second polypropylene disk of the same size By using a soldering
iron both disks were sealed together in the glovebox For Mossbauer measurements
on frozen solutions the polypropylene capsules were filled with cotton drenched
in the solution to be investigated and cooled down to liquid nitrogen temperature

Figure II7
see text

Apparatus for preparation and purtftcatton

of atr sensitive complexes

AI

13

Samples prepared in this way were rather well protected against air, though for
longer periods they had to be stored in an inert atmosphere. For very air-sensitive
complexes the protection was improved by treating the capsule with vacuum
grease. With these precautions we could obtain, for all iron (II) complexes investigated, Móssbauer spectra that indicated complete absence of oxidation products.
2. Samples for electronic spectra.
Almost all high spin ferrous complexes are extremely air-sensitive in solution,
and their solubility in all common solvents is limited. Therefore we preferred to
measure the electronic spectra of solids pressed in KBr pellets rather than of
solutions. Furthermore it is unknown whether the structure and coordination of
these compounds is the same in solution as in the solid state. The generally low
10 Dq values for octahedral high spin iron (II) compounds (about 10 kK) allow
observation of d-d bands in solid samples, since only at higher energies do the
samples become untransparent. The d-d transitions in tetrahedral ferrous compounds are expected at even lower energies, in the near infrared region. Since
iron (II) complexes are unlikely to be reduced, a reaction between the complex
and KBr is unlikely.
The samples were prepared in the glovebox by mixing the finely powdered complex with KBr. After filling a die with the mixture, and enclosing the die in a
plastic bag, the pellet was made immediately after the bag was taken out of the
glovebox. The samples proved to be rather insensitive to air, as could be checked
by measuring the sample at various times: the iron (II) spectrum did not change.
However, no iron (II) spectrum could be observed after the disk had been ground
up in air and pressed for a second time.
All electronic spectra have been measured on а Сагу 14 spectrometer. The con
centrations of the samples were chosen on the basis of the intensity of the ab
sorption bands, but in general the concentration of the samples had to be chosen
rather high (a typical value is 15 mg/cm 2 ) so that the reference beam had to be
weakened by two or three full scales (log I/I,, = — 3 , — 4 ) . The noise could be
suppressed by constant adjustment of the slit width to keep as large a value as
possible. The quality of iron (II) spectra recorded in this way is at least as good
as that of reported spectra measured in solution.

3. IR samples.
The IR samples were prepared analogeous to the samples for the electronic spectra
but lower concentrations could be used. The spectra were recorded on a Hitachi
EPI-G3 spectrometer (4000 — 400 cm - 1 ) and on a Hitachi EPI-L spectrometer
(700 — 200 cm - 1 ) using KBr and Csl disks, respectively. From the IR spectra
it could also be concluded that these samples can be exposed to air for some time
without the formation of oxidation products.

14

CHAPTER

III

THEORY
IIL1

INTERACTION BETWEEN THE NUCLEUS AND ITS ENVIRONMENT

The nucleus in a crystal can be considered as a small volume VN with a charge
density ρ(ΐ) in a potential field V(r) due to the crystal lattice and surrounding
electrons. The energy corresponding with the electrostatic interaction is given by
VN

E = ƒρ(r) VCD d T

(3.1)

Taking the nuclear center of mass as the origin of the coordinate system and
writing x = x 1 > y=X2, and z=x3, we can expand V(r) as a power series 14 and
write E as
ΛνΝ
ίλν \ Λ ν Ν
/ ^
= V(0)Jρ(Γ) dr + Σ -g (Ójjyx, ρ(ϊ) dr + И ¿Σ
-£-£

\ r
(Ο)] /χ,χ, ρ (r) dr +
V N

(3.2)
Since the nucleus has no electric dipole moment, the second term is equal to zero.
The third term, EQ, can be split into two parts l s :

Eq = »/β ^ ί

Ì^Mjlfi***

-

» Ve W d T +ƒ Í

δ

r2

β С?) dr]
(3.3)

The first term in Eq (3.3) is direction-dependent and can be rewritten by sub
stituting
v

" - δΗτ(δ)

Q,í
(3.4a)

~У (3 XiXj _ <5i,r2) е ω άτ
(3.4b)
IS

Both ν Ν and Qu are the components of a symmetric traceless tensor of second rank
(Σ V¡¡ =: 0 because of Laplace's law). The second, direction-independent, term in
Eq (3.3) can be expressed in the charge density \ψ (o)| 2 at the nucleus with the
help of Poisson's law
Σ Vu = — 4ле \ψ (о) I«
¡

(3.5)

In this way we obtain
E =

/VN

Г

Л

[ V(o)

/ ρ (r) dr

τ

— ι/, ле \Ψ(ρ)\*/ι* ρ(Ϊ)

ατ|+

Ve ^ -

ΕΙ + E D

V.JQÌJ =

' І
(3.6)
where -e is the charge of an electron. ED is direction-dependent, while Ei is the
direction-independent part of the energy E. These two parts of E will be discussed
in some detail.

1. Isomer shift
rvN

Since / ρ(?) dt = Ze, the first term of Ei in Eq (3.6) represents the Coulomb
energy of the point charge Ze in the potential field V(r). The second term de
scribes the electrostatic interaction between the electronic charge distribution
inside the nucleus and the nuclear charge distribution. If we assume that the
charge distribution within the nucleus is homogeneous, we obtain
ΛΝ
/R
Ze
/ r 2 ρ(?) dt = ρ /4 π τ* dr with о =

,

"Τ"
VlîlZe

JL
ΔΕη
u E 0 -{itZe>|?)|

(a)

lb)

2

(R t 2 -Rj)

Id

Figure HI.I. Nuclear ground state and first excited level (a) isolated "Fe nucleus, (b) point
charge nucleus m a molecule, (c) nucleus tn a molecule, (d) with nonvamshmg EFG.
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where R is the radius of the nucleus. The energy Ei can now be written as
Ei = V(3) Ze — */β π Ze* |vKo)|*R«

(3.7)

R depends on the nuclear state and hence the energy difference between the
ground state Eg and the excited state Ее is given by
Δ Ε = ΔΕ« — »/β π Ζ 6 2 I v(o) I2 (RK2 — R e 2 )

(3.8)

ДЕо ' s гЬе energy difference between the two nuclear states in absence of V(r);
Rg and Re are the radii of the nucleus in the ground state and in the excited state,
respectively (see figure III.l). In a Móssbauer experiment one measures the difference in transition energy between source (S) and absorber (A):
Ô =

«/в л Ze* (Rg* — Re*) [ | V ( O ) | A * — | v ( o ) | s * ]

(3.9)

This parameter δ is known as the isomer shift. This equation shows, that for a
given source (fixed |ψ(ο)| 2 ) the isomer shift (IS) is proportional to the electron
density at the nucleus in the absorber. A typical value of (Rp-R^/R is -10.2 χ IO"4,
as is found for 5 7 Fe 1 β .

2. Quadrupole splitting
The last term in Eq (3.6), ED, depends on the orientation of the nucleus in the
potential field V(r). In the remainder of this chapter it will be assumed that the
coordinate axes lie along the principal axes of the electric field gradient (EFG)
tensor, in which coordinate system ED can be written as
ED = V. Σ Vi, Q,,

(3.10)

i

The energy levels of ED can be calculated as the expectation values of the operator
HD, that corresponds with ED, working on the wavefunction of the whole system.
This wavefunrtion consists of a nuclear function | Imi > and another part | ζ >
which describes the distribution of all electronic and ionic charges outside the
nucleus. Q,( operates only on the | Imi>, Vu only on | ζ >, hence we can write
<ζ

| < I m I | ΗΌ | I m i > \ ζ>

= »/, Σ < ζ\ Vu \ζ > <

Imi | β,, | Imi >

i

(3.11)
The first factor is the expectation value of the EFG and is discussed in section
111.2.1. For the moment we will treat this factor as a parameter and confine our
attention to the latter factor. Usually )2„· is so small that matrix elements nondiagonal in I can be neglected. Thus the Qu operate only within the manifolds
17

I Imi >. Furthermore, as is pointed out above, the Qn are elements of symmetric,
traceless, second-rank tensor. According to the Wigner-Eckardt theorem the
matrix elements of the Qn within a manifold | Imi > can then be expressed in the
operators li (i = x, y, 2). For the Qu this gives:
< Imi I Qu I Imi' > = - ^ —
l (

2

< I m i | 3 I, -1* |

U

Im,' >
(3.12)

where Q = < II | Qzz | II > is called the nuclear quadrupole moment for this
nuclear state. Using this relation we can write for the operator Hr,:

HD

= ІЩЩ [(3 Іг2 · I2) + Τ ( I 2 + + M

where η =

νχχ. ν

(3.13)

and 1+ = Ι χ dz il y .

From Eq(3.12) it follows that Q has to be zero for I = 0,}^ as otherwise
eQ/I(2I — 1) becomes infinite.
The nucleus S 7 Fe in axial symmetry (^=0) may serve as an example. In this case
HD contains only a term in I 2 Z , from which it follows immediately that the excited
state with 1 = 3 / 2 is split into two levels with eigenfunctions | 3 / 2 , ± 3 / 2 > and
I 3 / 2 , ± 1 / 2 > , respectively. The splitting between both levels is QS = ^ eVzzQ.
Vzz is the expectation value of гг. The quadrupole splitting QS is equal to the
energy separation between the two lines observed in the iron Mossbauer spectrum
since for the ground state with 1 = 1I2, Q = 0 . For the first excited state of 57 Fe,
where I=3/2> Q=0.21 barns17 (1 barn = 10~28 m 2 )*. When the asymmetry para
meter η is not equal to zero, the QS becomes

Á7?

QS = И eVKQ 1 / I + 4 -

(3.14)

3
This formula implies that in spherical, cubic, octahedral or tetrahedral symmetry,
where ^ = уУ = г г , QS = 0 because of Laplace's law. Since the nuclear spins
of l l e Sn in the ground state and the first excited state are the same as for 57 Fe,
Eq (3.14) also applies to l l e Sn spectra. Other values of I have been treated by Das
and Hahn 1 5 .
ΠΙ 2 QUADRUPOLE SPLITTING
In this section the calculation of the matrix elements <ζ \ V,, | ζ> in Eq (3.11)
* The values for Q reported in the literature range from 0 18 - 0 29 barns,18 to our
opinion the measurements on Fe. MgO, from which Q = 0 2 1 ± 0 03 barns was obtained,
seem to give the most tellable value.

18

is presented, leading to the г г and η values that are necessary for the calculation
of QS according to Eq (3.14). In section 1II.2.1 a relationship is established
between the EFG and the occupation numbers of the iron atomic orbitals (АО);
the resulting equation contains apart from these АО populations, the < r s >
values of the iron orbitak.
Quantitative calculations of АО occupation numbers are limited to molecules of
which the structure is known. A qualitative discussion of the EFG is given in
section Ш.2.2 for complexes with O h , D 4 h or D 2 h symmetry. For these cases, the
EFG can be expressed in terms of the parameters describing the deviations
from octahedral symmetry and in terms of covalency factors in the σ-bonds. This
model applies to six-coordinated high spin iron (II) compounds and to tin (IV)
compounds.
1112.1 CALCULATION OP THE ELECTRIC FIELD GRADIENT
A. General equations
A point charge -e at a distance | T | from a nucleus at position 7 = 0 produces a
potential V(o) = ^— at the nucleus. In this case the diagonal com4 ¡reo |7
ponents of the EFG at the nucleus are given by
Уц(о)=ΐπεο

змм^
И'

4πεο

(3 cos2 ûi -1) (| г |)-э

- (3.15)
χί is the component of Γ along the χ,-axis and i?, is the angle between r and x^.
From the last expression in Eq (3.15) it follows that V¡¡ can be written as
the product of an angular and a radial factor. In a crystal or molecule the EFG
at a nucleus A is brought about by all nuclear and electronic charges surrounding
the nucleus19:
2
ЗЫк г -г к а
ΖΒ {3 Ы в - R B }
• < Ц! Σ
Σ
v.,® = 4ле в
Гк
RB
к
0
2

S

5

The first term represents the contribution from all other nuclei B, with nuclear
charge +eZB, and the second term gives the contribution of all electrons к in the
crystal or molecule. The position of nucleus В and electron к is given by RB and
Гк, respectively. The wavefunction ψ describes the distribution of all electrons
considered.
We assume that all electrons occupy molecular orbitals (MO). The ground state
wave function ψ can then be described in terms of one or more Slater determinants
composed of one-electron wave functions | Фи(ік) > | o(k)>-; | 0 u (fk) > is the
spatial wave function of electron к and | a(k) > is the spin function of this elec

ts

tron. In Eq (3.16) the second term can be denoted as < ψ \2 Vu (r k ) | ψ > · . Since
к
Vn (ri) s a one-electron operator the second term reduces to
Σ Ν« < Фа (г) I Vti (el) I Фа (І) >
(3.17)
U

where

and N u is the number of electrons in the u-th MO (Nu = 0,1,2).
In the LCAO-MO approximation the MO's are linear combinations of atomic
orbitals:
Ф ц = Σ c p u ?>„
(3.19)
the sum is taken over all atomic orbitals of all nuclei considered.
This leads to

с рц <pp \ Va(t\) | Σ c pu <pp > =

ν,,ίβΐ) = -2 N u < I

"·? N u f f

<CPU9'P

ІП, (el) | c , ^ ^
(3.20)

The terms in the last sum can be divided into groups, depending on the atom on
which the atomic orbitals (АО) <pv and ψ^ are localized (by definition V,, are
the components of the EFG at the nucleus A).
If ç7a denotes orbitals localized on the central atom A, while <рь and <pc belong
to two different atoms В and C, Eq (3.20) can be split up into four terms
aa

ab

ν,,ίβΐ) = -Σ Nu Σ Σ Cau Ca'u V,, + 2 Σ Σ Cau Cbu V,, + Σ Σ
a a'
ab
b b'
и

bb

be"

Cbu Cb'u V,, + Σ Σ
be

Cbu Ccu V,,

(3.21)

where
pq

V,, =

< <pp | Vu (el) | <p4 >

(3.22)

Σ is a sum over all orbitals that are not centered on atom Α, Σ is a sum over all
с

b

orbitals that are not centered on atom A or B. The influence of the sum of the
multi-center contributions in Eq(3.21) can be estimated, for that purpose we
assume a multi-center integral to be proportional to the corresponding overlap
integral S 19 .
pq

pp

qq

V,, = У2 SPq (V,, + V,,)

(3.23)
s

This approximation is probably an overestimation of these < r~ > type integrals.
Then it follows from Eq (3.21)
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ц (cau2+^SabcaucbJ +

ν,,ίεΐ) = - ^ N u И
&

U

b

uo
bb

aa

-•

2" V¡¡ (cbu2 -|- Σ S a b c a u c b u + Σ Sbc c b l l ccu)

2 Σ Σ c a u ca-u V¡¡ +
a'<a a

b

с

a

J

(3.24)
The Mulliken ,^ross" population of atomic orbital p is defined as 2 0
N(p) = ¿"N^Cpu2 + 2"

S pq c pu c qu )

(3.25)

and the Mulliken gross atomic charge qB of atom В is defined as
qj, =

eZ B -Σ eN(b)
(3.26)
ъ
(q B is the difference between the nuclear charge and the total gross population of
all AO's belonging to this atom B). Furthermore we make the approximation that
all electrons in orbitals centered on atom В are concentrated on nucleus B, so that
as a result
bb

V„ = - •

RB 5

4πεα\
4πεο\

i

(3.27)
With this approximation and equations (3.24), (3.25) and (3.26) Eq (3.15) be
comes
aa

н = -^N(8)^,
a

aa

-2i:2nMVn

ι

3 (y.)R2 —

+4лео

a'<aa

Σ (qB
В

R^

)

™l
RB5

(3.28)
where
nia.a') = Σ N u c a u ca/u.

(3.29)

The first two terms in Eq(3.28) represent the valence contribution to the EFG
and the third term is identical with the so-called lattice conribution EFG l a t t , en
countered in point charge model calculations.
O'Konski and Ha 1 9 showed for the EFG on the nitrogen atom in HCN and N H 3
that the last term in Eq(3.21), which is a three-center contribution, is negligibly
small. Moreover, in a recent article White and Drago 21 pointed out that for nuclei
of the third row and higher the sum of the two-center nuclear and electronic
contributions (being opposite in sign) to the EFG is small in comparison to the
one-center contribution. Therefore for practical purposes we obtain the semiempirical relationship
aa

aa'

Vu = - Σ Na Σ c a u 2 V,, -2 Σ N u Σ Σ c a u ca.u V,,
u

a

u

a'<a

a

...
(O.yV)

21

We wish to calculate this one-center contribution, which we call the valence
contribution EFG v a l . Defining the АО net populations n(a) according to Mulliken 20 as
n(a) = Σ N u с*
(3.31)
and using Eq (3.29) we may rewrite Eq (3.30) as

Va=-2

n(a) v" -2 Σ Σ n(a,a') ν "
a

(

a'<a a

3 32)

sa

In this equation У п is the contribution to the EFG of one electron occupying the
atomic orbital ψ^. In this approximation the EFG l a t t term of Eq(3.28) does not
occur, but this is counterbalanced by the use of „net" populations.
From Eq(3.28) it follows that the EFG components can be calculated from the
Mulliken gross populations of the AO's of the central atom and the gross atomic
charges on the surrounding atoms, while according to Eq(3.32) a good approxi
mation of the EFG is obtained from the Mulliken net АО populations. In chapter
IV and in section III.2.2 methods for obtaining the required occupation numbers
aa

aa'

will be discussed. In the following we discuss the integrals У и and Уи.

aa

B. Calculation of

act

ц and Уи

In MO calculations of iron compounds usually only the valence orbkals 3d, 4s
and 4p are taken into account. These functions can be written as <pa =
R(,t) Ylm (ΰ,φ), where Y lm (#,9?) are the spherical harmonics. According to
aa

ц can now be written as

Eq (3.22) the expression for

v" = - - — < K<r) I ~ I R(r) > < Ylm (ΰ,φ) | 3 cos^i - 1 I YIm (ΰ,φ) >
гя

4 πβο

(3.33)
Pi

Py

Pz

4
"5

2
5

2
5

2
7

2
' 7

vyy

2
5

4
"5

2
Τ

2
7

ν«

2
5

2
5

4
7

4
"5

Table 111.1. Values of < Y[m
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(ΰ,φ) > for ρ and d Orbitals.

The first factor, the expectation value < r 3 >, depends only on the radial wave
function R(r). Hartree-Fock calculations22 gave < r 3 > = 32.5 A - 3 for iron 3d
orbitals (Fe++). Core-orthogonalized Slater-type orbitals23 give <Cr"3]> = 32.0 A"3,
in very good agreement with the Hartree-Fock result, and <Cr _ 3 > 4 p = 11.6 A"3.
The values for the angular-dependent part in Eq(3.33) for the real ρ and d
orbitals are given in table Ш.1.
»a'

Non-diagonal elements У и occur only if calculated MO's contain more than one
iron АО (cf Eq (3.29)). Within the set of d orbitals there is only one non-diagonal
contribution to the QS. This element contributes to (VM-Vyy) and its angulardependent part is given by
< dtt | 3 c o s ^ - l | d ^ . ^ > — < dxi | 3 cos 2 # y - 1 | d ï 2 . y I > = 8/7 YÌ.
aa'

With respect to non-diagonal elements ц involving 3d and 4s functions it has to
be noted that some < Υ00(ΰ;φ) \ 3 cos2i?i - 1 | Y2m(#,9?) > integrals are non-zero.
aa'

However, the corresponding ν η elements are very small, since the radial part
< 4 s(r) [ — | 3 d(r) > turns out to be more than hundred times smaller than
<C r3 > 3 d . Non-diagonal elements between ρ and d or s orbitals are zero for
reasons of parity and between different ρ orbitals on grounds of symmetry.

C. Effects of inner shells on the EFG
The inner shells generally have large < r 3 > values. Therefore small deviations
from spherical symmetry may have relatively large effects on the EFG. There are
two contributions due to deviations of this sort. One involves the requirement that
all one-electron wave functions are orthogonal to each other (a); the second one
is the polarization of the inner shells by the EFG (b).
a. The Pauli principle requires that all wave functions occupied by electrons are
orthogonal. Therefore in most MO procedures, as in the one reported in chapter
IV, calculated MO's are orthogonalized. If, however, in a crystal field model
covalency is neglected and the electrons are assumed to occupy pure AO's, one
still has to orthogonalize these AO's with respect to all ligand orbitals, as was
demonstrated by Taylor24 and Sawatzky et d/.7'25 It can be shown that the general
expression for a metal orbital Фл' of the orthogonal set is given by
* a ' = / l + ^Srt«"«?, - Σ S a b ф ь )
b

(3.34)

b

where Фл and Фь are localized on the metal and a ligand atom, respectively, and
S a b is the overlap integral between both orbitals. As a result the population of an
orbital Ф а and hence the corresponding components of the EFG are multiplied by
(I -\- Σ S a b 2 ). If this factor is different for various Ф а orbitals, this effect can
b

change the total EFG. This so-called overlap effect applies to both the valence
and the inner shell orbitals, but the effect on the EFG of the .inner shells is more
23

important since < г 3 > values for inner shell orbitals are much larger than for
valence orbitals.
We would like to remark that this overlap effect is automatically taken into
account in an MO treatment dealing with all electrons and based on an orthonormal set of MO's. When only valence orbitals are considered, as, e.g., in the
Extended Hiickel theory, the overlap effect of the inner shell electrons should be
calculated afterwards; in this case Ф ь in Eq(3.34) is one of the calculated MO's
of the orthogonal set consis mg of valence orbitals.
As an example we calculât.' the contribution to the EFG due to overlap effects
(EFG0V) in the iron 3p shell. Similar to Eq (3.39) this leads to
Â

OV

V„ = - \

•—- < г-* > з Р (1 - K3e) [2 Ν,* - N x * - Ν,*]

(3.35)

where Nj 2 = (1 + Σ S b 3 P 2 ). It is seen that EFG0V depends on differences beb

tween 3p-ligand overlap integrals along various directions.
Sawatzky et aP explained the QS observed in Ре2Оз as a combination of EFG0V
and EFG l a t t ; it is questionable, however, whether covalency effects even in this
ionic compound can be neglected.
In chapter IV we will discuss the influence of the overlap effect for the iron 3p
electrons in the complex bis(diethyldithiocarbamato)-iron(III)chloride.
b. The EFG due to the valence shells and the lattice charges polarizes the inner
closed shells. The polarized inner shells contribute to the EFG, which is therefore
changed proportionally with the polarizing EFG 26 . Thus the У п formulas have to
be corrected by multiplication with a so-called Sternheimer factor, which is written
as (1-R) for the effect on EFG v a l and as (l-jv) for the effect on EFG l a t t .
Eq (3.28) then becomes for 57 Fe
aa

aa

^ - Ц - К з а ) ^ N(3d a ) У и - ( 1 - К 4 р ) Σ N(4p a ) V,,
a

a

aa

'

3 (y)R2-Rn2

1

- ( l - R j d ) Σ Σ η (3d,, 3d./) V,, + ( 1 - y J j i - Σ ( q n ^ p r5
a a'
4πε0 в
RB

— )
(3.36)

and Eq(3.32) becomes
aa

aa

V,, = — ( 1 - K3d) Σ n(3d a ) У а - ( 1 - R 4P ) Σ n(4p a ) Vu
aa'

— ( l - R 3 d ) ^ ^ n ( 3 d a , 3da0
a a'

ц

(3.37)
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Freeman and Watson calculated Rj,, = 0.3227; R 4 p is not known and will be
taken equal to Rjj. Sternheimer calculated y = — 9.142β.

D. Conclusion
The EFG at the iron atom can be obtained from the net populations of the iron
AO's, as is shown in Eq(3.32). The QS is then calculated according to Eq(3.l4)
where it is expressed in V2I and η = ( „- у у ) / и as variables. Therefore we now
give, for the case of 57 Fe, the formulas for Vzz and (Vxx-Vvy) for the 3d and 4p
shells, taking into account the Sternheimer corrections. Using table III.l and
Eq (3.37) we obtain
(V x l ) J d = -V 7 -f-

< r* >3d (1 - Rsd)

X

[n(3d22) — n(3d,,. v ,) — n(3d„.) + 1 /2 n (3d xz ) + V2n(3dyz)]

(3.38)

4πε0
(3.39)

(V„-VrT),d

= «/τ -}^¡<

rs >3d(l-R3d)

χ

[3n(3d y z )-3n(3d„) + 4V3n(3dz2, За^.у,)]

( „-

УУ

)4Р

=

(3.40)

·/, - í - < гз > 4 р ( 1 - R ) [n(4p v )- n(4pj]
4ле п
(3.41)

The total г 2 and ( х х - у у ) are obtained by summing the 3d and 4p contribu
tions, after which the asymmetry parameter η can be found. As these equations
ω'

show, a non-diagonal element V,, only occurs in ( х х - у у ) 3 ( і and can be neglected
in axial symmetry. Equations (3.38) - (3.31) will be used mainly in the following
chapters.
III.2.2

CALCULATION OF THE QUADRUPOLE SPLITTING FOR FERROUS
COMPLEXES WITH D4h AND D2h SYMMETRY

A quantitative approach to the АО populations, and thus to the EFG, can only
be carried out for complexes having a well-known molecular structure. Since most
25

high spin iron(II) complexes under investigation do not meet this requirement, the
electron charge distribution will be described qualitatively on the basis of an
LCAO-MO model for O h ) D 4 l l and D 2 h symmetry.
Most complexes studied have the general formula FeL2M2; L is a univalent
bidentate ligand and M is a neutral monodentate ligand. We assume the symmetry
to be trans-M2FeL2, and take the z-axis along the M-Fe-M direction. All ligands
studied form bonds through atoms with approximately the same electronegativity
and the univalent bidentate ligands L are likely to have the strongest interaction
with the iron 29 . In the crystal field model this means that Ε(3άΛΖ y z ) < E(3d xy )
and E(3dz2) < E(3dxì_y2) in D4h symmetry, where the x,y-axes are directed to
the ligand atoms. In the following we limit ourselves to this case.
From the spectrochemical series, which gives an indication of the π-donor charac
ter of a ligand, it can be seen that of all ligands studied pyridine is most likely to
form bonds with some л-character. According to J0rgensen30 the interaction be
tween the π-orbitals of pyridine and the partly filled d shell of transition metals is
small, and therefore we assume that a model based on σ-bonding is a good approxi
mation in describing the complexes under investigation. The relatively small in
fluence of bonding through л-orbitals in complexes with the sulfur-bound dithiocarbamate ligand is also indicated by the results of the Extended Hiickel calcula
tion reported in chapter IV. The effect of л-bonding on the Mossbauer parameters
is discussed in Appendix A.
In section A the six-coordinated high spin iron(II) complexes will be described
with the crystal field (CF) theory without spin-orbit coupling or covalency. There
after in seaion В differences of covalency in the various iron-ligand bonds are
taken into account with the help of an LCAO-MO model, set up by means of
group theory. In section С the effect of spin-orbit coupling in the CF model is
discussed, and in section D the effect of lattice charges. In section E the QS is
calculated including all contributions as a function of temperature, axial and
rhombic distortion, and covalency effects. Finally in section F a survey of all factors
determining the EFG in six-coordinated tin(IV) compounds is given.

A. Crystal field theory
The EFG on the nucleus of a Fe++ ion has been treated with a crystal field (CF)
model31. In this theory covalency is not considered and one calculates the splitting
of the free-ion 5 D term by an electrostatic field of the same symmetry as the
environment of the Fe" ion. For octahedral (Oh) and tetragonal (D 4 h ) symmetry
the resulting energy levels are given in figure III.2.
In Eq(3.32) the components of the EFG were expressed in the net populations of
the iron orbitals. Therefore we prefer to calculate the effect of the crystal field on
the individual 3d atomic orbitals and to determine thereafter the terms one gets by
filling these functions with six electrons so that the total spin is 2. This is the
so-called strong field approach, that can be considered as the extreme case of MO
theory, where each MO consists of only iron functions, and thus provides a link
with the MO treatment presented in the next section. In figure ΙΠ.2 this approach
26
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Figure 111.2. Splittings of the D term and о/ the id atomic orbitals in octahedral and
axial symmetry for high spin iron(ll).

is worked out for the ground state term B2 in axial symmetry. It is dear that there
is a one-to-one correspondence between the crystal field term derived from the free
ion 5 D term and the d atomic orbital occupied by the sixth electron in the strong
field approach.
If the occupation numbers of the MO's [ 5dxy>, | 3d x z >·, | 3 d y z > , | 3dx2_y2>·,
and | 3d z s> are all equal to one, it follows from table III.l and Eq (3.32) that the
EFG is zero. In our case therefore the EFG is determined by the orbital occupied
by the sixth electron.
Using <r3>3d
= 32.5 A"*s«, Q = 0.21 barns", and (1-R3d) = 0.68" we
find with Eq (3.14) that QS= 3.92 mm/sec for an electron in any of the 3d
orbitals. Only if the electron occupies the degenerate e-level, its wavefunaion is
1/1/2 ( | 3d Jiz > + | 3d y z > ) and the QS is half as large. The EFG found in the CF
model discussed above will be denoted EFG C F i o n .
B. The LCAO-MO model
In this section the effect of mixing between one iron АО and one ligand function
will be discussed. Subsequently the MO scheme of high spin iron (II) compounds
in Oh, D 4 h and Dg,, symmetry will be determined with the help of group theory.
The influence of covalency can be expressed in the variations of the net popula
tions and the effect of covalency on the EFG (defined EFGC0V) can be found from
Eq(3.32).
The bonding between a metal d orbital | d a > and a ligand function | L a > of the
appropriate symmetry can be described by means of MO's. The wave functions of
the bonding МО (Ф и ) and the anti-bonding МО (Фи*) will be
Фи = ( / T T p T l La > + ρ I d a > ) ;

Ф,1* = ( і / Ь ^ ^ і > - р | І а > ) (3.42)
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where the overlap integral SdL is set equal to zero and ρ is a covalency factor. The
value of ρ depends among other things on the relative energies of the free-ligand
and free-iron orbitals. The mixing of ligand- and metal orbitals, characterized by
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the covalency factor p, will be strongest when the orbital energies of ligand and
metal are equal. As follows from partial atomic charges or electronegativity values,
the energy of the relevant ligand orbitals is considerably lower than the energies
of the 3d and 4s iron orbitals. This means that ρ is small; hence Φ,,* has mostly
metal character and Φ» is localized mainly on the ligands. Generally ρ increases
with decreasing electronegativity of the ligand. A more elaborate discussion of
this matter can be found in chapter VIII.

In figure III.3 the MO scheme for a high spin iron (II) compound is shown for
Oj,, D 4 h and D 2 h symmetry; only σ-bonding ligand orbitals are considered here.
Mixing between AO's and/or LCAO's only occurs for functions belonging to the
same representation. In the model the Fe++ ion is assumed to be surrounded by six
ligands each having a lone pair, and the MO's are filled in such a way that there
are four unpaired electrons.

It is dear from Eq(3.42) that filling Ф и and Φ„* with an unequal number of
electrons results in a non-integer occupation number of the d orbital involved.
Due to this covalency effect the EFG is no longer determined by the MO occu
pied by the sixth electron as in the CF model. If N u and N u * are the occupation
numbers of the bonding and anti-bonding molecular wave functions Ф и and Фи*,
respectively, the net population of the 3d a orbital involved follows from Eq(3.42):
n(3da) = ( l - p t ) Ν . · + р 2 К и
It can
results
charge
Nu* =
detail.

(3.43)

be seen that the mixing of the iron orbital with a filled ligand function
in a charge transport from ligands to iron, that amounts to p 2 electronic
for N u = 2 and Nu* = 1, and to 2p 2 electronic charge for N u = 2 and
0. In the following we discuss the effect of covalency on the EFG in more

In octahedral symmetry the bonding orbitals of the six ligands form linear com
binations belonging to the Ti u , EK and Aig representations.
Since all 3d and 4s iron funaions are „gerade", the Т ь functions are left out of
consideration. The influence of the 4p iron electrons is neglected, as is justified
by the results presented in chapter IV. We see at once that the T 2 ( t iron orbitals
are non-bonding and form no linear combinations with ligand orbitals.
An axial distortion lowers the symmetry to Ό4ίί and splits the T 2 B orbitals into
two levels, belonging to the B 2 K and E B representations; all three orbitals are still
non-bonding and therefore are not influenced by covalency. The degeneration of
the octahedral Eg level is removed, and the bonding of the two resulting orbitals
now is different. The covalency factors (p in Eq (3.42)) describing the mixing of
| 3dz2 > and | 3dx2—ya > are defined as a and b, respectively.
With the MO occupation as given in figure III.3 we obtain n(3d 2 2) = 1 + a 2 and
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n(3dx2_yî) = 1 + t^t. This results in a contribution to the EFG which according
to Eq(3.38) and table IH.l is given by
Г = - - ^ - < r 3 > 3 d (1- Rad) (Ь*- а2)
(3.44)
7 4πε 0
while (V M _V y y ) c o v = 0 because of axial symmetry. This formula shows that the
contribution of covalency to the EFG increases with increasing difference in bon
ding in the xy-plane and along the z-axis.
A rhombic distortion lowers the symmetry D 2 l l . For symmetry reasons the x- and
y-axis are rotated 45° around the z-direction thus transforming | 3dXy > and
| 3dxî_yi > into each other. Since | 3dzi > and | 3dX2_yi > both belong to the
A,g representation and are therefore mixed, we have to define an additional
covalency parameter c'.
Analogeous with the two other covalency parameters (a' and b'), we define
c' in such a way that the charge transport from the ligands into | 3dx2—y2 > due
to the rhombic distortion amounts to c'2 electronic charge. As a result we obtain
for the EFG due to changes in the net populations as a consequence of covalency:
Г = - - ^ - < r » > 3 d ( 1 - Rsd) ( b ' 2 - a ' 2 + с'*)
7 4πε 0

(3.45)

(v ] ( I -v y y ) C 0 V = о
ion

It is noteworthy that EFG CF remains unchanged by these covalency effects since
the АО occupied by the „sixth" electron is not involved in bonding. Eq(3.45) is
the general expression found for the components of EFGC0V in six-coordinated
compounds. The three covalency parameters a, b and c' that where introduced can
be interpreted in the following way: a describes the σ-bonding along the z-axis, b
describes the σ-bonding in the xy-plane, and c' describes л-bonding in the xycov

plane due to rhombic symmetry distortions. The sign of Vzz

is opposite to the

ICD

sign of (VZZ)CF ; e.g. if the weakly bonding ligands are located along the z-axis
iOD

COV

(V Z Z )CF is negative and V77 is positive since a < b. So the covalency effect
discussed here tends to reduce the QS.
In a recent paper Golding et al6 have also discussed the effect of different cova
lency factors for different MO's. However, they only considered mixing of the
t 2 g iron orbitals with ligand funaions xp in axial symmetry. If the ligand func
tions \p are σ-bonding, it is seen from figure III.3 (D^) that no iron-ligand
mixing occurs for the t 2 g iron orbitals. On the other hand it is not realistic to
consider the ligands as being completely π-bonding, and in our opinion the neglect
of covalency in the iron σ-orbitals is not justified (cf chapters IV and VIII).
t If three ore more LCAO's belong to the same representation, Eq(3.42) for the Фа and
Ф и * cannot be used. However, we made the approximation that the iron 4s orbital (A,) only
1 3
is involved in bonding with the totally symmetric ligand function — Σ ( σ 1 + + o¡_) in
^¡ = 1
all three symmetries (<71+ indicates the σ-bonding orbital of the ligand along the +i-axis),
and negiert mixing between | 3dZ2 > and | 4s > .
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Covalency in complexes reduces the effective charge on the central ion by invading
of ligand electrons into the metal ion orbitals. This is illustrated by Hartree's32
calculations of the average distance < r > to the nucleus of 3d electrons in man
ganese: Mn 4 t 0.949 A, Mn++ 1.082 A,Mn+ 1.248 A and Mn» 1.49 A. The < r - 3 >
reduction, as far as it is a consequence of smaller effeaive nuclear charge, is the
same for all five 3d orbitals and can be described by a single correction factor a 2 ,
introduced by Ingalls 31 in his CF calculation. In high spin compounds covalency
factors as defined in Eq(3.45) generally are small, and therefore a 2 is expected to be
close to unity. This is confirmed by the values of a 2 found by Ingalls. These values
also show that variations between a 2 for various ligands are likely to be small. The
effects of АО expansion are discussed in Appendix A in more detail.
C. The influence of spin-orbit coupling.
Spin-orbit (SO) coupling can influence the EFG by mixing the MO's and AO's.
Especially if the energy difference between two electronic levels is comparable to
the SO coupling energy, considerable mixing is possible and the η (3da) popula
tions may differ remarkably from the values found in the previous sections.
The effect of SO coupling could be calculated by applying the operator
β

Σ Як Ik . s k to the wave function describing the high spin d 8 electron configu-

k =1

ration. Because the covalency in the E g levels is small, and is negligible in the
T2g levels for D 4 h and D 2 h symmetry (see section B) we have calculated the
effect of SO coupling, neglecting differences in covalency. In this approximation
β

the SO coupling energy Σ
k = l

λ^Ι^.sk can be replaced by λL.S which operates on

the terms originating from the free-ion 5 D term (L = ΣΙ^, S = Σ s k ). The effect
к
к
of d orbital expansion can be taken into account by multiplying λ with a 2 3 3 . In
an octahedral crystal field the 5 D state is split into a 5 T 2 g and a 5 E g level with
a relative distance 10 Dq and 5 T 2 g lying lowest in energy. Usually 10 Dq is so
large compared to λ that mixing between these two states can be neglected, and
therefore in the following we consider the effects of SO coupling on 5 T 2 g levels
only.
The appropriate Hamiltonian describing the effect of crystal field and SO coupling
on the 5 T 2 g level is 3 1
Η = Нлх + НІЪ + Η β 0
(3.46)
where f í a l = - — ß 2 0 < г2 > [3L2Z-L(L -f 1)] describes the axial distortion, and
H r h = - y- B 2 2 < r 2 > [ЗІЛ - 3L2y] describes the rhombic distortion, and
Heo = Я L.S is the SO coupling energy. The constants B 2 0 and B 2 2 characterize the
axial and rhombic crystal fields, respectively; higher order terms have been ne
glected. This problem was solved by the method of Abragam and Pryce 34 , who
described the T 2 g state as the equivalent of a Ρ state. This equivalence is based on
the correspondence of L; matrices having (Y^ 1 ,
Д Y^ 1 ) and (Y"1^ —
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(Y 2 + 2 -Y 2 " 2 ), -Yj1) as a basis set, provided a Lande factor —1 is introduced. Thus
the fifteen | mi,m3 > functions ( L = l , S=2) can be considered as a complete
basis set for the calculation of the eigenvalues and eigenfunctions of Η in a s T 2 g
state. Since we are only interested in relative energies, the constant terms in Η
are neglected. Introducing the empirical parameters <5 and ε for the axial and
rhombic splittings, respectively, of the 5 T 2 g level (see figure III.3), we can express
Has
Η = — | Я | L 2 S Z — Ш (L + S_ + L_S + ) — «5V 2

-L ( L+2 + L_2)

(3.47)

4

In figure III.4 the Η matrix is shown, δ and ε are expressed in units of \λ\ ( | λ |
is 104 cm -1 for the free Fe" ion). The eigenvalues E, and eigenstates
Φ: = Σ Σ с (i) 1 т ь т 6 > have been calculated by solving the secular equamLms

mLms

tion with the use of a computer. By using the relations between the old and new
basis set functions (see above):
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Fig. III.4. H-matfix (see Eq (3.47)) for \т^тц > functions as a basis set. All
are expressed in units of 1 Я 1.
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elements

I - 1, m e > = — (| xz, m e > - i | yz, п^ > )
1/2
| 0, m e > = | xy, m 8 >

(3.48)

| + 1, m e > = -L (| xz, m B > + i | yz, m e > )
the multiplet wave function ФІ can be written as
ФІ = 2
m

«

[c, y , m e (i) | xy, m, > + Cxz, me (i) | xz, m e > + c yz , m s (i) | yz, m e >
(3-49)

in which all c(i) coefficients are found easily from the calculated cmLm% (i). Now
ФІ is given as a linear combination of 5 D term functions. As we have seen in
seaion A the EFG of each term funaion is equal to the EFG of one electron in
the corresponding 3d orbital. This means that the c2Xy,me (i), etc. in Eq (3.49)
can be considered as contributions to net populations. Since the EFG components
do not depend on me, the АО net populations corresponding to state Φ, are
given by
i (З^ху) = Σ С2 xy.nis (ι)
"в

n

і (За«) = -2" с 2 хж.тв (i)

а

m

e

ПІ (3d y z ) = Σ c 2 yi>n,s (i)
" β

η; (3d,,) = η, ( 3 d x I . y I ) = η, (3<U 3(1^-,.) = 0

(3.50)

With these occupation numbers the EFG components are calculated according to
Eq (3.38) and Eq (3.40) for each state Ф„ and are denoted EFG 10n . The EFG lon
values thus found are then corrected by EFG C0T derived in the previous section.

D. Lattice contribution to the EFG.
EFG1*" accounts for the contributions from all ligands to the EFG at the iron
atom, and is given by the third term in Eq (3.28). In treatments based on CF
latt
theory it has been proposed to estimate the EFG
from the splittings of the
S5
electron levels . However, this splitting is determined by the repulsion of electron
densities on iron and ligands, and although we may describe this interaction with
an electrostatic field of proper symmetry it is not correct to use the same field to
derive quantitatively the lattice contribution to the EEG at the iron nucleus. For
this a point charge calculation would be more appropriate; the point charge con
tribution is part of the EFG as derived in section III.l and Ш.2.1. In complexes
like those studied here the ions usually have small effective charges and therefore
we expect EFG1*" to be small.
An example of the small effeaive charges in complexes can be found in chapter
Г , where for the nearest neighbours of iron in Fe(dtc) 2 Cl (see figure IV.l) ef32

fective charges of -0.17 and -048 electrons are calculated for S and Cl, respecti
vely. Even if these charges are taken to be -0.50 and - 1 00, EFG l a t t contributes
less than 5% to the observed QS If one assumes that the QS is caused completely
by the charges on the neighbouring atoms (as is suggested by a CF model for this
complex), the difference between the charges on S and CI has to amount to more
than 4 electronic charges, which is impossible.
E. Calculatton of the QS as a junction of temperature.
The resulting
V,, components of each of the fifteen states Φ, are found by sum
ming V1011 and V cov , described in the previous sections. Since the energy separa
li
»
tions between these states are small, the probability of finding the system in a
particular state Φι is determined by a Boltzmann distribution function The resul
ting V zz and (V x x — V y y ) as a function of temperature are then given by (i = 0,14)

Σ (Угг\ e

vгг (T) =

-(E.-EJ/bT

1

у

--(£,-£„)/„

(3.51)

¿"e
I

Σ ( ^-

^), e

•(Ε,-- Е 0 ) / к т

( V X I - V y y ) (T) =
1

(3.52)
Subsequently the QS (Τ) is obtained as in Eq (3.14).
2

QS (T) = 4 e Q (1 -Rad) α2
¿

гг

(Τ) / l + - ^
о

·

(3 53)

where α 2 is the correction factor for all V,, components containing -< r 8 > , dis
cussed in section В The QS depends on the ratio of the axial and the rhombic
splitting (V10n) to the SO coupling constant, on the asymmetry in the covalency
effects (V<:ov), on the factor a 2 describing the effective nuclear charge, and on the
temperature T.
Figures III 5 a to e show the calculated QS (T) for various rhombic splitting
parameters e and as a function of the axial splitting δ. As was noted in the in
troduction we limit ourselves to complexes with O4b or D 2 l l symmetry where the
weakest-bonding ligands are located along the z-axis, which means δ < 0 With
out considering covalency in the E g orbitals Ingalls 31 discussed δ > 0, for which
case the evaluation is essentially the same If in a CF model e < 2δ, the B 2R level
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rises above the A g level (cf. figure III.3). Such situations correspond to positive
values of δ since it is then better to define the axial symmetry axis in another di
rection. The QS(T) curves shown are obtained for a 2 -!) 2 = 0; if EFGC0V is not
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аР-Ь1 = 015,

taken equal to zetо, cuives as shown in figure III.6 are obtained, where a2 — b 2 =
0.15. By comparing calculated QS (T) curves for various δ, ε and (a 2 — b 2 ) with
an experimental QS (T) curve, the parameters involved can be estimated.
Often it is useful to get some idea about δ and e from the QS's measured at
liquid nitrogen temperature and at room temperature. Therefore figure III.7
shows for two different (a2 — b 2 ) values the QS at 90 0 K as a function of δ and ε.
In figure III.8 the value of QS (90 C K ) - Q S (300 0 K) is given as a function of
the same variables. Fitting the experimental data with both graphs in most cases
gives some insight in the range of possible δ and e values.

F. Extension to tin (IV) compounds.
Recently the Mössbauer spectra of a number of six-coordinated tin (IV) complexes
have been reported (see chapter VIII). Sn4+ has the electron configuration
4d105s05p0 so that EFGlon = 0. Because most tin (IV) compounds have covalent
character, EFGlaU can be neglected here, as we did for iron complexes. Therefore
the QS observed in tin (IV) complexes is expected to arise completely from
EFGC0V as described in section B.
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The MO scheme for six-coordinated SnLjMj' complexes (L is a univalent bidentate ligand, M' is a univalent monodentate ligand) is shown in figure III.9. As in
the case of iron only α-bonding ligand orbitals are considered at the moment, and
each ligand orbital is assumed to be occupied by one lone electron pair. Therefore
Eq (3.43) describes the influence of covalency in tin-ligand bonds.
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Only the tin valence Orbitals 5s, 5p and 5d are taken into account. If we denote
the covalency factors as fz for 5pz, fxy for 5px, 5py, a for 5dz2, and b for 5dX2 _ yi,
the Vcov is obtained as
zz

Г = y < r» > 5 p (P i y - Рг) + A < r-3 > 5 d ( b 2 . a*)

(3.54)

while (V„-Vyy)cov = 0 because of the axial symmetry. Eq (3.54) is similar to
the expression found for iron, but in the case of tin the temperature-independent
QS is found directly from Eq(3.l4) as
1

cov

QS = -i- e Q (1 - R) V„

(3.55)

In chapter VIII this approach is discussed in detail and is compared to the com
mon descripticm of tin compounds by means of valence bond theory.

III.3

ISOMER SHIFT

The IS is proportional with the electron density at the Mössbauer nucleus (see
Eq(3.9)) and therefore reflects the occupation of the atomic s-orbitals. In iron
compounds the Is, 2s, and 3s populations are considered to be constant whereas
the population of the 4s valence orbital depends on the degree of covalency.
However, from the different IS values observed in completely ionic high spin
38

iron (II) and iron (III) compounds (n (4s) es 0) it follows, that the IS is also in
fluenced considerably by the 3d density. This can be understood in terms of ex
pansion of the s-orbitals due to screening of the nuclear charge by the 3d electrons.
Since (R e - Rg)/R is negative for 57 Fe*, the IS becomes more positive with
decreasing | ψ (0) | 2 . These two effects influencing the IS cannot be separated,
since covalency increases Σ η (3da) as well as η (4s). Therefore a quantitative
a

approach to the IS is rather complicated. The commonly used diagram of Walker
and Jaccarino 36 describes the IS as a function of η (4s) but assumes 2'n(3d a )
to be an integer. However the calculated net populations for a number of com
parable iron (II) and iron (III) complexes, reported in chapter IV, demonstrate that
¿ , n(3d a ) may differ considerably from the nominal values.
a
For
a qualitative description of the covalency effects the LCAO-MO model outlined in the previous section III.2 can be used. According to Eq (3.43) η (4s) =
2q2, if q is the covalency factor describing the ligand admixture in the initially

Figure III 9 MO scheme of six-coordinated tin(lV) compounds in 0 / ; and Dth
symmetry.
On the right side the tin orbitals, participating m the MO considered, are indicated
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empty 4s atomic orbital On increasing covalency, which means that the ligands
are more effective electron donors, q increases and the IS is reduced. The con
curring increase of the 3d population tends to reduce this change of the IS, but
for high spin iron (II) compounds one observes generally a decrease of IS with
increasing covalency, which means that the effect of the change of the 4s popula
tion dominates. In a series of closely related complexes with o-bonding ligands
one may assume that the variation of η (4s) and ¿'n(3d Ä ) due to covalency are
a
proportional, and can be described by one variable. In such a case one might
expect a relationship between IS and QS. An example of this is given in chapter
VI.
In the case of tin (IV) compounds the IS increases with increasing 5s density, due
31
to the positive (R e - R g )/R value*. Calculations of Greenwood et αϊ on a
10
series of 17 tin (IV) (4d ) compounds show, that the screening effects of 5p and
5d electrons can be neglected, and therefore the calculated 5 s density on the tin
nucleus is linearly proportional to the observed IS. The experimentally observed
IS's for tin (0) and tin (II) compounds are larger than the values for tin (IV), in
agreement with the presence of 5s electrons in the former compounds.
III.4 ASYMMETRY IN MÖSSBAUER SPECTRA
A. the Goldanskii-Karyagm effect.
In axial symmetry the ratio A (#) of the intensities I of the two peaks in а
spectrum is given by 39 :
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A (0) =

1

3

— Τ
=
1

*-++

1

Τ

=

1 + cos* ι?
-^— - cos 2 &

(3.56)

2
~ 2
•& being the angle between the direction of emission of the y-quantum and the
VJJ axis in the molecule. Therefore the relative intensity of the two Mössbauer
lines for a single crystal of axial symmetry varies with the orientation of the crystal. From the A versus i? curve the sign of the EFG can be determined. In polycrystalline samples one has to integrate ϋ· over all angles which results in equal
intensities of the two peaks. Sometimes a small asymmetry is observed since some
orientation is left.
If the vibrational amplitude of the nucleus in the case of axial symmetry also
depends on # , we can write for the Mössbauer fraction as a function of # 3 9 :
* Because of the IS dependence on both the iron 3d and 4s populations it is necessary to
find two situations in which these net populations are well-defined in order to determine
(Re-Rg)/R. Recently McNabie) measured the Mössbauer spearum of iron atoms trapped in
a rare gas matrix (3d64s2) and obtained (Re-R^)/R = - 10.2 IO 4 . In deriving this value
he assumed that FeF2, used as a reference, has the completely ionic configuration 3d64sOr
which is uncertain. From the calculations mentioned above Greenwood et <г/37 obtained for
ll»Sn (Re-Rg)/R = 3.5 10-*, while Rothberg et аізв found 1.8 10-4 from the relation
between Mössbauer parameters and Knight shifts in ß-tia.
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f' (0) = exp [- k02 { < X*JP> + ( < x 2 / / > - < x 2 a> ) cos* & } ]

(3.57)

where < x ^ > = < x ^ > = < x y 2 > , < x 2 ^ = < xz2 > and iï is the
angle between the z-axis and the photon beam. In a polycrystalline sample the
intensity ratio of the two quadrupole peaks will now be given by:
2

_ » А ( * ) ( ! + cos Û) sin & di?
A —
π
β' (&) ( i . _ cos2 ê) sin i? d&
ο

(3.58)

which no longer is equal to unity, but depends on the asymmetry of the nuclear
motions. This phenomenon is called the Goldanskii-Karyagin effect; the curve of
A versus ( < χ2/Ρ> ~~ " ^ x 2 .!^ ) ls shown in reference 39. The linewidth of both
lines is not affected by this effen. This type of asymmetry is expected to increase
with increasing temperature.

B. Relaxation
We have assumed that there is no interaction between the nuclear magnetic
moment and the unpaired electron spin S. This is correct as long as the electron
spin relaxation time r e is short compared to the lifetime τ of the Mössbauer
excited state. If however т е is comparable to τ this may result in asymmetric
Mössbauer spectra. Without relaxation the electron spin S (taken parallel with the
z-axis) has a magnetic interaction Hm = А5гІ2 with the nucleus. As a result the
3
1
3
1
± -=- •*—*· ± — Mössbauer transition is split up into two lines 4- — •*—*• 4
г
r
2
2
2
2
and
^- •*—*• ψ, and the ± -=- •*—У ± -=- Mössbauer transition is split up
into four components (j; = 0). If 5 г changes sign due to relaxation all | Imi >
and | I -mi > states are interchanged. Then the assignments of the + — •*—•
1
3
1 •
-|- -=- and — у *—*• — =- lines are also interchanged; if 2Δ is the energy
difference between both lines and the relaxation is so fast that only one line is
observed midway between both lines, the linewidth of this line is given by 40 :

δΓ = -^-

те

(3-59)

As is shown in reference 41 for intermediate те two-line spectra occur, in which
the ± — •*—• ± — line is broader, since its Δ value is smaller than the one
2
2
for the other transition. Since the area under both peaks is equal, an asymmetric
spectrum is observed for which the asymmetry decreases with increasing tem
perature. In the high temperature limit r e is very small, in agreement with
< Sj > = 0, and two equally large peaks are observed in the spectrum.
41

Ш.5

ELECTRONIC SPECTRA OF IRON COMPOUNDS
42

The Tanabe-Sugano diagram shows that the ground state of high spin iron (II)
5
5
compounds in octahedral symmetry is a T state, while the excited states are E,
3
3
T 1 , T 2 , etc. in this order. All d-d transitions are Laporte-forbidden, and only
5
5
the T —*• E transition is spin-allowed. Only a limited number of electronic spectra
43
of high spin iron (II) compounds has been reported . Generally a broad absorp
tion band is observed, that usually consist of two components. The average band
position (10 Dq) is about 8 - 1 0 kK, the separation between the two components
can be as high as 5 kK. The observed splitting can be ascribed to a splitting of
the 5 E excited state, due to axial and rhombic distortion from octahedral symmetry.
When covalency is not taken into account, the splitting of the 5 E level by the
symmetry distortions mentioned can be calculated with the use of the CF Hamiltonian of Eq (3.46); the result is
| E ( * A ) - E (·Β) | = | E ( 3 d , , ) - E ( 3 d x 2 _ y 2 ) | = 1.33 δ + 0.58 ε

(3.60)

д and e being defined as the axial and rhombic splitting of the 5 T 2 K level, res
pectively. There exists indeed some relationship between the observed splitting
and the differences in electronegativity between X and Y ligands in FeX 4 Y 2
compounds with axial symmetry. 44 In principle ó and ε can be obtained from the
experimental QS(T) curve and therefore some prediction about the splitting in
the electronic spearum might seem possible.
A considerable splitting in the electronic spectrum has been observed also in
nearly octahedral compounds 4 5 . This has to be ascribed to Jahn-Teller effects. In
this case clearly Eq (3.60) cannot be applied. However, in complexes with low
symmetry where the degeneracy of the 5 E state is already lifted by the crystal
field, Jahn-Teller effects probably can be neglected and formula (3.60) can be
used as an approximation.
In tetrahedral compounds the 5 E state lies below the 5 T state and the spectrum
generally consists of a broad band in the near-infrared region (4 - 6 kK). Due to
the absence of a center of symmetry the intensity of these spectra can be 50-100
times as large as band intensities in spectra of octahedral compounds. As in the
spectra of six-coordinated iron (II) the band position directly enables the calcula
tion of 10 Dq.
N o spectrum is observed for iron (III) high spin compounds, which have a e S
ground state, since all possible transitions are Laporte-forbidden and spin-for
bidden. This means that on oxidation of a high spin iron (II) complex to a high
spin iron (HI) complex the observed electronic spectrum disappears completely.
Intermediate spin iron (III) complexes with three unpaired electrons can show
several spin-allowed bands.
Since iron (II) can be oxidized easily, metal ->- ligand charge transfer bands can
be expected in the electronic spearum. These bands occur at energies which are
too high to mask the weaker peaks due to d-d transitions. The energy of a charge
transfer band increases, the easier the ligand itself can be oxidized.
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CHAPTER IV

EXTENDED HÜCKEL CALCULATION OF THE QUADRUPOLE
SPLITTING IN IRON DITHIOCARBAMATE COMPLEXES
The EFG components V,, can be calculated from the iron АО net populations
(Eq 3 32)) or from the gross populations and the gross atomic charges (Eq (3 28))
These data can be obtained by an MO calculation involving at least all valence
orbitals of the iron and the ligand atoms In the complexes we are interested in
as a good approximation intermolecular forces can be neglected and an MO
calculation can be carried out on one molecule In the following details will be
given of the Extended Huckel calculations of the MO's and of the Mossbauer
parameters.

IV 1

THE MOLECULAR ORBITAL CALCULATION

For this calculation we used the LCAO-MO Extended Huckel method9, based
on the self-consistent charge method48 In this procedure a set of secular equations
is constructed in a semi-empirical way and the eigenvalues and orthonormal eigenfunctions are obtained by solving the secular determinant After dividing all
electrons over the calculated MO s, in agreement with the experimental number
of unpaired electrons, Mulliken atomic charges20 for all atoms are calculated
The secular determinant is charge-dependent and the calculation of the MO s is
repeated untili differences between atomic charges in two successive cycles are
less than, for example, 0 005 charge units The MO's then obtained are used for
the calculation of the АО populations and the Mulliken atomic charges according
toEq(3 25), (3 26), and (3 31)
The diagonal elements H,, were approximated by
Hn = — α, — kß, q B ( 0 < k < 1)
(4.1)
a, is the Valence State Ionization Potential (VSIP), corresponding to the hybridization state of atom В in the molecule considered, q,, is the Mulliken atomic
charge of atom В to which orbital ι belongs, β, describes the change of Hu per
unit of charge, and к is a correction of this charge dependence due to the influence
of neighbouring atoms The off-diagonal elements Hu are obtained by the Wolfsberg-Helmholz approximation 4 7
„
Щ = KS,, '• + "
(4 2)
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Sjj being the overlap integral between atomic Orbitals i and j , and К being an
empirical parameter. For the parameters к and К we take the values 0.1 and 2.5,
respectively, since they give the best agreement between the calculated and ex
48
perimental g-values and hyperfine splittings of the related complex Cu (dtc) 2 .
49
50
Values of щ and β; are listed in Table IV.l. >

Table IV.I

Values used for parameters a and ß(see Et/ (4.1)) and for μ and ζ (see Eq (43))

Atom

АО

VSIP
(α)

Change of
VSIP
per unit of
charge
(β)

Fe

4s
3d
4p
3s
3p
2s
2p
2s
2P
3s
3P
1s

- 7.90
- 8.70
- 4.55
-22.525
-11.94
-20.78
-11.32
-25.16
-14.16
-25.93
-13.825
-13.595

- 7.95
-11.33
- 6.85
- 9.70
- 9.70
-32.16
-11.37
-13.09
-14.28
-10.34
-10.34
-12.84

S
С
Ν
Cl
H

Ret

,«,

49
49
49
50
50
49
49
49
49
50
50
49

1.0
0.5661
1.0
1.0
1.0
L.O
1.0
1.0
1.0
1.0
1.0
1.0

м,
_
0.5860
-

ζη1

ζη2

Ref

1.40
5.35
1.56
2.1223
1.8273
1.6083
1.5679
1.9237
1.9170
2.3561
2.0387
1.0

_
2.20
-

51
51
52
53
53
53
53
53
53
53
53
53

To limit the number of atomic wave functions, in all complexes the alkyl groups
in the dithiocarbamate (dtc) ligands were replaced by hydrogen atoms, the N-H
distance being 1.01 A. As a basis for our calculations we took into account all
valence orbitals: iron 3d, 4s, 4p; sulfur and chlorine 3s, 3p; carbon and nitrogen
2s, 2p; hydrogen Is. The radial parts of the atomic wave functions were the real,
nodeless, single Slater-type orbitals
И
(2 t n t ) 2
(4.3)
г""» e x p ( — С щ Г )
Rnl = ^1
2n!
except the 3d orbitals, which were described by double exponent functions.
η and 1 are the principal and orbital quantum numbers, values for μ and ^,,
obtained from references 51, 52, and 53 are listed in Table IV.l; the reported
values refer to Fe ++ .
These functions were used to calculate the overlap matrix Зц. For the derivation
of the < r 3 > values (see section III.2.1) the core-orthogonalized Slater-type
orbitals 2 3 were used.
The cartesian coordinates of the atoms were calculated using crystal structures
which are discussed in the seaions dealing with the different compounds.
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IV.2

RESULTS AND DISCUSSION

IV.2.1

QUADRUPOLE

SPLITTING

A.

Bis(dietbyldithiocarbamato)iron(III)chloride.

The molecular structure of this five-coordinated iron(III) complex has recently
been published by Hoskins and White 5 4 , and is depicted in figure IV. 1. Fe(dtc) 2 Cl
has been extensively investigated with the aid of Mössbauer spectroscopy 55-80 .

Figure IV.1. Molecular structure diagram of
cbloride." Distances are given in Â units.

bis(N,N'-diethyldithiocarbamato)iron(III)-

The QS of this complex (2.76 mm/sec at 100 c K) e i is abnormally large for an
iron(III) compound. From a crystal field approach one expects the EFG arising
from the 3d electrons to be zero in the spin quartet ground state. 57 · 62 The
influence of thermal excitations and spin-orbit coupling is also expected to be
unimportant because of the rather large distances between the energy levels. 58 ' 62
Finally the lattice contribution to the EFG calculated by means of the point
charge formulas (see Eq(3.28)) is too small to account for the observed QS. 57 · 59
However, according to the model described in section III.2.2 the EFGC0V is
expected to be considerable in this low-symmetry complex, due to the large
differences between the σ-bonds along the three coordinate axes. Therefore an
MO calculation might explain the large discrepancy between the experimentally
observed QS and the QS expected on the basis of a crystal field model.
In the calculations the z-axis of the coordinate system has been taken along the
direction Fe-Cl, and the x-axis in the plane of the atoms Fe, Cl, and С, and
parallel to the plane of the four sulfur atoms. The observed Mössbauer parameters are at 100 o K 6 i QS = 2.76, IS = 0.70 mm/sec and at 300 ο Κ 5 β Q S
= 2.63, IS = 0.64 mm/sec.
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Figure IV.2a gives the energy levels of the MO's of interest. The MO's 17-21
correspond to the 3d atomic orbitals in the crystal field model. They have mainly
metal character, whereas all the others have considerable ligand character and
have energies well above or below the group of "3d"-MO's. Figure IV.2b shows
the spectral excitation energies, as derived from the electronic absorption

EmkK

®

®

50

16-

. ligand

17-

3dIy

ί,Ο

30

20

10
18
19

U
1

21

Η

_3d,2.3(1

η:

-h-10
22

Ц

и ІПІ

і

Figure 1V.2. Calculated relative energies (in kK) of the most important MO's (a) and
spectral excitation energies derived from the electronic absorption spectrum (b; see figure
V.6) of Fe(dtc)2Cl. The zero energy level points are taken arbitrarily.
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spectrum of Fe(dtc).,Cl61 (see section V.3). There exists fair agreement with the
calculated energy levels, bearing in mind the approximate nature of the Extended
Hiickel method. The sequence of the "3d"-MO's 17-21 is exactly the one expected
on the basis of ESR measurements.63 The high energy of the "3d „"-MO (32 kK
above the "d^.^/'-MO) accounts for the spin-pairing of the fifth 3d electron.
In table IV.2 the 3d and 4p coefficients are listed for the MO's of interest. From
this table it can be seen that the covalency is strongly direction-dependent.
TMe IV 2
M O n u m b e r Orbital type

3dIy

Ui'

MO coefficitmtj adcvlaieJ for Pe(dtc),C!.
3<ivz

Мж,

3d «
эа, _

·

a)
4P,

4РУ

0

0

0

0

4Pz

y

0.818
0

0
0 924

0

18

" x y
3d/

0

0

0

19

3d„

0

0

0 941

0

0

0

0.107

0

20

34

0

0

0

0.959

0

0 098

0

0

0

0 091

0

0

0.994

0

0

17

Μ.·_/

21

0
-0.083

0
-0.205

-0.024

a) CalcuUttoni performed unth К — 2 5 and k — 0.1

The second row of table IV.3 gives the net populations of the 3d and 4p atomic
orbitals. The net electronic distribution is quite different from the one assumed
in a crystal field model,given in row 1. For the òd^t_^> the deviation in negligible,
the 3dzí, 3d¡(z and3dyz contain about 10 % more electronic charge as a consequence of „donation" effects. The most striking feature is that the 3dxy orbital,
which points to the sulfur atoms, is not empty at all, but is occupied by 0.7
electronic charge. This result is not unexpected because an electron transport from
the negative dtc" ligands to the Fe*** ion will take place via the initially empty,
o-bonding 3d][y orbital. From the net populations in table IV.2 it follows also,
that the interaction via the π-bonding orbitals (3d,ä_y!, 3dxz, 3d w ) is much less
important than the the interaction involving 3dxy σ-bonding orbital.
Furthermore it is clear that the 4p orbitals have to be taken into account because
they participate substantially in the bonding.
Using Eq. (3.14) the QS was calculated to be (-|- 2.52 ± 0.36) mm/sec
(where the indicated error is due to the uncertainty in Q only), in reasonable
TM,

к

IV

md remlling EFG and Q5 far dtfierenl

Ver огЬ/Ы popule/lo nj о/ Fttflc)ta

ijuei о/ К end к
v

net orbiul populations

k
»d,,

25
25

f) 0
0^322
0 1
0 8836
01

25
20
20

10
10
06

01279
0 8065
08253

<."

,.ll

QSU

v

<.'

4,

3-1..

' J , ' - ,•

10618
10949

1 1164
1 1367

1
10639
10798

2
2 0017
1 9899

0
0 1978
0 3204

0
0 1930
0 5005

0
0 1645
0 3807

0
105
1 20

0
0 66
0 58

0
0
2 4 6 * 0 35 107
2 77 * 0 40 1 2 3

11134
1 1578
1 1454

1 1546
1 2159
1 2151

1 1139
1 1498
1 1373

2 0048
2 0048
2 0043

0 1995
0 1502
0 1498

0 1926
0 1260
0 1277

0 1683
0 1003
0 1014

0 81
0 84
0 91

0 59
0 62
0 65

2 01 ± 0 29 0 89
1 96 i 0 28 0 88
2 1 3 * 0 3 0 0 95

4

s

4p,

4P,

4P,

V'l

QS"

3d + 4p1"

3d»

η
0 68
ο-·6

os··
0 55
0 59

a) Values calculated, taking into account only the contribution of 3d atomic orbital populations to fhe FFG
b) Values calculated, taking into account the contribution of all iron valence-orbital s to the EFG
c) Ζ component of EFG in I O " Volt n H
V
d) Asymmetry parameter 17 =

- V
—
-1

e) Quadrupole splitting in mm sec , calculated with Q = 0 2 1 ± 0 0 3 barns The indicated error 11 due to the uncertainty in Q only
f) Atomic orbital populations and resulting EFG and QS in a crystal field model
g) Atomic orbital gross populations and resulting EFG and QS
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0
2 52 * 0 36
2 94 * 0 42
2 05 * 0 29
2 02 * 0 29
2 2 0 * 0 31

agreement with the observed QS of + 2 . 7 6 mm/sec at liquid nitrogen tem
perature. The influence of the 4p electrons turns out to be remarkably small.
The calculated sign is correct, but the calculated asymmetry parameter η = 0.68
does not agree with the experimental value 7] = 0.14. 58 This deviation is a
consequence of the mixing between 3d 4 j_ v j and 3dj2, since without the nondiagonal Vi?' term in Eq (3.40) η is found to be 0.14; the effect of >; on the
QS is very small. Mixing between 4s and 3d orbitals turned out to be unim
portant, as discussed in section I1I.2.1 and furthermore since n(3d ;i ,4s) varied
from 0.008 to 0.015 only. The results of this calculation warrant the conclusion
that covalency effects are primarily responsible for the observed large QS in
Fe(dtc) 2 Cl.
It is important to know how strongly this calculated QS depends on structural
data and on the empirical parameters К and k. Therefore we have given in
table IV.3 the results of calculations in which the numerical values of the para
meters have been changed: row 4 contains the results for К = 2.5 and к = 1.0,
row 5 for К = 2.0 and к = 1.0 and row 6 for К = 2.0 and к = 0.6. Con
sidering the calculated EFG and QS values, one may conclude that a change of
the parameters causes a change in EFG and QS of at most 20 % . It was shown
that an increase of he Fe-S distance bij 0.1 A reduces the calculated QS only
by 8 % ; the energy level of the „3d v % "-MO dropped by 6 kK by this distortion
of the structure. A reduction of the N-H distance by 40 % had only an effect
on the nitrogen orbitals and did not influence orbital populations and atomic
charges on S and С
This is in agreement with the observed small influence of the alkyl groups on
the QS, 5 9 and to some degree justifies the replacement of the alkyl groups by
protons. These results suggest that the large EFG is mainly a consequence of the
symmetry of the complex, and is rather insensitive to minor chemical changes
of the ligands.
The QS has also been calculated by means of Eq(3.28), which was deduced
without the neglect of muli-center integrals V1.'.1. In the third row of table IV.3

Table IV.5

Set

orbital populations

of [Fefdtc)^,

and of Fe(dtc):i

and resulting EFG and QSк>
net orbital populations

[Fe(drc),],

2S+lh.

3d I %

3d,*

3

0
0.6318
1
1.3971

1
1.0303
1
1.0517

1
2
1.0780
1
1
1.1308

1.9789
2
1.0627

1.6836

0.7653

1.6631

1.6836

5

Fe(dtc) 3

2

3d,,

3d X 7

a), b), c), d), e), i) See caption of Table IV 3.
g) Calculations of [FefdtdJ, performed with parameters
К = 2.5 and k = 0.1 and of Fe"(dtc)3 with К = 2.0 and k = 1.0.
h) Spin multiplicity.
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3d/_vs
2
2.0025

4px

2.0038

0
0.199
0
0.146

0.7516

0.131

che gross populations of the iron orbitals and the resulting valence contribution
to the EFG and QS values are listed. The calculated QS due to the valence
electrons is 2.94 ± 0.42 mm/sec. The lattice contribution to the EFG has been
calculated with the use of the computed Mulliken charges of the ligand atoms:
sulfur —0.17, carbon 0.31, nitrogen —0.22, hydrogen 0.21 and chlorine —0.48
electron charge. It was found that the lattice contribution to the EFG com
22
2
ponents was small: г г was lowered from 1.23 to 1.16 χ IO Volt/m , »7 increased
from 0.76 to 0.87 and QS became 2.84 ± 0.28 mm/sec. These Mulliken atomic
charges are obtained according to Eq (3.26) and need not to be equal to effective
ionic charges. To obtain another idea of the influence of EFG l a t t we have also
calculated the lattice contribution to the EFG by assuming that all charges of
the d t c ligands are concentrated on the sulfur atoms, which means a charge
of —0.5 on the sulfur atoms and of —1.0 at the chlorine atom. It can be con
cluded that even for this low symmetry the EFG l a t t contribution to the EFG is
less than 5 %, which is in contrast with other explanations for the large QS
observed.62 In this case the total EFG components are V"zz = 1.19 χ IO22 Volt/m2
and η = 0.73. The resulting QS is 2.83 ± 0.40 mm/sec, not significantly different
from the QS calculated with the Mulliken charges.
In general spin-orbit coupling tends to diminish the QS by mixing the various
orbitals. In our case, however, the splittings between adjacent energy levels amount
to more than 1000 cm -1 , which is large compared to the spin-orbit coupling
constant (|Я Fe** | = 104 cm *). Also the small temperature dependence of QS
3d
points to a small influence of spin-orbit coupling.
The influence of inner shell electrons on the EFG, the so-called overlap effect,
has been described in section III.2.1. In our calculations the resulting MO's are
orthogonal to each other so that the influence of EFG o v o r l a ' > is automatically
taken into account for the 3d, 4s and 4p iron orbitals. To estimate EFG ovt ' I ' la i'
of the 3p electrons, we have performed a calculation with the 3p, 3d and 4s
orbitals of the iron atom. The resulting net populations of the 3p orbitals
were n O p J = 2.00664, n(3p y ) = 2.00488 and n(3p2) = 2.00278. We cal-

v,,·-'
4Pv

4р г

rçdt

QSn

ηΛ)

v„«>

3d"'

3d

0
0.1788
0
0.1138

0
0.1540
0
0.0881

-0.90
0.14
1.80
2.25

3
-14.23
0
0.26

3.9
2.54 ± 0.36
3.9
4.98 ± 0.71

0.1312

0.1358

-0.06

0

-0.13 ± 0.02

QS<'i

+ 4 P ь.

0.17

-11.62

2.53 ± 0.36

2.29

0.23

5.06 ± 0.72

-0.07

0

-0.14 ± 0.02
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dilated < г 3 > jp from the Hartree-Fock function given by Clementi64 as 366
A - 3 , very large compared to the corresponding 3d and 4p values. The EFG
components arising from the 3p electrons can be calculated from formulas similar
to Eq(3.39) and Eq(3.4l). Assuming (1-R)sp equal to 0.7, we found for the
3p contributions to the EFG: г г = 0.263 and (V„-V y> ) = 0.2333 (Volt/m*
χ 10 22 ). This correction changes the calculated QS from 2.84 ± 0.28 to 3.44
± 0.49 mm/sec. (EFG 0 V t ' r l a ' ) and EFGC0V have the same sign).
Though the symmetry of this complex is very low, the EFG" vorla n components
correspond with a QS of about 0.6 mm/sec; this means that in Fe(dtc)2Cl the
effect of the 3p inner shell is much less important than the EFG due to covalency
in the valence shells.
B. Bis(diethyldithiocarbamato)iron(n).
From the X-ray powder spectra it is known that [Fe(dtc) 2 ] 2 occurs in the dimeric
form,65 with a five-coordinated iron atom (see section V.l). In order to get an
idea about the EFG in this iron(II) compound we have performed calculations
on the monomeric unit, placing at the apical position a CI" ion, so that the
atomic wave functions and the structural parameters of Fe(dtc)2Cl can be used.
Table IV.4

MO scheme of {Fe(dtc)*\,^
S = 1

MO number
16
17
18
19
20
21
22

Orbital type
ligand
3d,v
3d, 2

3d„
3d I Z
3dx'_y2
ligand

S = 2

Energy1"

Nu<·)

Energyb)

Nu<-'>

40,580
26,500
3,940
2,610
1,730
0
-20,450

0
0
1
1
2
2
2

24,055
17,900
3,252
2,330
1,430
0
-9,262

0
1
1
1
1
2
2

a) calculations performed with parameters К = 2.5 and к = 0.1.
b) relative energy in cm - 1 .
c) occupation number of the MO's.

From the results given in table IV.4 one notices that the order and the position
of the MO's with mainly 3d-character is the same as in Fe(dtc)2Cl. Unfortunately
we were unable to record the electronic absorption spectrum and to measure
reliably the susceptibility, so that the spin multiplicity of the ground state could
not be determined.
Therefore we calculated the QS for both, the triplet and the quintet spin ground
state. The energy of the „3d ly "-MO as calculated for the high spin configuration
is much lower (17.9 kK above the „3dx2_v2"-MO) than for Fe(dtc)2Cl, so that the
S = 2 electron configuration cannot be excluded. This result is also in agreement
with the generally more ionic character of iron(II) compounds as compared to
66
iron(III) compounds. The IS may depend on both spin state and coordination
number so that we cannot deduce the occurring spin state from the observed
IS value.
The results are listed in table IV.5 and may be compared with the experimental QS
61
value of 4.16 mm/sec at 100°K. Taking into account the assumed molecular
50

structure and the unknown multiplicity of the groundstate one may conclude
that also here covalency contributes significantly to the observed QS In both
spin configurations the calculated 3dXj АО population deviates strongly from
the value expected on the basis of a crystal field model
In the high spin configuration the QS according to the crystal field model is
caused completely by the sixth 3d-electron in the 3d x i _ чг orbital Covalency mainly
increases the electron charge in the „3d x y -MO and therefore enhances the QS
This explains why the observed QS of [ F e ( d t c ) 2 ] 2 is even higher than the
maximum QS expected for common ionic ferrous compounds (about 3 9 mm/sec)
C.
Tns(dtethyldtthtocarbamato)tron(lll)
To investigate the merit of this method for calculating EFG's the EFG in the
six-coordinated low spin (S = Vfe) Fe(dtc) 3 complex was calculated If the method
is useful, one should arrive at a small QS for this nearly octahedral compound
Since for no iron(III) dithiocarbamate complex sufficient structural data are
available, we used for the structural parameters those of Co(dtc)g 6 8
Table IV 6

MO scheme and MO coefficients of low spin Fe(dtc)s a)

MO number

Orbital type

Energyb)

3d x *_, 2

3d. 2

3d x ,

3d X 2

22
23
24
25
26
27
28

ligand
3dz*
З - '
3<W. Ыхг. Ч г
3d x y , 3d x z ) 3d y z
3d I Z , 3d v z
ligand

27,350
20,936
20,921
228
26
0
- 8,100

0
0817
0
0
0 052

0 808
0
0112
0 101
0

0 010
0
0577
0 765
0

0 088
-0 035
-0 540
0 397
0 675

3dw
-0
-0
0
-0
0

088
035
540
397
675

a) Calculations performed with parameters К = 2 0 and к = 1 0
b) Relative energy in cm-1
Table IV 6, giving the MO functions with mainly 3d character, shows rhat the
t2g and the eK functions are strongly mixed The third column gives the relative
energy distances which are qualitatively in agreement with the observed electronic
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transitions in tris(dimethyldithiocarbamato)iron(III) From the net АО po
pulations in table IV 5 one notices that the л-bonding orbitals have been occupied
by almost five electrons, as expected, but that the σ-bonding „Cp ' orbitals contain
about 0 8 electronic charge each, whereas they are empty in a crystal field model
The QS calculated from this charge distribution is small (0 14 ± 0 02 mm/sec),
the deviation from the observed QS (0 55 mm/sec at 77°K) may be caused by
small differences in structures between Co(dtc) 3 and Fe(dtc) 3 In this case slight
differences in structural parameters may have a large effect on the QS, since
the latter is caused solely by small deviations from octahedral symmetry This is
also demonstrated by the influence of the allcyl group on the observed Q S 7 0
Also the effect of spin-orbit coupling and of thermal excitations cannot be
discarded, due to the small energy separations between the ,,t, K '-MO's
Concluding we can say that the electron transfer from the dtc into the initially
empty eK orbitals is about the same as was observed for Fe(dtc) 2 Cl, but that the
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calculated QS is small in agreement with the high symmetry. The large relative
deviation from the experimental QS indicates that LCAO-MO calculations for
nearly octahedral compounds are complicated by several effects that could be
neglected for the low symmetry Fe(dtc) 2 Cl complex.
IV.2.2. ISOMER SHIFT
The observed IS's of Fe(dtc) 2 Cl and [ F e ( d t c ) 2 ] 2 are respectively 0.70 61 and
1.1667 mm/sec. One should expect that this difference in IS is correlated with
the different orbital net populations of the compounds.
The 4s net orbital populations of Fe(dtc) 2 Cl and high spin [Fe(II)(dtc) 2 ] 2 are
0.2172 and 0.1720, respectively (with parameters К = 2.5 and к = 0.1). The
net population of the 3d shell increases from 5.9760 for the iron(III) complex
to 6.6461 for the ¡ron(II) complex. Both differences give rise to a lower electronic
charge at the iron nucleus of [Fe(dtc) 2 ] 2 and, consequently, to a larger IS, as is
observed (see section ΠΙ.3). If [ F e ( d t c ) 2 ] 2 occurs in the intermediate spin state
the 3d and 4s populations are 6.7215 and 0.2050, respectively, which leads to
the same conclusion.
These results, as well as results from other MO calculations, show that covalency
not only increases the 4s population, but also affects the 3d population consider
ably. Much more data are needed for obtaining some relationship between the
IS and both the 3d and 4s occupation numbers.
IV.3 CONCLUSION
The results of the semi-empirical Extended Hiickel method depend on the para
meters chosen. This introduces a certain amount of arbitrariness in the outcome
of the calculation. To eliminate this to a certain extent we have chosen for the
final data those parameters (K and k) which gave good agreement between the
theoretical and experimental g values and hyperfine couplings of Cu(dtc) 2 . With
this set of parameters we have calculated the EFG. The effect of variations of
К and к on the EFG turned out to be small. Our calculations show that the
large EFG in five-coordinated iron dithiocarbamate complexes is primarily caused
by covalency effects, and is almost entirely due to the valence iron electrons.
Furthermore the results point to a small effect of bonding through л-bonding
orbitals.The treatment followed gives useful results only for crystals, in which
distinct molecules can be discerned; hence ionic crystals are excluded so far. If
in addition these molecules posses low symmetry the results of the calculations
become more reliable, since then effects of spin-orbit coupling and thermal
mixing are negligible.
Another reason for carrying out calculations on Fe(dtc) 2 Cl is the abnormally
large QS, while on the basis of a crystal field model zero QS is expected.
Therefore we suggest that meaningful results also can be obtained for other fivecoordinated complexes with intermediate spin states, such as bis(maleonitrildithiolato)iron and bis(toluenedithiolato)iron complexes, which both have unusually
large QS values. 71 The occurring symmetry and spin state seem to be much more
important than for example chemical variations between ligands.
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CHAPTER V

FIVE-COORDINATED IRON COMPLEXES
In the previous chapter calculations have been carried out on Fe(dtc)2Cl and
[Fe(dtc) 2 ] 2 ; it was shown that the abnormally large QS's of these five-coor
dinated complexes can be rationalized mainly in terms of σ-covalency effects. In
this chapter some more work on five-coordinated complexes is reported. In
section V.l the iron(II) dithiocarbamate complexes are discussed from an ex
perimental point of view. In section V.2 high spin iron(III) complexes are
discussed; the change of the spin state might reduce the QS as the Extended
Hiickel calculations suggest. In section V.3 the behavior of Fe(dtc)2Cl and
related complexes in solution is described. In solution the spin state does not
change, but it has been suggested72 that six-coordination can take place.
V.l

BIS(DIALKYLDITHIOCARBAMATO)IRON(II)

COMPLEXES

A. Chemical aspects
Iron(II) dithiocarbamates (Fe(R2dtc)2) can be prepared by mixing aqueous
solutions of ferrous sulfate and of the sodium salt of the dithiocarbamate.65'73 If
the sodium salt is not available, the ligand solution can be prepared from CS2 and
the appropriate dialkylamine.74 All preparations have been carried out using the
Table V.l. Mossbauer parameters (mm/sec) of tron(il)dithiocarbamate-,
diselenocarbamate complexes, measured at 950K

xanthate-, and

ISO

QS

Fe(et 2 dtc) 2
Fe(prop s dtc) 2
Fe(bu2dtc)2
Feiphjdtc),
Fe(buxn) 2
FeCetjdscij

1.19
1.22
1.16
1.14
1.12
1.21
1.24
1.09

4.10
2.53
4.16 *)
4.15
4.01
3.76
2.04
4.06

*) at 4.2 0 K:

1.23

4.21

Fe(me 2 dtc) ä

a) all IS's in this table and elsewhere in this work are given with respect to Na 2 Fe(CN) 5 NO.
2 HjO as a reference.
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vacuum procedures reported in section II.3, since all complexes are very airsensitive even when dry. Experimental details and the results of some elemental
analyses are given in appendix B. The colors of all complexes prepared vary from
light brown to ochre. In the IR spectra all the peaks that are charcteristic for
-1
the d t c ligand are present, and no band is observed at 850 cm that would
74
indicate the presence of thiuramdisulfide. Bands characteristic for monodentate
78 7
d t c are not observed. · ·
mfn.
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Figure V.l. IS and QS as a function of temperature for Fe(et¿itc)¡, Fefpropgdlc). and the
extra site in Fe(me¿ltc)t.

В. Results and discussion.
The Mössbauer parameters measured are given in table V.l, and in figure V.l
the temperature dependence of these data for some complexes is shown. As was
mentioned above, the Fe (dtc) 2 complexes occur in the dimeric form, so that the
iron atom is coordinated to five sulfur atoms. The QS values are unusually high and
only recently an iron(II) compound has been reported having a larger QS. 77
For the explanation of this large QS we refer to the discussion in chapter IV.
The IS is rather low for a high spin complex. As no other complexes in which
iron(II) is bound only to sulfur are known, it cannot be decided whether the
low IS value is caused by the sulfur ligands or by the low coordination number.
The change of the IS with the temperature is in agreement with the change
expected on the basis of the second order Doppler shift,78 which points to the
absence of spin state variations. The absolute change of the QS on going from
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100οΚ to ЗОСГК is somewhat larger than was excepted for a complex in which
thermal mixing is excluded (cf. section Г .2.1).
The ethyl complex was also measured at 4.2 0 K. No change in the spectrum was
observed, pointing to the absence of magnetic interaction. Attempts to measure
electronic d-d transitions failed, although the complex certainly has a very low
symmetry and several spin-allowed transitions are possible.
Preparations of Ре(те г гік:) г can give samples in which two iron sites are
intensity

mm/ »ei

Figure V.2. Mossbauer spectrum of Fe(me¡dtc)t ibowtng two tron sttes (see text), measured
at lOOPK.
present (see figure V.2); the relative intensity of the sites may differ for each
preparation of the sample, but no systematic dependence on the preparation
procedure could be detected. The results of elemental analyses rule out the possible
formation of Fe(me 2 dtc)j(H 2 0) 2 , and heating the sample in vacuum does not
change the relative peak intensity. The IR spectrum shows only the normal
peaks belonging to complexes with bidemate me2dtc". Since the second site with
the smaller QS undoubtedly belongs to six-coordinated iron(II) (see chapter VI)
we assume that in the dimethyldithiocarbamate complex polymeric species can
be formed by additional Fe·«-S bonds. The resulting coordination with six
sulfur atoms has also been found for Cu(II) in [Cu(II) (bu2dtc). 2 Cu(III)
(bu2dtc)2] Cd2 Bre.79 The somewhat larger IS of the six-coordinated species
might be another indication for the higher coordination number.8 It is remarkable that this compound does show bands in the near-IR-vis spectrum, which is
associated with the presence of six-coordinated species. The d-d bands are observed at 6.6 and 9.4 kK and are assigned to the 5E-«—5T transitions. From this
a 10 Dq value is derived of about 8 kK, which is equal to the 10 Dq value
found for Fe(dtc)3" complexes (see section VII.2). The position of d t c in the
spectrochemical series suggests an expected 10 Dq value larger than 8.8 kK,
the 10 Dq value found for FeF2.4S
We also prepared in a similar way the iron(II) complex with butylxanthate
(buxn), which is expected to be less stable than Fe(dtc)2.eo Surprisingly the
Mossbauer parameters of Fe(buxn)2 are similar to the ones found for the sixcoordinated iron in the dimethyldithiocarbamate complex. Hence we assume that
also in this complex polymerization takes place.
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Finally we studied the influence of replacement of the sulfur atoms by selenium
atoms. The iron(II) bis(diethyldiselenocarbamate) complex (Fe(dsc)2) cannot be
prepared in the same way as Fe(dtc)2. Therefore metallic enriched 57Fe was
dissolved in hydrochloric acid in a vacuum system. After complete dissolution
the solvent and remaining HCl was pumped off, and the white S7FeCl2 was
brought into contact with a degassed chloroform solution of Zn(dsc)2. The solvent
was distilled off very slowly and a Mössbauer spectrum was measured of the
remaining solid.
In this spectrum peaks at about the same positions as in Fe(dtc)2 spectra were
observed, as well as peaks due to ferrous chloride. This leads us to the conclusion
that part of the iron replaced the zinc, while the large QS (QS = 4.06 mm/sec)
indicates five-coordination. The difference between the IS's of Fe(dtc)2 and
Fe(dsc)2 points to the more covalent character of a Fe-Se bond as compared
to Fe-S.

V.2

HIGH SPIN COMPLEXES OF FIVE-COORDINATED

IRON(III)

The calculations reported in chapter IV indicate that the large QS in Fe(dtc)2Cl
is mainly brought about by an electron transfer into the σ-bonding 3d xy orbital
which is empty in a crystal field model. This mechanism can also be applied to
other intermediate spin five-coordinated iron(III) complexes. From this a high
spin five-coordinated iron(III) complex is obtained by transfering an electron
from the doubly occupied „3dX2.y2"-MO into the empty „3dVJ."-MO. From the
Table V.2. Mossbauer parameters of some high spin jtve-coordinated tron(lll)
measured at Itquid nitrogen temperature (mmlsec.)
(Abbreviations see Appendix C).
IS
Fe(Hetsal)2C1.2Cl
Fe(i-propsal)jCl
Fe(acac)2Cl
Fe(salen)Cl.MeCN
Fe(salen)BrJV[eCN
Fe(propsal)2Cl

0.71
0.70
ca. 0.60
0.63
0.74
0.74

QS
0.78
1.18
ca. 1
0.85
0.54
0.99

complexes,

preparation
ref.
81
(81)

IS.QS
ref.

—

82
83
83

—

(81)

results given in chapter IV it is estimated that such complexes will show a QS
of about 1.2 mm/sec. In table V.2 the results of measurements on some com
plexes of this category are collected.
It can be seen that five-coordination alone indeed does not bring about a large
QS. The observed QS and IS values show that high spin five- and six-coordinated
iron(III) complexes cannot be differentiated from each other from their Moss
bauer parameters without evidence from other techniques.
5<?

V.3

SOLVATION EFFECTS OF FIVE-COORDINATED INTERMEDIATE SPIN
IRON(III) COMPLEXES*)

It is well known that iron(III) complexes with bidentate sulfurcontaining ligands
occur in the solid state as five-coordinated compounds. 54 · 84 ' β5 The structures of
these complexes in solution, however is unknown. In a recent review article72
it was suggested that six-coordination might occur in solution; the resulting
complex will then contain one or two solvent molecules. Such a transformation
should reveal itself in the Mössbauer spectra of these iron(III) complexes and
therefore we investigated the behavior in solution of Fe(dtc)2Cl and the tetrabutylammonium salts of bis(maleonitriledithiolato)iron(III) and of bis(toluenedithiolato)iron(III) (Fe(MNT)2- and Fe(TDT)2-, respectively; see figure V.3).

,CN
II
CK

OCn
Figure V.3.

Table V.3- Mossbauer parameters (mmlsec) of some iron complexes tn solid state and »»
solution tn DMF, measured at liquid nttrogen temperature
solid state

Fe(dtc)2Cl
Fe(dtc)2SCN
Fe(dtc)3
Fe(MNT),Fe(TDT) 2 -

solution

IS

QS

IS

0.70
0.68
0.70
0.62
0.59

2.76
2.65
0.52
2.73
3.09

0.70
0.68
0.69
0.69
0.68

QS
0.70
0.79
0.66
0.84
0.85

Table VA. Mossbauer parameters (mmlsec) of Ре(аіс),СІ tn vanous solvents, measured at
liquid nitrogen temperature

Dimethylformamide
Acetonitrile
Dimethylsulfoxide
1,2-Dimethoxyethane
Pyridine
Thiocyanate in DMF

*)

IS

QS

0.70
0.72
0.71
0.73
0.70
1.41
0.69
1.40

0.70
0.77
0.84
0.85
0.71
3.71
0.69
2.38

The contents of this section have been published in Inorg. Chem. 10, 81 (1971).
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The results of the Mössbauer measurements are collected in tables V.3 and V.4.
Spectra in nonpolar solvents like chloroform and benzene could not be obtained
due to the small Mössbauer fraction. The accuracy of the Mössbauer parameters
is 0.04 mm/sec for the spectra measured in pyridine and DMF, the concentration
of the solutions being about 0.03 M. For spectra measured in other solvents the
accuracy of the IS and QS data must be set equal to 0.08 mm/sec due to the
small Mössbauer fraction.
The complexes were prepared as described in the literature,89·86'87 and the
samples have been checked by elemental analyses and IR speara. Since Fe(dtc)2Cl
in solution can be hydrolyzed93 or converted into the Fe(dtc)3 complex58 all
solutions were prepared shortly before the measurements and the samples were
cooled immediately.
A. Bis(dithiocarbamato)iron(ni)chloride.
a. The Mósbauer spectra. From the tables it is clear that the large QS, discussed
in chapter IV, disappears on dissolving the complex. It is temping to interpret
the remarkable reduction of the QS on going from the solid state to the solution
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of Fe(dtc)1Cl (c) tn DMF solution, (d) tn solid state, and (e) after complete removal of
the DMF from sample (c). All spectra were recorded at liquid nitrogen temperature.
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as a change in the coordination number from 5 to 6 caused by the binding of
a solvent molecule, thus yielding a complex of higher symmetry. This change of
geometry of the complex, resulting in a different order of the molecular orbitals
involved is then responsible for the observed change in QS. This explanation is
supported by the experimental data obtained for Fe (dtc)3, in which compound
the iron atom is six-coordinated and located at the center of a distorted octahedron.88 This six-coordinated complex is like Fe (dtc)2Cle3 present in the
monomeric form, both in the solid state and in solution.89 In chloroform solution
about the same magnetic susceptibility has been measured for both compounds.63,89
Figure V.4 shows that the Mössbauer spectrum of Fe (dtc)2Cl in solution is
almost identical with the spectrum of the six-coordinated Fe (dtc)j in solution.
The similarity in magnetic susceptibility and in the IS and QS parameters (cf.
Table V.3) suggests a geometrical correspondence between both complexes in
solution, which can be attained by the binding of a solvent molecule to the sixth
coordination site of the Fe (dtc)2Cl monomer. In principle, the solvent molecule
may enter the complex either cis or trans with respect to the chlorine atom.
The tables show that the Mössbauer parameters are not very sensitive to the
type and position of the ligands in the complex. Therefore on the basis of the
Mössbauer spectra alone we cannot decide which configuration is formed. However, chemical evidence favors the cis model.
It is known that Fe (dtc^Cl can be rapidly and reversibly converted to Fe(dtc)j.S8·90 This can easily be understood for the cis configuration, since the iron
atom has two neighboring sites available for binding the bidentate ligand. Therefore we favor a cis configuration for the Fe (dtc)2(Cl)(soIv) complex as depicted
in Figure V.5.

Figure V.5.
Fe(dtc)iCl.

Proposed model of the six-coordinated complex jormei

after dissolving

Tables V.3 and V.4 show that the IS does not vary markedly upon a change of
coordination number or ligand. This has been observed previously: the IS's of
Fe(MNT)3S- and Fe(MNT)2- differ by only 0.06 mm/sec, whereas Fe(MNT)2and Fe(MNT)2(py)" have the same IS.71 Also no change of IS is observed in
the series Fe(dtc)2X, X being CI, Br, I, NCS, or С в Р 5 С0 2 .* 9
As can be seen in Table V.4, a second site was observed for solutions of Fe(dtc)2Cl in pyridine and in DMF to which potassium thiocyanate was added.
The large IS suggests that the extra lines belong to a high-spin iron(III) complex
of which nu further identification has been attempted.
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Electronic spectrum of Fe(dtc)¡Cl, measured in a KBr disk.

b. The Electronic Spectra. — The proposed change of the coordination number
must also reveal itself in a change of the d-d transitions in the electronic spectrum.
For that purpose we measured the electronic spectrum of Fe(dtc)2Cl, both in
solid form and in solution, in the tegion from 5000 to 12,000 cm-1. Figure V.6
shows the spectrum of solid Fe(dcc)2Cl; two distinct absorption bands are observed at 6300 and 8610 cm 1 and the presence of a third one can be discerned
at about 5200 cm-1 as a shoulder on the band at 6300 cm-1 [A similar spectrum
was obtained by Martin and White,63 by dissolving Fe(dtc)2Cl in the very weakly
coordinating solvent CC14. In others solvents with better coordinating power no
spectrum was observed. One may conclude from this that CC14 is not capable of
coordinating with Fe(dtc)2Cl. Unfortunately we could not verify this statement
from the Móssbauer spectrum of FeCdtc^Cl in CC14, due to the low solubility
and the small Mössbauer fraction.] In solution no absorption bands are observed
in the 5000—12,000-cm"1 region, even for saturated solutions and very long cells.
The absorption spectrum outside this region (visible and uv) is the same as
published spectra in the literature.63 It should also be noted that the same visibleuv spectrum is produced by the material having the small QS of 0.70 mm/sec.
The absence of absorption bands for solutions of Fe(dtc)2Cl in the optical region,
where d-d transitions for five-coordinated iron(III) complexes occur, strongly
supports our conclusion that a change in coordination number takes place on
dissolving Fe(dtc)2Cl.
с The IR Spectra. — The presence of bound solvent molecules must also reveal
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itself in the IR spectra of the solutions. Unfortunately the solubility of Fe(dtc)2Cl
in various solvents was not high enough to measure IR spectra. However, evidence
for solvent binding was found by measuring IR speara of the solid material,
obtained by evaporating a Fe(dtc)2Cl solution in DMF, which is a strongly co
ordinating solvent. In Figure V.7 some relevant IR spectra are shown. The IR
spearum of the material, obtained from the solution, clearly shows peaks due
to DMF. They are shifted with respect to corresponding positions in pure DMF.
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Figure V.7. IR spectra of (a) pure Ре(аи)гС1, (b) the solid after evaporating a DMF
solution of Fe(die) ¡CI, and (c) pure DMF. All spectra have been measured in a KBr disk.

For example, in the complex peaks are found at 655, 1110, 1242, and 1405
cm-1 (indicated by arrows in Figure V.7), while in pure DMF these peaks are
at 660, 1097, 1254, and 1388 cm 1 . The Mössbauer speara of these samples all
contained the small QS of 0.70 mm/sec thought to be indicative of six-coordination.
Removal of a weakly coordinating solvent like acetonitrile or chloroform resulted
in unchanged Fe(dtc)2)Cl, as could be concluded from its IR and Mössbauer
speara. Hence no decomposition takes place by dissolving the compound.
d. Reactions in DMF. — Some interesting phenomena occurring in DMF but
not observed in other solvents merit special attention.
After evaporating to dryness a Fe(dtc)2CI solution in DMF, the remaining bound
solvent molecules could be completely removed by slightly heating the residue
on the vacuum line. The IR spectra of the residue resembled very much that
of Fe(dtc)2Cl and no peaks due to DMF were present any more. The Mössbauer spectrum, however, surprisingly shows a four-line spectrum (see Figure
V.4e). It appeared to be a superposition of the spectrum of Fe(dtc)2Cl in
the solid state and in solution. Thorough C, H, and N analyses of these
samples proved that we are dealing with a compound having the same composition as the pure starting material. Anal. Caled: С, 30.97; H, 5.20; Ν, 7.22.
Found: С, 30.31, 30.47, 30.31, 30.29; Η, 5.08, 5.23, 5.14, 5.15; Ν, 7.17, 7.30,
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7.34, 7.30. Recrystallization of these samples from chloroform yielded the original
complex, as indicated by its Mössbauer and IR spectra.
The observations can be rationalized, if dimer formation is assumed according to
2Fe(dtc) 2 (Cl)(DMF) ^ [Fe(dtc) 2 Cl] 2 + 2 DMF
Apparently the DMF coordinates so strongly that in the paste, formed by evaporation of DMF, the complex is able to retain six-coordination by forming dimers.
The six-coordinated iron atom in the dimer will give a Móssbauer spectrum similar
to the solvated Fe(dtc) 2 Cl in solution.
Another interesting observation was made when a DMF solution of Fe(dtc) 2 Cl
was very slowly evaporated on a vacuum line. At the beginning of the evaporation
process black crystals were formed, the IR spectrum being given in Figure V.8,
together with the IR spectrum of pure Fe(dtc)3. On close inspeaion it can be
noticed that this spectrum is a superposition of the IR spectra of pure Fe(dtc) 3
and Fe(dtc) 2 Cl. This can be most clearly seen in those regions where the IR
spectra of the two latter compounds differ markedly (in Figure V.8 indicated
by arrows). W e conclude, therefore, that slow evaporation yields crystals which
contain a fair amount of Fe(dtc) 3 . This conclusion is further supported by the
Mössbauer spectrum of these crystals (a four-line spectrum due to Fe(dtc) 2 Cl
and FeidttOj) and the C, H, and N analyses.
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Figure V.8. IR spectra of (a) crystals formed at slow evaporation of a Fe(dtc),Cl solution
in DMF and (b) pure Fe(dlc)t; both were measured m КВт.

e. Dissociation.— Slow addition of DMF to a solution of Fe(dtc) 2 Cl in acetonitrile
causes a 10-fold increase in the conductivity. It was shown earlier 8 3 that Fe(dtc) 2 Cl is a weak electrolyte and a dissociation in Fe(dtc), + and CI" ions was
suggested. W e prefer to formulate the dissociation process, in accord with our
proposed model
Fe(dtc) 2 (Cl)(solv) + solv : £ Fe(dtc) 2 (solv) 2 - + Clin which a chlorine atom is replaced by a solvent molecule, thus producing a
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disolvated Fe complex. The Mossbauer spectra of these solutions were indistinguishable from the other solution spectra.
In conclusion, the various reactions occurring in DMF can be exemplified by the
reaaion scheme
Fe(dtc)2(solv)2+ + Gilt
DMF
Fe(dtc)2Cl + solv Í : Fe(dtc)2(Cl)(solv)
Feidtc),
DMFft· CHCIg
[Fe(dtc)2Cl]2 + 2DMFÎ
-c^L4s,

^Л

s-r-c-

—с-ч

Figure V.9.

Molecular structure dtagram of bts(maleonttrtledithtolato)iron(lll)

ton

B Dithiolene Complexes.
The five-coordination in the dithiolene complexes occurs in the solid state by
association to dimers (Figure V.9); 84 · 85 in the solvents which we used, Fe(MNT)2~
and Fe (TDT) 2 " complexes are monomeric.91 In the solid state these compounds
have a doublet spin state, whereas the monomers in solution have a quartet spin
state.'2 The reduction of the QS (see Table V.3 and Figure V.10) on dissolving

+3
+4
velocity mm/sec

Figure V.10
Mossbauer spectra of Fe(MNT)f
at liquid nitrogen temperature.

(a) in solid state and (b) in DMF solution,
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these complexes is similar to the effect observed for the dithiocarbamate complex,
suggesting that also for these compounds six-coordination takes place in solution.
A comparison with the Mössbauer data of the complexes Fe(MNT)33- and Fe(MNT)32", which in solid state have a QS of 1.69 and 1.57 mm/sec, respectively,71
cannot be made because these two complexes have one and two unpaired electrons,
respectively.
On the analogy of the dithiocarbamate complexes we assume that a cis configuration is favored in the Fe(MNT)2(solv)2" and Fe(TDT)2(solv)2- complexes. On
heating in air, a Fe(MNT)2~ solution in acetone readily produces93 Fe(MNT)g2".
When a solution of Fe(MNT)2~ or of Fe(TDT)2~ in DMF or in other solvents
is evaporated on the vacuum line, the original Mössbauer spectrum is found again.
It is noteworthy that Stukan, et al.,9* in studying the related bis(naphthadithiolato)iron(III) complex, found four-line Mössbauer speara. The authors discussed the
possibility of the simultaneous occurrence of a cis- and trans-solvated complex.
According to our view such complexes will not have strongly different Mössbauer
spectra; therefore we propose an explanation similar to the one presented for
Fe(dtc)2Cl: the spearum consists of one site with five-coordination [IS = 0.47,
QS = 3.0 mm/sec; cf. Fe(TDT)2- (solid state) IS = 0.59, QS = 3.09 mm/sec]
and one site with six-coordinated iron [IS = 0.58, QS = 0.82 mm/sec; cf. Fe(TDT) 2 - (in solution) IS = 0.68, QS = 0.85 mm/sec].
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CHAPTER VI

CHELATES OF SIX-COORDINATED IRON(II)
A chelate95 is a neutral complex of a metal with bidentate or polydentate ligands
(denoted as L~). The presence of one or more ring systems in chelate molecules
is usually indicated by bright colors, as is also observed for the iron(II) chelates
reported here. In chelates reactions characteristic for the metal can no longer be
observed. Most chelates are insoluble in water, but dissolve rather well in apolar
solvents. The stability of chelates is larger than the stability of complexes with
monodentate ligands, and therefore chelates can be prepared easily from metal
salts. Chelate stability increases with increasing basicity of the ligand, while
chelates with polydentate ligands are more stable than the ones with bidentate
ligands.
On chelate formation the oxidation potential of the metal increases and therefore
high oxidation states of the metal are favored. As a consequence most ferrous
chelates can be oxidized easily, e.g. by exposure to air.
In almost all chelates the metal is bound to oxygen, nitrogen or sulfur. If iron(II)
is bound to nitrogen atoms only, the resulting complex is in general low spin.
Since we are only interested in high spin complexes, we confined our study to
chelates in which the metal ion is bound to ligands with two oxygen, oxygen
and nitrogen, and two sulfur atoms. The stability of complex formation between
iron(II) and oxygen is about as large as between iron(II) and nitrogen, and both
are larger than the stability of iron(II)-sulfur bonds.95 Iron(lII) forms more
stable bonds with oxygen than with nitrogen. Finally it can be remarked that
oxygen and sulfur have one lone electron pair, through which an additional bond
with a second metal ion can be formed; thus the formation of polymers becomes
possible.
Compared to the vast amount of information concerning chelates of divalent
nickel, copper, zinc and cobalt98·97·98 only a limited number of articles describes
high spin iron(II) chelates. This certainly has to do with the air-sensitivity of the
iron chelates. Analogous to observations made for other chelates one can expect
that solvation and polymerization make the situation even more complicated. And
as said in section 1.2, the identification of the products by means of elemental
analyses, susceptibility measurements, magnetic resonance, etc. may be either impossible or inconclusive.
Papers describing iron(II) chelates with oxygen-binding bidentate ligands (section
VI.l) in general report unoxidized iron(II) complexes;99-107 commercially available
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iron(II) acetylacetonate,,oe however, turned out to be a pure iron(III) compound.
This stresses the necessity to work under anaerobic conditions. There are a few
investigations on iron(II) chelates with other bidentate or polydentate ligands,
where sufficient care was taken to prevent oxidation.109 U5 However, our study
will show that in a number of cases the reported iron(II) chelates must be
considered to be oxidation products.5·113-122 All Mössbauer speara of iron(II)
chelates with Schiff bases reported so far demonstrate that actually oxidation
products have been measured.5·118-122 The measured IS and QS values are unexpectedly low for high spin iron(II) and these discrepancies have been ascribed
to the effect of EFG'11"118 and back-donation.5·121 In the following sections it is
shown that normal iron(II) spectra are obtained if oxygen-free conditions are
maintained during the preparation and the measurements on these chelates.123
Because of this all chelates have been prepared in vacuo as described in section
II.3 and were handled as described in section II.4. Details of the preparations
are given in the following sections and in appendix B. After exposure to air,
even when dry, the samples showed the iron(III) Mössbauer spectra reported
in the literature.
In section VI. 1 chelates are discussed in which the iron is coordinated by four
oxygen atoms belonging to bidentate ligands and to two neutral oxygen- or
nitrogen-binding monodentate ligands. In sections VI.2 and VI.3 chelates with
bidentate and tetradentate Schiff bases are reported, respectively; these ligands
form iron-oxygen and iron-nitrogen bonds. In section VI.5 attention is paid to
complexes with bidentate ligands, that probably have an ionic structure, like
iron(II) acetate. In section VI.6 oxidation reactions and oxidation products will
be discussed.

VI. 1 CHELATES WITH OXYGEN-BINDING LIGANDS

In this section high spin iron(II) complexes with univalent bidentate ligands
forming two iron-oxygen bonds will be discussed. The formulas of the five
bidentate ligands investigated are shown in figure VI. 1.
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Figure V.l

The neutral chelates have the general formula FeL2M2 (L- is the bidentate ligand,
M is a neutral monodentate ligand) or FeL2. The neutral ligand M was chosen
to be pyridine (pyr), NH 3 , H 2 0 and piperidine (pip).
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A. Chemical aspects.
Preparation methods for the iron(II) complexes mentioned above can be found
in the literature, 9910 * especially in two papers published forty years ago. 9 9 1 0 0
Generally chelates with M = N H 3 , pyr, or pip were prepared from iron sulfate
and the pure ligand HL in the presence of an excess of base M; this excess also
neutralizes the sulfuric acid formed. For preparing complexes where M = H 2 0
it is necessary to add some pyridine or piperidine for neutralizing the sulfuric
acid. Nitrogen analyses show that in this case the complexes with M = pyr, pip
are also formed. Therefore we prefered in the latter case to use the sodium salt
of the ligand (NaL) as a starting material which also prevents the solution from
becoming very acid.
The water-containing chelates were prepared in vacuum, as described in section
II.3. The other complexes were prepared in a nitrogen atmosphere because the
monodentate ligand is removed easily during a vacuum drying procedure (especially from the chelates with M = N H 3 ) . The N H 3 might also disappear on
oxidation of the complex, which complicates the elemental analyses that always
take place in air.
The chelates with formula FeL2 can be prepared by heating the chelates containing water or ammonia for some hours in vacuum. 99 ' 105 Complexes that have
not been reported in the literature so far were prepared analogous to the corresponding complexes discussed above. The results of elemental analyses for a
characteristic group of complexes are given in appendix B.
B. Experimental results.
The Mössbauer parameters found for FeL 2 M 2 and FeL2 complexes are given in
table VI. 1; our results are essentially in agreement with the results published
recently for four d b n r complexes. 107 The IS values of all chelates are characteristic
for high spin iron(II) compounds in agreement with some earlier susceptibility
measurements. 101 · 102105 Considering the variations in ligands, stoichiometry and
air-sensitivity of these complexes the differences in the QS's are remarkably
small.
As table VI. 1 shows, no remarkable IS or QS change occurs in the spectra of
some complexes measured at liquid helium temperature. No magnetic splitting
is observed and both peaks are still of equal intensity at this temperature.
Two different quadrupole pairs were observed in the Mössbauer spectrum of
Fe(acac) 2 (see table VI.l); the relative intensity depends on the preparation
procedure. The absence of water in these samples was confirmed by elemental
analyses (found C 10 H 1 4 2,calculated for Fe(acac) 2 : C 1 0 H U ) . Also the relative intensities in the Mössbauer spectrum did not change after heating at 10~3 mm
Hg for several hours.
On preparing the brown water-containing complex Fe(acac) 2 . 1.5 H 2 0 , dehydration has to be avoided carefully since this complex is easily transformed into the
orange Fe(acac) 2 complex. The peculiar number of water molecules per iron atom
has been reported before, 99 but on the basis of the Mössbauer parameters we
conclude that this complex has the same iron coordination as other watercontaining chelates in table VI.l. A partial dehydration of Fe(acac) 2 (H 2 0) 2 can
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Table VI I Mossbauer parameters (mm/sec) of FeLiM1 and FeL« chelates wtth
0
binding Ugands, measured at 95 K «>
IS
Ре(асас) 4 1 5 Η,Ο
Fe(ac a c) í (NH s ) 2
Fe(acac) 2 (pip)j
Fe(acac) 2 (pyr)j
Fe(dbm) 2 (H 2 0)i
Fe(dbm) 2 (NH3) 2
Fe(dbm) 2 (pip)j
Fe(dbm) ! (pyr)j
Fe(dbm) 2 (en)
Fe( S aI) 2 (H 2 0) a
Fe(sal) 2 (pyr) 2
Fe(b2ac) t (H t O) I
Fe(b2ac) 2 (NH s ) 2
Fe(bzac)j(pip),
Fe(b2ac) 2 (pyr) 2
Fe(hydrac) 2 (H 2 0) 2
[Fe(acac)2]n
[Fe(dbm) 2 ]n
[Fe(bzac)2]n
· ) at 4 2°K
•*) at 4 2 0 K

1508
1456
1467
1410
1495
1430
1367
1394
1404
1480
1423
1 500
1453
1428
1425
147
1 591
1487
1446
1444
146
1 40

QS
2 641
2.816
2 735
2 403
2 537
2 635
2 143
2 275
2 867
2 502
2 546
2 555
2 878
2 518
2 484
2.29
2.742
2 406
2 297
2 386
2 70
221

color

*)

*·)

brown
brown
brown
brown
violet blue
violet blue
blue
dark green
blue
violet
black
violet
blue
dark blue
brownish red
blue
orange

oxygen

prep ref
99

99
100
100
100
100
99,102
101

99
99,105

violet
black

—

^' These data were obtained from one series of measurements under identical conditions
The accuracy of IS and QS is about 0 01 mm/sec

be ruled out as an explanation, because only one quadrupole pair is observed in
the Mossbauer spectrum
In general chelates with dbnr, sal and bzac can be reproducibly prepared much
easier than acac" complexes The values given in cable VI1 refer to one series
of measurements, in which all samples were prepared and measured under
identical conditions.
Most chelates described here do not show any band in the IR-vis region that
can be ascribed to an electronic d-d transition, only the chelates Fe(acac)2 and
Fe(dbm)2 show one band at about 8.85 kK (see figure VI 2) on the edge of a
very intense charge transfer band
Finally IR spectra were taken of most complexes investigated, special relationships with the Mossbauer parameters were not observed The presence of ironwater bonds was investigated by measuring the IR spectra of the D 2 0 analogs
of Fe(dbm) 2 (H 2 0) 2 and Fe(sal) 2 (H 2 0) 2 Although changes were observed near
620 and 590 cm-1, respectively, the shifts are in poor agreement with shifts
expected on the basis of a mass shift
С Discussion.
It is generally accepted that the iron complexes under investigation with formula
FeL2M2 contain six-coordinated i r o n ш The Mossbauer parameters listed in
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table VI1 show little variations, although the QS for high spin iron(II) is sen
sitive to the type of coordination (see chapter IX) This suggests that also the
FeL2 chelates are in fact six-coordinated, which can be caused by polymerization
in these chelates It has been reported before that Fe(acac)2 has a polymeric
structure 105 Since the Mossbauer spectrum of this chelate exhibits two quadrupole
pairs, the polymerization process apparently leads to two polymers of different
124
structure It is known that Ni(acac)2 and Co(acac)2 occur as trimers
and
125
tetramers, respectively, in which the metal is six-coordinated, for Fe(acac)2 it
,05
has been reported that it forms hexamers in solution
The degree of polymerization is expected to influence the Mossbauer fraction f
the strong intermolecular interactions in a polymer can increase f due to a larger
„effective mass', but on the other hand anharmonic vibrations in a polymer
chain might considerably reduce the Mossbauer fraction at elevated temperatures. 1 1 8 ' 1 2 6 The Fe(acac)2 spectra showed no indication for systematic variations
off'.
In figure VI 3 the IS and QS values of FeL2M2 complexes are represented graphi
cally It is interesting that two groups of complexes can be discerned, namely
one group in which iron is bound to six oxygen atoms (denoted Fe/O0) and a
second group where iron is bound to four oxygen and two nitrogen atoms (denoted
Fe/N 2 0 4 ) The figure does not contain the data for FeL, chelates and for Fe
(dbm)2(en), because these complexes probably have a different geometry The
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IS (mm/sec
1.5 Η,Ο
1.50

U5

ΙΛΟ
Ν
pi
ρ
О

1.35

2.00
Figure

2.25

ΝΗ3 ° acac
pip · dbm
β
руг
bzac
H 2 0 " sal
Δ hydrac

2.75
QS( mm/sec)
І.З- IS-QS values of FeL¡M¡ chelates, measured at 9.50K.
2.50

separation into two groups indicates that the IS is mainly determined by the
atoms bound directly to the iron atom, while the remainder of the ligands causes
only minor variations in both IS and QS. From the higher IS values of the acac"
complexes, compared with the dbm" complexes, one may conclude that the
acetylacetonates are more ionic. As far as the ligand M is concerned, water forms
of course the most ionic bond with iron, and covalency increases roughly in the
order N H 3 -»• pip -*• pyr for the nitrogen-binding ligands. Although this has
not been investigated systematically, the air-sensitivity seems to decrease as the
IS decreases, that is, with increasing covalency. The pyridine complexes are rather
stable in air.
The most striking feature in figure VI.3 is the IS-QS relationship observed for
the group of F e / N 2 0 4 complexes; this relationship suggests that all complexes
involved have a considerable similarity in their molecular structure.
In section III.2.2 the influence of covalency has been described for octahedral
complexes with axial and rhombic distortion. In this model only σ-bonding was
taken into account; that the pyridine complexes satisfy the same IS-QS relation
ship as the N H 3 complexes confirms the small influence of π-bonding, as was
discussed in section III.2.2.
In order to understand the observed IS-QS relationship the influence of covalency
on IS and QS has to be investigated.
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Generally an increase of covalency will reduce the IS (sec section III.3). The
influence on QS is more difficult to formulate, since many factors have to be
2
considered (see section III.2). First of all the orbital correction factor a (Eq
3.53), which always tends to reduce QS on increasing covalency, (as will be shown
in appendix A) gives only a small correction, depending mainly on the nearest
2
neighbors, and within the F e / N 2 0 4 series variations of a can be neglected. More
important factors are the covalency factors a and b (Eq 3.44) and the axial
distortion expressed by the symbol δ, both depending on the type of ligands
around the iron (the rhombic distortion is unimportant with respect to the
axial distortion; see below). To predict the change in QS upon replacing ligand
M on the z-axis by a ligand having more covalent character, one first has to
know the character of the ligands in the xy-plane. If a more spherically symmetric
charge distribution is formed, ò becomes smaller and a approaches b, the QS
| EFG

(proportional with | EFG

|) will decrease. If the difference between

CF

L and M increases, QS becomes larger. Figure VI.3 shows that on increasing the
covalency of the Fe-M bond, keeping L the same, the QS diminishes so that the
charge distribution becomes more spherically symmetric. From this we conclude
that IS/QS variations in the F e / N 2 0 4 series can be rationalized as changes of
covalency in the iron-ligand bonds only, and that the bond strength of the
bidentate ligands is larger than the strength of the neutral monodentate ligands.
Pyridine turns out to be the strongest monodentate ligand used.
mm/sec
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As a consequence the metal 3dzi orbital lies lower than the 3 d x 2 . y i and 3dXI,
3d yz lie lower than 3d l y (Ó < 0).
This conclusion is supported by the analysis of the temperature dependence of
QS based on 6 < 0. In figure VI.4 the behavior of IS and QS versus the temperature is shown for three acac" complexes. The decrease of IS at higher temperatures can be explained completely by the influence of the second order
Doppler effect78 (about 0.06 mm/sec over 100 o K). The QS variations are fitted
by dotted lines, obtained from the method set forth in seaion III.2.2.
2
2
Since there are four parameters (а , аа-Ь , ô, ε) no unique solution is found.
Therefore that solution was chosen, which gave about the same rhombic splitting
factor e in each case, an increasing axial splitting ò on going from pyr -»• N H 3
-»-H 2 0, accompanied also by an increased value of a 2 -b 2 and a 2 . From the
1
theoretical QS(T) curves it is found that ε = 620 ± 60 cm" and that д for the
-1
complexes studied may vary from 1000 to several thousand cm without affect
ing QS very much (see figure HI.7). The resulting picture, an octahedron that
is strongly distorted along the axial axis and has some distortion in the xy-plane,
107
is in agreement with the order of the t 2 g orbitals found by Takashima et al.
neglecting covalency.
If the experimental QS(T) data are rationalized with ò > 0, we found that QS
would strongly depend on ò while in this case the slope of the IS-QS relationship
has the wrong sign (cf chapter IX). Our conclusion that ó is negative shows, that
in FeLgMj complexes the order of the t 2e and eB orbitals is not necessarily found
by comparing the 10 Dq values of L and M (10 Dq is for nitrogen usually larger
than for oxygen, and is about the same for a bidentate ligand and two corresponding monodentate ligands). 127 In the chelates discussed here the differences
between the „bond strengths" of the various ligands are probably small.
The Mössbauer fraction of the three acac - complexes, measured as a function of
temperature for absorbers of comparable thickness, decreases almost linearly with
Τ from about 14% at liquid nitrogen temperature to about 5 % at room tem
perature. For all bidentate ligands the peak intensity decreases on going from
pyr -*• H 2 0 -»• N H j . A considerably lower absorption is observed for d b n r com
plexes compared to acac~ and bzac complexes; probably the intermolecular forces
are weakened by the more bulky ligand phenyl groups.
The assignment of the band at 8.85 kK in the electronic spectra of Fe(acac) 2 and
Fe(dbm) 2 to a d-d transition is based on the small intensity compared to the
charge transfer bands, on the position which is normal for octahedral iron(II)
compounds, and on the complete disappearance of the band after grinding the
sample in air (see figure VI. 1 b). At about the same energy a band is observed
in the spectrum of F e ( H 2 0 ) 6 + * 1 2 8 ; in the latter case this band is ascribed to one
of the two possible 5 Е К -*~ 5 Т 2 ( Г transitions (see section III.5). In the case of the
FeL 2 chelates the second band may be hidden under the strong charge transfer
band; the absorption at 8.85 kK suggests a 10 Dq value that is characteristic for
six-coordinated iron(II), in agreement with conclusions made above.
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VI.2

CHELATES WITH BIDENTATE SCHIFF BASES

Schiff bases investigated in this work are formed by the reaction of salicylaldehyde
and a primary amine (RNH 2 ) (see figure VI.5). Many transition metal complexes
have been reported 96 in which the Schiff base is a univalent bidentate ligand
(denoted Rsal") forming a nitrogen-metal and an oxygen-metal bond. In this
section high spin iron(II) salicylaldimines are discussed; in the remainder these
will be denoted as Fe(Rsal) 2 . The main purpose is to study the variations in the
Mössbauer and electronic spectra for various R groups. For complexes with other
transition metals it is known that R can influence the molecular structure and
the coordination number of the metal. 96
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A. Chemical aspects.
Iron(II) chelates can be prepared by the direa reaction of the pure ligand
HRsal and a solution of a ferrous salt:
FeS0 4 + 2 HRsal —*• Fe(Rsal) 2 + H 2 S 0 4 (ferrous sulfate is prefered since the
sulfate will not act like a ligand). To avoid dissociation of the complex or
hydrolysis of the ligand the sodium salt of the ligand (NaRsal) is used, or sodium
hydroxide is added to neutralize the sulfuric acid formed. The reaction between
NaRsal and FeS0 4 .aq can be carried out in water, in which the chelate is com
pletely insoluble and precipitates immediately (to obtain a solution of the ligand,
some ethanol was added). The chelate is protected from other reactions by its
insolubility in water, and the Móssbauer spectra indicate that even without the
addition of NaOH the same chelate is obtained. According to Earnshaw et al.112
ferromagnetic material can be formed in aqueous solution, but we never observed
this in a Mössbauer spearum. These authors prefered iron(II) acetate as a
starting material so that an organic solvent could be used instead of water (R =
methyl, phenyl); furthermore it was considered an advantage that the pure ligand
is soluble in organic solvents.
For the preparations of the complexes in this work all three vacuum techniques
described in seaion II.3 were used, but method 3 turned out to be the most
efficient. Mostly a brightly colored non-crystalline precipitate was formed immediately, that could be dried easily in the vacuum system. Elemental analyses
(C, H, N) showed that decomposition of the ligand can be avoided. If stoichiometric amounts of starting materials were used, no trace of iron or ligand was
found in the washing water (procedure 3 in section II.3), so that it was concluded that one iron atom is bound to two ligand molecules. Due to the fast
precipitation sometimes sodium sulfate was included in the chelate, as was indicated by the IR spectra (band at 620 cm - 1 ); because of this a small correction
might be possible on the results of elemental analyses apart from the correction
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for the oxygen uptake during oxidation. The results of these analyses and some
additional experimental details are given in appendix B.
The materials obtained in preparing Fe(Rsal)2 complexes often had a different
form and color, depending on the preparation procedure. Since Mössbauer spectra
can be taken from all kinds of samples, we investigated systematically the influence of a) the addition of NaOH, b) the amount of ethanol added to the
ligand solution (the more ethanol is added the darker is the color of the complex
and the larger is the chance of obtaining a tar-like product), c) the solvent used,
d) the use of ferrous acetate as a starting material, e) the addition of triethylamine
for neutralizing the acid formed,81 and f) the effect of not working in a vacuum
system. The Mössbauer spectra of about 80 samples showed that IS and QS of
salicylaldimines were independent of the method used within about 0.1 mm/sec
(some exceptions will be discussed in appendix B). This result is surprising since
it means that the sometimes completely different types of products obtained are
identical as far as the iron coordination is concerned ,and the differences of color
and form probably reflect differences in the intermolecular interactions. On the
basis of elemental analyses solvation can be ruled out, and Earnshaw et al.112
showed that the water molecule found in the methyl complex can be removed
easily (we found no water in these chelates).
One type of unwanted reaction occurred many times, viz. the decomposition of
Fe(Rsal)2 into a complex of salicylaldehyde. This reaction, traced back by the
Table V1.2. Mossbauer parameters (mm/sec) of iron(ll) chelates with btdentate Schtff
bases, measured at 950K.'4 In the third column the energies of the electronic transitton tn
the d-d spectra are given (kK)
IS

QS

Fe(mesal).
Fe(etsal)2"
Fe(propsal)»
Fe(busal). "
Fe(i-busaf)2
Fe(i-propsal)2

1.346
1.333
1.328
1.349
1.341
1.132

2.192
·)
2.111 **)
2.069
2.096
2.082
1.544 **·)

Fe(t-busal)2 b)
Fe(phsal)2 h)
FednesaOjípyrJj
FeíetsaDjCpyOt
Fe(propsal)2(pyr)2
Fe(busal)2(pyr)2
Fe(i-busal)2(pyr)2
Fe(i-propsal)2(pyr)2
Fe(t-busal)2(pyr)2
Fe(salicylal<doxime)j h>
*) at 4.2 0 K
**) at 4.2 0 Κ
0
***) at 4.2 K

1.134
1.499
1.317
1.348
1.356
1.346
1.371
1.396
1.416
1.56
1.36
1.38
1.15

1.764
2.481
2.262
2.228
2.281
2.292
2.203
2.132
2.178
2.53
2.18
2.07
1.54

•O See a. table VI. 1.
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bl See Appendix B.

color

Ed-d
9.5
9.3
8.8
9
8.8
9.05
12.15

±
±
±
±
±
±
±

0.3
0.4
0.2
0.6
0.6
0.2
0.2

red
red
red
red
red
ochre
brownish red
black
black
black
black
black
black
black
violet

Mössbauer spectra and the elemental analyses, is not surprising since the Rsal"
chelates can be prepared by the reaction of the salicylaldehyde complex with the
primary amine." It is not quite clear which condition triggers this type of decomposition, although it surely cannot be ascribed completely to the influence
of acid present in the solution.
The pyridine adducts Fe(Rsal)2(pyr)2 were prepared by the reaction of ferrous
sulfate and HRsal in pyridine; these reactions were carried out in a nitrogen
atmosphere. These complexes are more stable in air, and are sometimes obtained
as black crystals, sometimes as a black tar-like product.
In the introduction of this chapter the air-sensitivity of these iron(II) chelates
has been discussed. Especially in solution oxidation takes place very fast when
exposed to air, and finely powdered dry samples are also oxidized immediately.
B. Experimental results.
The Mössbauer parameters measured for the Schiff base complexes are given in
tableVI.2 and have been plotted in figure VI.6. It can be seen that the influence
of the R group is disappointingly small, with the exception of R = t-butyl and
R = i-propyl, and that the parameters obtained for Fe(Rsal)2 and the pyridine
adducts are very similar.
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Figure VI.6. IS and QS values for high spin iron(II) chelates with hidentate Schiff bases,
measured at 950K.
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In figure VI.7 some Mossbauer spectra of Fe(etsal) 2 are shown. The spectrum at
4.2 0 K is remarkable, since the area below the two peaks certainly is not equal
one peak is twice as large as the other one, while its hnewidth is 0.64 mm/sec
compared to 0.52 mm/sec for the second peak. A Goldansku-Karyagin effect
cannot bring about this asymmetry (see section III 4). On the other hand if
relaxation is responsible for this broadening and asymmetry, one expects the areas
under both peaks to be equal. Untili now no satisfactory explanation has been
found for this spectrum.
Several Rsal chelates show clear bands in the electronic spectra below 12 kK.
The band positions are given in table VI.2 and some characteristic spectra are
shown in figure VI.8. In all spectra showing only one band we assume again
that the second band corresponding to the 5EK -*- 5 T 2 B transition is masked by
the much more intense charge transfer bands above 11 kK Fortunately this
assumption is confirmed by the spectrum of the i-propyl complex, in which both
d-d transitions are clearly seen due to the absence of charge transfer bands in
this region.
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С. Discussion.
The similarity between the QS's of Fe(Rsal)2 complexes and of the pyridine
adducts suggests that in the Fe(Rsal)2 chelates the iron atom is six-coordinated,
since this is the only possible coordination for the pyridine adduct (cf section
VI.l). This assumption is in agreement with the observed polymerization of Schiff
base complexes observed for other metals,9e having an even smaller tendency to
six-coordination. For high spin iron(II) coordinated by nitrogen and oxygen,
six-coordination is by far the most common. Since only the oxygen atoms have
a lone pair available for the formation of a third (intermolecular) bond, we
assume that polymerization takes place through Fe — О ->• Fe bonds. The small
effect of variations of R on going from methyl to η-butyl shows that the dif
ference in electron-relasing power of the R substituents has no large effect on
the Fe-N bond. The observation that for both types of complexes IS and QS do
not change continuously on a systematic variation of R indicates that also some
type of sterical effect is present, interfering with the effect of the electronreleasing power of the alkyl group.
The temperature dependence of the QS is similar to that observed for the acac
complexes reported in the previous section. Since the symmetry of the Rsal com
plexes probably is even lower than D 2 h ) no complete fitting with calculated QS(T)
curves has been attempted. Since however the absolute value of QS is also com
parable with the QS's of the acac" complexes, there is certainly a qualitative
relationship and therefore the QS data also point here to an octahedral geometry
eitmction
Fe(prt)psal),

Fe(i-propsal)j

13

Figure VI.8.

H

15
kl

Electronic spectra of Fe(propsal)s and Fe(i-pTopsal)., measured in КВт disks.
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with a considerable axial distortion. Finally it may be mentioned that the IS
values of Fe(Rsal)2 chelates are also in the region expected in view of the results
obtained in the previous section.
The electronic spectra are characteristic for octahedral compounds and thus confirm the occurrence of polymerization. They certainly rule out a tetrahedral
structure, as might be suggested by the formula Fe(Rsal).,. The obtained value
of 10 Dq is in qualitative agreement with the value expected for iron(II) coordinated with two nitrogen and four oxygen atoms.
The susceptibility measurements of Earnshaw et al.112 for the methyl- and the
phenyl-chelates show a strongly distorted geometry and a planar configuration is
not excluded by these authors. Since a planar configuration for high spin compounds is very unlikely 129 and moreover since the QS is very similar to the QS's
of octahedral complexes, we assume that this distortion observed in the susceptibility measurements represents the axial distortion in the Fe(Rsal) 2 polymers.
Also the splitting between the two d-d bands in the electronic spectrum suggests
that the octahedral environment of the iron is strongly axially distorted (Eq 3.60).
If the Fe(Rsal) 2 complexes are assumed to be polymeric, the different types of
precipitates by different preparation procedures (see A) can be ascribed to variations in the structure of the products produced by polymerization. Since the local
environment of the iron remains approximately unchanged, the small QS variations (about 0.1 mm/sec) can thus be understood. Similar small variations in the
Mössbauer parameters have been observed for Fe(III)(ensal)X (X = CI, Br; for
structure of ensal = see figure VI.9), studied by Bancroft et al.83 These changes
depend on intermolecular association and on the presence of solvent molecules in
the crystals, although the solvent molecules are not bound to the metal. These
and our observations show that small changes in IS and QS can be brought
about by variations outside the first coordination sphere of the iron.
Also in Fe(Rsal) 2 chelates no unequivocal relationship between the peak intensity
and the possible degree of polymerization has been found, and no systematic
investigation of f' has been attempted. But it can be said that f' of samples
prepared by means of the Soxhlet procedure (section II.3) is always much smaller
than for samples prepared in another way, and these samples are definitely less
air-sensitive. This may indicate a different type or degree of polymerization.
The Mössbauer parameters of the i-propsal and the t-busal complex differ considerably from the data of all other chelates. A similar observation is reported
for the corresponding nickel complexes, 130 that are all square planar except for
the two complexes with the bulky i-propyl and t-butyl groups, that are tetrahedral.
In solution both configurations of the nickel complexes occur. At higher temperatures the t-busal complex favors the planar geometry and the i-propsal complex the tetrahedral configuration. The energy difference between both forms is
rather small. 131 Analogously one is inclined to ascribe a tetrahedral geometry to the
yellow, rather stable, i-propsal iron(II) complex. This would be in agreement with
the observed small IS value. 8
However, the observed d-d spectrum can only be ascribed to an octahedral iron(II)
complex. For the only known tetrahedral iron(II) complexes with N, O-binding
ligands no d-d spectrum could be observed, ^глзз Therefore we suggest that
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these two Rsal complexes have octahedral symmetry; the deviating Mössbauer
parameters undoubtedly are a consequence of sterical effects. Probably the Fe(i-propsal)2 unit in the polymer is distorted in some peculiar way. This lowering
of symmetry may mix the occupied 3d orbital with the almost empty 4s orbital;
a 3d ->• 4s charge transport can then explain the decrease in IS as well as the
deviating value of the QS.

VI.3

CHELATES WITH TETRADENTATE LIGANDS

By the reaction of salicylaldehyde and a diamine a Schiff base is obtained that
usually acts like a tetradentate ligand. From ethylenediamine and o-phenylenediamine Schiff bases are made as shown in figure VI.9.
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Figure VI.9

These ligands, binding a metal through two oxygen and two nitrogen atoms,
generally force the metal in into a planar ML unit.95·96 It is interesting to investigate whether this tendency for planar configuration is reflected in the Mössbauer parameters.
A. Chemical aspects.
Preparation procedures of these complexes are similar to the methods for preparing chelates with bidentate Schiff bases. Here too complications can occur
and these were investigated by changing the experimental conditions and measuring the effect on the Mössbauer spectra. For example, Calvin et al}09 observed
that Fe(ensal) contains half a solvated ethylenediamine molecule per iron atom,
although this has not been found by Earnshaw et al.112 The compound obtained
by preparing the complex in DMF from ferrous acetate looks completely different
from the lilac chelate formed in aqueous solution, but the Mössbauer parameters
are about equal. Another indication of possible complications is the presence of
water in the Fe(o-phensal) complex, as was shown by C, H, N, H 2 0 analyses. In
this case we assume that the water is not bound to the metal atom, since the
amount of water is not well-defined (cf Fe(mesal)2). We prepared all complexes
in vacuo according to the procedures described in the previous section. However,
for several chelates it was neccessary to use the sodium salt of the ligand instead
of the pure ligand as a starting material, otherwise Mössbauer lines belonging to
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Table K/J. Mossbauer parameters (mmlsec) of tron(ll) chelates wtth tetradentate Schiff
o
bases, measured at 95 K.<0 In the third column the energies of transtttons in the d-d spectra
are given (kK)
IS

QS

Ed-d

color

Fe(ensal)
FeiensaD.'/ien
Fe(prensal)
Fe(bensal)

1.299
1.271
1.308
1.372

2.487
2.261
2.428
2.325

6.10

lilac

Fe(o-phensal).aq
Fe(m-phensal) bl
Fe(p-phensal) ·>)
Ре(еп5а1)(руг)г
Fe(prensal)(pyr) 2
Fe(o-phensal) (pyt) 2
0
*) at 4.2 K

1.292
1.50
1.51
1.222
1.366
1.297
1.29

2.412 *)
2.49
2.46
2.094
2.436
1.995
2.40

a> See a. table VI.l.

.—

5.70
7.55
11.9
6.45

red
red

green

—
__
black
black
black

bi See Appendix B.
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Figure VI.¡O. IS and QS values for high spin iron(II)
bases, measured at 9УК.
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chelates uith tetradentate Schiff

ferrous sulfate were observed. The results of elemental analyses are given in
appendix B.
Pyridine adducts have been prepared in nitrogen atmosphere by carrying out the
reaaion in pyridine, but no elemental analyses of these black tar-like products
have been performed.
B. Results and discussion.
The results of the Mössbauer measurements are collected in table VI.3 and graphically shown in figure VI.10. The IS as well as the QS values are not surprising and resemble the values found for chelates with bidentate ligands very
much. The IS is somewhat smaller, and the QS is somewhat larger, as might be
expected for a stronger deviation from spherical symmetry.
Earnshaw et al.U2 observed that the susceptibilities of Fe(phsal)2 and Fe(ensal)
are about equal; both complexes have four unpaired electrons, and both have a
highly distorted symmetry. This observation and the similarity between the QS's
of the two chelates suggest that even the ensal chelate has a distorted octahedral
geometry, as was established for the Fe(Rsal)2 complexes (see section VI.2). A
planar geometry, as is suggested by the sterical requirements of the ensal= ligand,
is unlikely for this high spin complex.
Interesting results have been obtained by comparing complexes with the planar
ensal= and o-phensal= ligands with complexes with tetradentate ligands that do
not require or allow planar geometery. For example, the CH2-chain in ensal=
can be enlarged, or instead of o-phenylenediamine the meta- or para-compound
can be used. The formulas of the resulting ligands are shown in figure VI.1I.
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η = 6 Iwicnut =

Figure

Vl.ll

Complexes in which the metal is bound to one m-phensal= or p-phensal= ligand
cannot have a planar structure at all. It has been observed for copper that in this
case dimers are formed in which the metal is tetrahedrally coordinated (see figure
VI.12).1S4 Such a structure is possible for all chelates with tetradentate Schiff
bases. In conclusion the studied tetradentate ligands form iron(II) chelates, which
can have a distorted octahedral structure or may form dimers having tetrahedral
metal coordination. (It should be mentioned here that the preparation of the
pure hexensal=, m-phensal= and p-phensal= complexes was unsuccessful, and
only the main observed Mössbauer lines are reported).
The similarity between the IS's and QS's of all chelates measured (see table V1.3)
suggests that for all ligands the iron atom is coordinated in the same way, and
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Figure Vl-12. Dimette structure of tron(Il) complex wtth a tetradentate hgand, contammg
telrahedrally coordinated iron.

the resemblance with the pyridine adducts points strongly to octahedral coordina
tion. The QS of high spin iron(H) compounds is sufficiently sensitive to a change
of coordination number or molecular symmetry to warrant the conclusion that sixcoordination occurs in all chelates reported (see chapter IX). The QS of a distorted
tetrahedron is expected to be twice as large as the QS of an axially distorted
octahedron with δ < 0 (see section III.2.2). Attempts to determine the molecular
weight of these chelates in a vacuum system gave no reliable results, mainly due
to the low solubility of the complexes in suitable solvents. N o crystals could be
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Figure VI.13. Electronic spectra of Fe(o-phensal). Fe(ensal). Fe(prensal), and Fe(bensal),
measured in KBr disks.
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obtained either, so that crystallographic methods could not be applied. Both observations support the idea that polymerization is taking place.
The electronic spectra of the chelates with tetradentate ligands are very instructive
(see figure VI.13 and table VI.3). Strong peaks are observed reproducibly, and
on oxidation these bands do not shift but disappear completely. The low energy
of the bands might suggest that they correspond to tetrahedral symmetry, but
we have excluded this possibility on the basis of the Mössbauer results. Moreover,
known tetrahedral complexes with N, O-binding ligands occur on strong sterical
hindrance only and no d-d bands were observed.132·133 Another possibility is the
occurrence of five-coordination, as has been observed for other complexes with
Schiff bases.135'136 Although the positions of the d-d bands cannot be predicted
in this case, we expect the QS to be much larger (cf [Fe(dtc)2]2) and to differ
considerably from the QS's of e.g. the pyridine adducts. Therefore five-coordination is unlikely, and we assume again that polymerization is responsible for sixcoordination of the iron atom. The planar Fe(ensal) units then are linked by
Fe — O-»-Fe intermolecular interactions.
The d-d spectrum then indicates that the octahedron is very strongly distorted,
since the energy of the second band belonging to the s E g ·*- 5 T 2g doublet must
have an energy above 11 kK. The resulting splitting between the two bands is
considerably larger than the splitting in the Fe(RsaI)2 chelates or in FeF2
(3.6 kK).45 This large splitting as well as the rather large peak intensity show
that the bond strength of tetradentate ligands probably is much larger than those
of bidentate ligands. As said before, the influence of the axial splitting ò on the
QS is very small in this region, and therefore the QS variations between chelates
with bidentate and tetradentate ligands are small. The temperature dependence
of the complexes described in this section is as small as that of other chelates
reported in the previous sections.
Finally some complexes have been prepared of iron(II) with tridentate Ν,Οbinding ligands. The Mössbauer parameters are very similar to the values for
tetradentate chelates which confirms that in all cases the iron has its normal
coordination number six.

VI.4

CONCLUSIONS FROM THE CHELATE DATA

We tend to believe that in all complexes investigated the iron atom is sixcoordinated. In chelates with oxygen-binding ligands six-coordination is attained
by the binding of two water or solvent molecules; this does not occur in complexes with the Ν,Ο-binding Schiff bases. In these complexes, as well as in
Fe(acac)2 etc., the octahedral coordination is brought about by polymerization (cf
chelates with other metals). In the Schiff base complexes intermolecular asso
ciation can take place only through oxygen. The kind of solvent, pH, concen
trations, etc. can bring about color variations, differences in the Mössbauer
fractions and can cause precipitation of the complex as a dry solid or as a tarlike product. However, the Mössbauer spectra show that all these differences
influence the environment of the iron atom only slightly in most cases.
S3

A second conclusion from the Móssbauer data is that a large IS is characteristic
for high spin iron(II) compounds; all low IS's reported so far on Schiff base
complexes must be ascribed to oxidation products (iron(III)).
Finally, the QS(T) data indicate that the rhombic splitting is rather small in all
complexes and does not differ largely (the reason for this might be the formation
of six-membered rings in all chelates); the axial splitting is large. Susceptibility
measurements and d-d spectra are in agreement with this model. It is suggested
that the axial distortion increases considerably if in the xy-plane two bidentate
ligands are replaced by one tetradentate ligand. The experimental data also
suggest that univalent bidentate ligands form stronger bonds with the iron than
bonds formed by neutral monodentate ones or than bonds formed by intermolecular
interactions.

VI.5

COMPLEXES WITH AN IONIC LATTICE STRUCTURE

So far only FeLjMj complexes with molecular structure have been considered;
because of the weak intermolecular forces one molecule can be taken as a separate
unit. This is in contrast with an ionic lattice where the environment of the
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iron(ll)

ferrous ions is determined mainly by electrostatic forces and does not have a
direct relationship with the chemical formula Some complexes with bidentate
ligands have an ionic rather than a molecular structure, and no distinct molecules
can be discerned 137 Examples of this type of complexes with bidentate ligands
are probably iron(II) acetate (Fe(ac)2), iron(II) oxalate, and iron(II) formate In
ionic complexes with oxygen-binding ligands iron(II) is six-coordinated Iron(II)
acetate will be discussed shortly in this section, and the Mossbauer parameters
will be compared with the data of the chelates given in sections VI 1-VI3
Fe(ac)2 was prepared from metallic iron and acetic acid,138 and also commercially
available Fe(ac)2 (Alfa Inorganics, Ine ) has been used
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Mossbauer spectra of Ре(ас)г at three different temperatures

A. Mossbauer spectra.
The Mossbauer parameters of Fe(ac)2 are graphically shown in figure VI14 as a
function of temperature. In figure VI15 the spectra observed at three temperatures
are shown. The Mossbauer spectra of anhydrous ferrous acetate reveal the occur
rence of two iron sites In lowering the temperature the difference between both
sites in the spectra decreases untili only one quadrupole pair is discernable The
gradual change with temperature excludes the possibility of a phase-transition
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The IS of one iron site changes considerably more with temperature than is
expected according to the second order Doppler shift.78
An equilibrium with another spin state has to be excluded as an explanation,
since the ligand field strength of the oxygen-binding ligands is too low to bring
about spin pairing. The QS variations cannot be interpreted by a Boltzmann
distribution as used in the calculations in chapter III.2.2. Therefore we assume
that on increasing temperature some interatomic distances in the ionic lattice
are changed slightly; as a result the environment of the iron ions is changed.
Especially for nearly octahedral symmetry the QS is sensitive to small geometric
changes. For example, an elongation of about 0.04 A along a trigonal axis of the
oxygen octahedron in Fe(H 2 0) 6 SiF 6 is sufficient to bring about a QS of
3.7 mm/sec.139 Other examples of the sensitivity of QS in high spin iron(II)
compounds to small symmetry distortions are discussed in section VII.2. Recently
an even more striking example of a strongly temperature-dependent QS was
observed: In the iron(II)/iron(III) complex Ре2(ас)з, prepared as described by
Hardt and Möller138, the QS of the iron(II) varies from 2.54 mm/sec at 95 CK
to 0.88 mm/sec at 298 0 K (see figure ІЛ4). Also in this case no Boltzmann
distribution can account for the QS(T) curve, and the QS change has to be
ascribed to a change in the lattice dimensions.* The anomalous temperature
dependence of the QS and the occurrence of more than one site are incompatible
with a molecular strutture and are characteristic for the ionic nature of the
Fe(ac)2 crystals.
The average IS's of iron(II) acetate and iron(II) oxalate are not much larger than
the values observed for iron(II) acetylacetonates and similar chelates. For example
the IS of iron(II) oxalate is 1.55 mm/sec, while the IS of Fe(acac)2. 1.5 H 2 0 is
1.51 mm/sec at the same temperature. This observation indicates that the degree
of covalency in the iron-oxygen bond is comparable in complexes with molecular
and ionic structure. Apparently the ionic structure of the lattice influences the type
of bonding of the iron atom with the nearest neighbours only slightly.
B. Electronic spectra.
In figure VI.16 the electronic d-d spectrum of Fe(ac)2 is shown. Since high spin
iron(II) spectra generally consist of two bands, the d-d bands were assigned as
indicated by arrows in the figure. The 10 Dq value thus obtained is 9.6 kK;
this value is in good agreement with 10 Dq values reported for other ferrous
compounds with oxygen-binding ligands,140 and thus this spectrum gives ad
ditional evidence for six-coordination of the iron atom.

* A similar temperature dependence of the QS is also compatible with tetrahedral coordina
tion, but IS values of four-coordinated iron(ll) are considerably lower than the IS observed
for ¡ron(II) in Fe2(ac)5 (1.61 mm/sec at liquid nitrogen temperature); cf ref. 8 and references
therein.
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OXIDATION REACTIONS OF SIX-COORDINATED IRON(II) CHELATES

Oxidation of the complexes described in sections VI. 1 - VI.3 can be observed in
Mössbauer, IR, electronic and UV-vis charge transfer spectra. The uptake of
oxygen per mole of chelate has been measured for Fe(mesal)2 and Fe(ensal);
approximately VA 0 2 was taken up per iron atom, which points to normal
oxidation into an iron(III) compound without binding of 0 2 molecules as occurs
in some corresponding cobalt(II) complexes.141 It has been mentioned before that
samples prepared by means of the Soxhlet procedure are less air-sensitive; this is
ascribed to a type of polymerization product that hinders the penetration of
oxygen molecules.
Some Mössbauer data for oxidation products are given in table VI.4. No relationship of IS and QS with chemical properties has been observed, which is due to
the low sensitivity of iron(III) parameters to chemical variations. Only a few
speculations have been made in respect with the structures of oxidation products
[Fe(ensal)] 2 0 and [Fe(o-phensal)] 2 0. 142143 As was pointed out in section V.2,
IS and QS of high spin iron(III) are not sensitive enough to allow one to
discriminate between five- and six-coordination.
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Table VIA. Mossbauer parameters (mm/sec) of some oxidation products of
chelates.") All iron(III) compounds are reddish brown

Fe(dbm) 2 (H 2 0) 2 /0.
Fe(sal) 2 (H 2 0) 2 /0 2
Fe(busal) 2 /0 2
Fe(ensal)/0 2
Fe(o-phensal) .aq/0 2

IS

QS

0.70
0.68
0.76
0.65
0.63

0.68
0.82
0.80
0.82
0.81

iron(Il)

a) Due to small variations depending on the way of oxidation the accuracy of these data is
set equal to 0.1 mm/sec.

It should be noted here that many spectra of iron(II) chelates oxidized in the
absence of water or solvent show broad lines; after recrystallization the linewidth
is reduced to the normal value. For example, recrystallization of [ Fe(ensal) ] 2 0
reduced the linewidth from 0.45 to 0.28 mm/sec. This observation suggests the
presence of many slightly different iron sites in the oxidized chelate, due to small
distortions caused by the penetration of oxygen.
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CHAPTER VU
SIX-COORDINATED IRON(II) COMPLEXES WITH THREE
UNIVALENT BIDENTATE LIGANDS
Iron(III) complexes with three bidentate ligands have been investigated thoroughly with the help of Mössbauer spectroscopy.70'144·145 The QS and IS parameters
observed for these compounds are all in the range characteristic for six-coordinated
iron(III) compounds. In this chapter the corresponding iron(II) complexes are
reported. In section VILI we will discuss NaFe(acac)3, and in section VII.2 the
tetraaethylammonium (Et4N+), tetrabutylammonium (Bu4N+), and tetraphenylphosphonium (Ph4P+) salts of Fe(dtc)3" (dtc = diethyldithiocarbamate). One
expects the Mössbauer parameters of the iron(II) complexes to be more sensitive
to small chemical variations and symmetry changes. The syntheses of the dtccomplexes have not been reported before.

VII.l TRIS(ACETYLACETONATO)- AND TRIS(DIBENZOYLMETHANO)-IRON(II)
A. Preparation.
NaFe(acac)3 and NaFe(dbm)3 were prepared according to the method of Dwyer
and Sargeson:146 a methanol solution of ferrous chloride is added to a methanol
solution of sodium acetylacetonate in a nitrogen atmosphere. The occurrence of
the tris-iron(II) complexes with aca<r and dbnr has been observed earlier,147
and it has been mentioned that on the addition of water to a FeLj" solution the
bis-chelate FeL2 precipitates (see section VI.1). All attempts to prepare a Fe(асас)з~ complex with a large counterion like Bu4N+ failed; the Fe(acac)2 com
plex was obtained, as can easily be seen from the Mössbauer spectrum.

B. Results and discussion.
The IS's of the two complexes (see table VII.l) confirm the high spin configuration. For both complexes the IS is slightly below the IS value of the corresponding FeL2 complex, but it still indicates high spin iron(II) coordinated by
six oxygen atoms. The QS's of the complexes are unexpectedly large for complexes with almost octahedral coordination. The small change of QS with temperature also points to a large symmetry distortion. It is possible that not all three
ligands are identical. On going from dbm to the negative dbnr ion a proton
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Table Vll.l.
Mossbauer parameters (mm/sec) of NaFe(acac), and NaFe(dbm)¡,
at 4.2, 100, and 300°К
0

NaFe(acac)j

o

4.2 K
IS

QS

1.47

3.23

100 K
IS
1.41
1.44

NaFe(dbm),

measured

o

300 K
IS

QS
3.22
2.96

QS
3.18
2.90

1.35
1.34

leaves the y-carbon atom, and according to a simple Hiickel calculation the re
sulting negative charge is for more than 30% located on this carbon atom.
Therefore the sodium counterion might be located near the methyn carbon atom
of one of the three ligands and the symmetry of the complex is then cis-octahedral
rather than a trigonally distorted octahedron like the FeCIII)!^ complex. The
QS(T) data suggest a T 2 g splitting of at least 1000 cm -1 .
In figure VILI the remarkable asymmetry in the Mossbauer spectra of NaFeL3
is shown. To our knowledge this is the first high spin iron(II) complex showing
an asymmetry that large. In figure VII.2 the linewidths of both Mossbauer lines
and the ratios of peak height and peak area are shown as a function of tem
perature. It is seen that the asymmetry disappears within a small temperature
range below 40oK. The Goldanskii-Karyagin effect (see section III.4) cannot be
responsible for this asymmetry because of the decrease of symmetry on going
intensity
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Figure V11.2. Temperature dependence of (a) the linewtdth of both lines in the Moisbauer
spectrum of NaFe(acac)3, (b) the ratio of the areas under both Mossbauer lines, and (c)
the ratto between the peak heights of the two lines in the Mossbauer spectrum.

from liquid nitrogen to room temperature. The approximately equal areas under
the Mossbauer peaks at all temperatures suggest that the broadening is a con
sequence of relaxation effects. The spectra at 100oK and 300oK can be described
as in section III.4 B; taking Γ in Eq (3.59) as the difference between the
observed linewidth and the width of an unbroadened line (0.25 mm/sec) we obtain
for the relaxation time of the unpaired electron spin т е = 5.6 χ IO"11 sec at
ο
11
o
100 Κ and r e = 3.9 x Ю" sec at 300 K. The observed spectra agree with
calculated spectra for these relaxation times.41
However on cooling to liquid helium temperature the asymmetry disappears
completely, in contrast to what is expected if the broadening is a relaxation
effect. Therefore at these low temperatures some other mechanism must be
present. In iron(III) compounds it has been proposed that at low temperatures
the Sx = ± Уг Kramers doublet lies lowest and that the other doublets are not
populated any more; since in this case relaxation times are reduced, the asymmetry
in Mossbauer spectra will also decrease.41 Another explanation has been given
for complexes in which antiferromagnetic interaction between two iron atoms
148 149
may occur: ' at low temperatures the resulting spin of both atoms goes to
zero and as a result the broadening due to relaxation decreases. In Fe(acac)2Cl82
it has been assumed150 that the exchange interaction between the iron atoms in
neighbouring molecules occurs through an intermolecular bond between iron and
the y-carbon atom of the chelate ring (at a distance of 3.7 A 1 5 1 ). Although the
spectra reported for Fe(acac)2Cl are very similar to the spectra of ЫаРе(асас)з)
we assume that in the latter complex the formation of dimers is unlikely because
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of the six-coordination. Moreover, the spin-lattice relaxation in iron(II) is ge
nerally larger than in iron(III) and such a similarity between the spectra of these
two complexes is not expected. Therefore it is most likely that at low tem
perature a state dominates for which the electron spin relaxation time is con
siderably smaller than for the higher-lying states.
In the electronic spectra of КаРе(асас)з and NaFe(dbm) 3 no d-d transitions could
be detected below 8.5 kK, while above 8.5 k.K possible weak bands are masked
by the presence of very strong charge transfer bands.

VII.2
A.

TRIS(DIETHYLDITHIOCARBAMATO)IRON(II) COMPLEXES
Preparation.

For the preparation of the Fe(dtc)3~ complexes the vacuum method described
in section II.3-3 was used. An aqueous solution of ferrous sulfate was allowed to
react with the stoichiometric amount of sodium dithiocarbamate in the presence
of an excess of tetraalkylammonium halide. The yellow complexes precipitated
from the solution, but as in the case of the acac - complexes the formation of the
bis-dtc complex must be prevented. It was observed that on washing the Fe(dtc) 3
complex the brown Fe(dtc) 2 was formed, as was also revealed in the Mossbauer
spectra. On adding more dtc" ligand the tris-complex could be formed again,
which suggests a reversible equilibrium:

н2о

н2о

(R 4 N)Fe(dtc)3 4' : £ Fe(dtc) s - + К 4 № : £ Fe(dtc)24- + К 4 № + dtc"
R4N+
dtcBecause of this equilibrium only the fast preparation method 3 (see section II.3)
could be used. The stability of the (R 4 N)Fe(dtc) s complex depends on the
counterion: the PhJ"- complex is the most stable, while the Е і 4 № complex is
transformed very easily into Fe(dtc) 2 . The complex with sodium as a counterion
could not be prepared.
N o evidence was found for the formation of Fe(dtc) 2 Cl — : the Mossbauer spectra
of complexes prepared with Bu 4 NCl, Bu 4 NBr, and Bu 4 NI are identical, the com
plexes could also be prepared with ( B u 4 N ) 2 S 0 4 ; no dtc has been found in the
washing water if stoichiometric amounts (1 : 3) of starting materials were used;
a halogen analysis showed the absence of halogen in the complex and no ironchlorine band was observed in the IR spectra.
B. Mossbauer spectra.
The Mossbauer parameters of the Fe(dtc)3" complexes are shown in table VII.2.
Two spectra are given in figure VII.3 a and b. The accuracy of the IS and QS
measured at room temperature is 0.1 mm/sec due to the low absorption intensity
in the spectra.
The IS values indicate the presence of high spin iron(II) and the temperature
dependence of the IS indicates that no equilibrium between spin states occurs
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Table Vll.2. Mossbauer parameters of some Fe(dtc)s
of iron(II) dithtocarbamates (mm/sec)
4.2 0 K
IS
(Ph 4 P)Fe(dtc) s
(Bu 1 N)Fe(dtc) s
(Et 4 N)Fe(dtc) s

QS

128

2.23

[Ре(агс)г]г+ОгЬ)
„

after recryst. b)

¥е(ак)а-+Ог(агу) b)
[Pte(ilK)A+I| b )

complexes, and of oxidation

100 o K
IS
130
1.26
1.29
0.68
0 77
0.62
06

300 o K
IS

QS
2.26
3.42
3.11
1.28
0.59
0.55
2.5 »)

products

a)
QS

1 16
1 15
1 19

1.82
3.20
2.48

—
—
—

—

0.62

0.34

a) Due to the low absorption the accuracy of these parameters is set equal to 0.1 mm/sec.
I») See text.

as in the iron(III)dithiocarbamates.70 This is in agreement with the general ob
servation that in complexes covalency increases with increasing oxidation state
of the metal.
The IS of Fe(dtc)3~ is markedly lower than that of NaFe(acac)3 which is evidence
for the stronger covalency in the iron-sulfur bonds compared to iron-oxygen
bonds. This conclusion cannot be drawn from the iron(III) data because of the
occurrence of the high spin-low spin equilibrium in FeidtOg.
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The QS again is surprisingly large for a complex with the same geometry as the
nearly octahedral Ре(скс)з has. Analogous to the symmetry in the isoelectronic
+
152
_
Ni(IV)(dtc)3 complex
we assume that Fe(dtc) 3 ions have trigonal symmetry.
Using the method reported in section III.2.2 we obtain for the t 2 g splitting
between the dzs and the two other higher-lying degenerate 3d functions of trigonal
-1
symmetry (the z-axis is the trigonal axis): (Et 4 N)Fe(dtc)3 600 ± 150 cm ,
1
(Bu 4 N)Fe(dtc)3 800 ± 100 cm" , and (Ph 4 P)Fe(dtc) 3 350 ± 50 cnr». (Mathe
matically this calculation is identical to calculations on tetragonally distorted
octahedral symmetry, with δ > 0). However, the fitting with the calculated
QS(T) values is rather poor and these numbers must be considered as a rough
estimate. Moreover, the influence of the counterion on the QS suggests that the
actual symmetry is lower than Ό.Λ due to the distortion by the counterion.
These large QS's and the corresponding T 2 K splittings might be due to small
deviations from octahedral symmetry, as are expected for the large tetraalkylammonium counterions. For example, the QS's in (R 4 N) 2 FeCl 4 complexes reveal a
deviation from tetrahedral symmetry that has not been observed in X-ray analysis; 8
in this case the calculated splittings of the 3d orbitals are of the same order as
found above for Fe(dtc)3". The sensitivity of the QS for the type of counterion
also confirms the occurrence of very small distortions. One would expect the QS
to decrease on increasing size of the cation, but this rule does not hold for the
FeCl^ or the Fe(dtc)3" complexes.
C. Electronic spectra.
The Fe(dtc) 3 " complexes show very clear electronic spectra in the 4 - 1 3 kK range,
which are almost independent of the nature of the counterion in the complex.
A typical spectrum is shown in figure VII.4a. The intensity and the change of
the spectrum on oxidation is taken as evidence that these bands correspond to
d-d transitions. By using a DuPont E 310 curve resolver the band positions were
determined to be 7.1 ± 0.4 kK and 8.3 ± 0.3 kK; the linewidth is about 2 kK.
W e assume that these two bands are the two components of the 5 E g •*- 5 T 2 ( r
transition; the relatively small splitting seems to confirm the high symmetry of
the Fe(dtc)3" ion. The 10 Dq value found for the dtc" ligand in this way is
about 7.7 kK. This value seems to be somewhat too low compared to the F~
45
value (average band position in the d-d spectrum of FeF 2 is 8.8 k K ) ; dtc" and
F" occupy neighbouring positions in the spectrochemical series. The much larger
10 Dq value of dtc - estimated for iron(III) (about 12.8 kK 6 9 ) is in agreement with
the more covalent character of ігоп(ІП) compounds.
D. Oxidation processes of iron(IIj

dithiocarbamates.

In contrast with Fe(dtc) 2 the tris-complexes are rapidly oxidized in the presence
of water, which is in agreement with the ionic nature of Fe(dtc) 3 ~ complexes.
In this case the oxidation product is [ F e ( d t c ) 2 ] 2 0 . This formula follows from
the elemental analyses and shows that on washing, the third dtc" ligand and the
counterion are removed.
94

extinction

25

2.0
13 ODO (cm- 1
Figure Vll.4. Electronic spectra of (a) PhtP Fefdtc),, (b) Ph4P Fe(dtc)3 after oxtdatton tn
the absence of water, and (c) Fe(dtc)i. All spectra were measured tn KBr disks.

When Ре(скс)з" complexes are oxidized in the absence of water, various ob
servations indicate that Fe(dtc)g is formed: on washing the oxidation product,
no d t c was found in the washing water; Móssbauer spectra and IR spectra were
identical to those of Fe(dtc)3, including the characteristic QS dependence on the
temperature 70 ; finally the electronic spectrum of the oxidation product was the
same as the spectrum of FeidtOj, 0 " showing one spin-forbidden band at 6.5 kK
(see figure VII.4 b and c).
It is interesting to compare these oxidation reactions with the oxidation process
of [Fe(dtc) 2 ] 2 . Figure VII.5 shows the change of the Mössbauer spectrum of this
complex (a) upon oxidation when dry (b). If this oxidation product, which has
a QS =: 1.28 mm/sec, is recrystallized from chloroform the QS of the compound
is reduced to 0.59 mm/sec. A possible explanation is that in the first oxidation
55

compound the dirners occurring in the iron(II) complex are still present, while
on recrystallization the dimers dissociate and a complex with different geometry
is formed.
When [Fe(dtc 2 ] 2 is oxidized in the absence of air by iodine in KI solution, the
Mossbauer spectrum of the black solid formed shows a spectrum with QS = 2 5
mm/sec and IS = 0 6 mm/sec The intensity of these spectra is very low due to
the presence of iodine Though the difference with the parameters of Fe(dtc)2I
(QS — 2 87 mm/sec50) exceeds the experimental uncertainty, it nevertheless is
assumed that the observed parameters for this oxidation product are character
istic for an intermediate spin five-coordinated iron(III) complex
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CHAPTER VU!
Ή Ν COMPLEXES W I T H UNIVALENT BIDENTATE LIGANDS
VIII. 1

CHELATES OF SIX-COORDINATED TIN(IV)

During recent years many six-coordinated tin(IV) complexes have been re153 16
ported " '*, most having the composition SnL 2 X 2 in which L" is a univalent
bidentate and X" is a univalent monodentate ligand. Especially the oxine", acac"
and dtcr complexes have been investigated by means of Mössbauer spectroscopy_15e,lS7,159, 161,183471
The experimental Mössbauer parameters of all tin(IV) compounds obey with very
few exceptions some general rules: a) A considerable QS is only observed for
compounds in which the tin atom is bound to one or more tin- or carbon atoms,
and to other ligands atoms. For all other compounds a zero or small QS is found,
even if the symmetry is low due to the differences in the surrounding ligands.
b) In the case of six-coordinated tin(IV) compounds SnL 2 X 2 , the QS of a trans-X 2
is roughly twice as high as the QS observed for a cis-X 2 compound.ise.isr.iTi
c) The IS increases with covalency, but is always smaller than the IS's characteristic for tin(II) compounds.
In section VIII.1.1 and VIII. 1.2 we will show that the MO model for D 4 h symmetry given in section III.2.2 is able to describe these general trends. Special
attention will be given to the trans-X2SnL2 chelates. In section VIII. 1.3 experimental results obtained for tin(IV) dithiocarbamates are reported and discussed
with the help of the MO approach.
VIII. 1.1 DESCRIPTION

OP THE TIN-LIGAND

BOND

The formula for the QS in the case of completely o-bonding ligands has been
given in chapter III (Eqs 3.54 and 3.55). This formula can be simplified for
two reasons. First the high energy of the 5d orbitals 1 6 5 makes the admixture of
these orbitals with the ligand functions of appropriate symmetry considerably
smaller than the mixing of the 5p tin orbitals with ligand functions. Consequently the covalency factors a and b are smaller than the factors f and hence
(f 2 xy -f 2 2 ) in eq. 3.54 is larger than (Ы-а 2 ). Secondly, the <гя>
value of 5d
orbitals is several times smaller than the < r 3 > value for 5p orbitals.* As a
* Note added in proof: Recent calculations (taking into account relativistic effects) by Pro
fessor P. Ros confirm that 1) on adding a 5p or 5d electron to a S n u ion the electron
density at the nucleus changes by only 1% compared to the effect of an additional 5s
electron, 2) < r 3 > values of np electrons are about eight times larger than the value for
an nd electron, 3) < t - 3 > values of the electrons in Sn 4+ remain essentially unchanged on
adding a 5s, 5p or 5d electron (cf Appendix A).
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result the second term in eq 3.54 can be neglected. Including л-bonding would
give a term in eq 3.54 also containing < r 3 > 5 ( 1 and 5d(t 2B ) covalency factors.
On account of the arguments mentioned above also this term can be neglected in
comparison with the 5p contribution to the EFG. The conclusion, that the effect
of the 5d orbitals is small, is in agreement with the results of MO calculations on
1
166
a series of complexes by Greenwood et al? Similarly Parish and Piatt conclude
from the inspection of a series of tin compunds that the σ-bonding orbitals are
by far the most important for the QS.
In SnLjXj, chelates ( D 4 h symmetry) the 5px>5py are mixed with a linear com
bination of L--ligand orbitals, while the 5pz is only involved in bonding with the
orbitals of the X-ligands along the z-axis. Therefore if a series of 5пЦХ 2
complexes is considered which all have the same ligand Ir but different X", the
QS is expected to be proportional with n(5p z ) or i* in Eq(3.54). For the cal
culation of n(5p z ) we will use a simple MO picture of one tin orbital (with
energy E Sll ) interacting with one ligand function (energy EL) belonging to the
same representation. The energies and wavefunctions of the bonding and antibonding MO are found by solving a secular equation.
n(5n)
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Figure VIll.l.
Calculated net population (solid lines) and gross population (dashed lines)
o/ a tin orbital with energy -83 eV binding with a ligand ¡unction with energy EL, for
three different values of the overlap integral S.
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The off-diagonal elements are approximated by the Wolfsberg-Helmholz ap
proximation (Eq (4.2)) with К = 2. It is assumed that the two electrons origi
nally located on the ligands both occupy the bonding MO. W e have calculated
the net population of the tin atomic orbital, and the gross population by dividing
the overlap charge density equally over tin and ligand functions. The results
of these calculations are shown in figure VIII. 1 for three different values of the
overlap integral S. The population of the tin orbital is shown as a function of
the ligand energy E L ; the tin orbital is taken to be the 5p z orbital with an
37
energy of —8.3 eV. For other tin orbitals, that mix with one ligand function,
the outcome is essentially the same.
From figure VIII. 1 it follows that a strong variation of n(5p z ) with a change
in ligand occurs only for ligands with E L comparable to ESn, and that n(5p z )
becomes insensitive to the nature of the ligands when the difference between
E L and E S n is large.
VIII.1.2

DISCUSSION OP THE TIN(IV) MÖSSBAUER PARAMETERS

Octahedral tin complexes are usually described in terms of sp 3 d 2 hybridization,
analogous to the sp 3 hybridization in tetrahedral tin compounds. However, as
said before the 5d orbitals have an unfavorably high energy, and it is questionable if these orbitals play an important role in the binding. 165 Moreover, we
are interested in complexes with axial distortions, for which the s:p:d ratio
would have to be changed. Furthermore, calculations of Greenwood et al.37
indicate that even in octahedral SnX e = complexes the occupation of s, p, and d
orbitals does not reflect the sp 3 d 2 ratio. In the MO description this difficulty is
circumvented; complete omission of the 5d orbitals would simply make the
corresponding MO's non-bonding.
W e will now discuss the rules mentioned in section VIII. 1 in terms of our MO
model and compare this with other explanations given.
a) The zero or small QS in compounds without Sn-Sn or Sn-C bonds has been
explained with charge transfer into empty tin π-orbitals, which neutralizes the
charge transfer onto the more electronegative ligands via the o-orbitals. 167
When the π-orbitals of a ligand are unoccupied or unavailable, as in Sn or C,
this compensation does not take place. Thus an appreciable QS will occur if the
tin atom is bound only partly to ligands with π-back-donation. Apart from the
fact that it is not clear, why complete charge-compensation should take place for
all ligands 1 5 9 like F, CI, Br, I, O, N , S, it was shown above that л-bonding can
be neglected in six-coordinated tin compounds as far as the EFG is concerned.
In our model the small QS for compounds without Sn-Sn of Sn-C bonds can be
understood with the help of figure VIII.1. For the ligands with high electrone
gativity (low E L ) n(5p¡) becomes insensitive to the nature of the ligands and
the charge distribution and hence the QS should hardly change when a ligand
is replaced by another one belonging to the series given above. On the other hand,
if one ligand (e.g. along the z-axis) is replaced by tin, for which obviously
E L = E Sn , the occupation of 5p z increases sharply, which results in a large QS
according to Eq (3.54). A large QS is also observed when, instead of tin, a carbon

99

atom is bound to Sn and one concludes that E L in this case is also very close to
ESu = —8.3 eV. There are several observations that support this conclusion:
1) in a Sn-C fragment the Sn or the С atom carries a partly positive charge,
depending on the other atoms in the molecule, which points to a very similar
electronegativity; 2) the asymmetric C-Η stretching frequencies, observed in the
IR spectra of a series of tetrahedral me3SnX compounds, show that there is
hardly any difference for X = Sn and X = C, as is shown in figure VIII.2
Л
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C-Η stretching frequencies tn the IR spectra of tetrahedral

compounds, as a function of the Mulltken electronegativity of X. The frequency

me3SnX
observed

for X = (ΓΗ, is taken as zero.

where the frequency is plotted as a function of the Mulliken electronegativity;
3) the QS of tin compounds does not change on the replacement of a Sn-C by
a Sn-Sn bond,168 and in distannanes and polystannanes no QS is observed at all;
4) if σ-bonding carbon orbitals have the same energy as tin 5p orbitals, the
n(5s) in pure organotin compounds is expected to exceed 1.0 in agreement with
calculations by Greenwood et id.37
b) The QS ratio between cis- and trans-octahedral X2SnL.2 complexes has been
explained by means of a point charge model.15H However, it is reasonable to
laU
assume that EFG can be neglected in the covalent tin complexes (cf the dis
cussion in chapter IV). According to the MO model the EFG is given by the
net АО occupation numbers. We assume that the occupation number of the tin
5p, orbital is given by the sum of the charges transfered from the ligands on the
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+ i and —i axis into the tin 5p, orbital. In figure VIII.3 the resulting net po
pulations and EFG's (Eqs (3.39) and (3.41) are shown for three different geo
metries. It can be seen that the QS ratio of trans- and cis-X2SnL2 compounds is
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Figure VIII.3· Occupation numbers, EFG components and QS values for three different
octahedral ttn coordinations (see text).

2 : 1 . The interesting point is, that in deriving this the assumption was made that
the charge transfer from a ligand to the tin is independent of the second ligand
forming a bond with the same tin orbital. This assumption is similar to the idea
169
of partial QS's suggested elscewhere; in the case of oxygen-binding ligands L
the 2: 1 rule is very well fulfilled, while deviations from this ratio observed for
some compounds stress the approximate nature of our assumption.
c) Greenwood et alp have shown that the IS can be taken proportional to the
occupation number of the 5s orbital while the 5p and 5d orbital populations do
not influence the relationship.* In our MO model the 5s orbital is assumed to mix
3

only with the ligand funaion Yg Σ (σ,+ -)- я,—) see section III.2.2). The
1= 1

relationship between the population n(5s) and the average electronegativity of
all six ligands will be qualitatively similar to the relations expressed by the
119
curves in figure VIII.l. As <5R/R is positive for
Sn the IS increases with

* See note in section VIII.l.1
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n(5s) and thus, according to figure VIII.1, with decreasing electronegativity of
the ligands. In this model the symmetry of the complex has no influence on
the IS, which supports Fitzsimmons' discussion of the IS difference between
15e
cis-ph 2 Sn(dtc) 2 and trans-me 2 Sn(dtc) 2 .

VIII.1.3

TIN(IV) DITHIOCARBAMATE COMPLEXES

A.
Introduction.
In this section R 2 Sn(dtc) 2 , RXSn(dtc) 2 , and X 2 Sn(dtc) 2 complexes will be dis
cussed as an example of six-coordinated tin compounds (R = alkyl or phenyl,
X = halogen). These complexes have been described in many p a p e r s , 1 5 3 - 1 5 5 · 1 5 7 " 1 5 9
and many chemical properties have been investigated. All authors agree that the
dtc" ligand is bidentate and hence the tin is six-coordinated. Evidence for this
is found in the IR spectra which show only one C-S band in the 1000 cm - 1
region. 1 5 4 · 1 5 5 There is no agreement with the IR spectra of monodentate dtc that occurs in some ruthenium and rhodium complexes; 7 5 ' 7 6 the C-N stretching fre
quency of the monodentate ligand occurs at 1480 cm - 1 , of the bidentate ligand
at 1520 cm - 1 which is much closer to the experimental value of 1511 cm - 1 for
Cl 2 Sn(dtc) 2 . However, the dtc - may be unsymmetrically coordinated, 74 as is also
found for Sn(dtc) 2 (see section Ш.2.2).
On the basis of nmr measurements it was concluded that in me 2 Sn(dtc) 2 the
methyl groups occupy trans-positions. 155 A cis-geometry is assigned to Cl 2 Sn(dtc) 2
on the basis of dipole measurements in s o l u t i o n 1 5 6 1 5 7 and because of the presence
of two Sn-Cl bands with different intensity in the IR spectrum (in addition this
excludes a tetrahedral symmetry). 1 5 3 · 1 5 4 Assignments of cis- or trans-configuration
reported so far are given in table VIII.l; it is assumed that the geometry of all
dialkyl-complexes is the same, as well as the geometry of all dihalogen-complexes.
The complexes studied have been prepared as described in the literature (see
references in table VIII.l); complexes with a different alkyl group were prepared

3

ι

s

velocity (mm/sec)

Figure VIII.4 Mossbauer spectrum of meJSnidtc)*, measured at Я40К: zero velocity corres
ponds with the center of the BaSnOt spectrum.
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Table Villi.
Mossbauer parameters«) (mm/sec) and Sn-S stretching ¡requenaes
(cm-')) of tin dithiocarbamates

(me)2Sn(dtc)2
(prop)jSn(dtc)f
(i-buJjSnidtc),
(bu)i¡Sn(dtc)í
(ph) 2 Sn(dtc) s
IjSn(dtc)i
Br2Sn(dtc)2
Cl2Sn(dtc)2
F2Sn(dtc)2 d)
(me)ClSn(dtc)j
(bu)BrSn(dtc)2
(ph)ClSn(dtc)2
(bu)BrSn(dtc)s
Sn(dtc)4
SnCmCjdtc),
(ph),Sn(dtc)
(ph)2ClSn(dtc)
(me)2ClSn(dtc)
(me)2BrSn(dtc)
(i-bu)2ClSQ(dtc)
Sn(dtc)2

ISb)

QS

1.51
1.54
1.57
1.56
1.13
1.12
0.95
0.74
0.19
1.09
1.21
1.12
1.27
1.10
1.16
1.30
1.28
1.43
1.45
1.53
3.16

3.04
2.82
2.92
2.91
1.74
0
0
0
0
1.76
1.73
1.66
1.80
0
0
1.71
2.21
2.80
2.82
2.84
0.90

linewitdh
0.97
0.83
0.97
1.14
1.14
1.19
1.42
1.60
2.05

—
—
—
—
1.22
1.25

—
—
—
—
—
—

"So-S 0 »
363.8
370.3
365.2
368.2
374.3
375.5
379.8
382.0

(vSn_s

prep.
ref.

±
±
±
±
±
±
±
±

0.3
1.0
1.0
1.0
0.4
0.8
0.5
0.5

155 trans
(155)
(155)
(155)
154 cis
154
154
153-155 ds

±
±
±
±
±

0.5
1.2
0.5
1.0
0.3

155
(155)
(155)
(155)
153
153
154,158
158
155
155
(155)

—
375.7
373.8
377.0
373.0
379.8

—
—
—
392.2 ± 0.5
391.3 ± 0.4

—
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») The accuracy of the Mossbauer parameters is 0.04 mm/sec. 'ч With respect to BaSnO,.
) IR spectra were measured using a Perkin Elmer 225 spectrometer, at a scan speed of
about 10 cm-' per minute (KBr pellets). d> See Appendix B.

c

in a similar way. In general an alkyltin halide is allowed to react with the desired
amount of sodium dithiocarbamate, on which reaction the required number of
halogen atoms is replaced by dithiocarbamate ligands. IK and Mossbauer para
meters are in agreement with data published elsewhere. 1 5 4 · 1 5 5
B. Results and discussion.
The results of the Mossbauer measurements on the tin dithiocarbamates are
presented in table VIII.1. A typical spectrum (me 2 Sn(dtc) 2 ) is shown in figure
VIII.4. The Mossbauer data of ph 2 Sn(dtc) 2 and me 2 Sn(dtc) 2 have been reported
before.
It is seen at once that these results are in agreement with the general rules for
tin(IV) compounds: the IS increases considerably with covalency, the QS is about
zero if no tin-carbon bonds are present in the molecule, and the QS ratio between
complexes with cis- and trans-geometry is approximately 1 : 2.
The maximum QS of 3 mm/sec is smaller than the QS normally observed for
trans-R 2 SnL 2 complexes with oxygen-binding ligands L (4 mm/sec). This is in
agreement with the larger electronegativity of oxygen with respect to sulfur,
leading to smaller occupation numbers of the tin Sp^.Spj orbitals and accordingly
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to a larger QS In general, if in R 2 SnL 2 complexes the hgands L are changed, the
QS decreased with decreasing electronegativity of these hgands For the dithiocarbamates we may conclude from the QS value that a tin-sulfur bond has more
covalent character than a tin-oxygen bond , 7 1 (In compounds without Sn-C bonds
it has been observed that the small QS observed reflects the differences between
electronegativities of the hgands) 1 7 0 · 1 7 1
IS I mm/sec )

1

\
16

:

b

'

^
»

U
\biiBr
\.ЬиС1

12

• , . ί die, .фсі
meCI*\

10

N-Br,

08

\'
06

OU

\

•

02

4

'|F,I

00
Í.

S

6

Ftgure Ш 5
IS values of Sn(dtc)JiY
negattvtty of the monodentate hgands

1

1

7

β

1

L.

L

9
10
11
X H electronegativity

complexes as a function of the Mulhken

electro

A relationship between IS and electronegativity has been observed before , 7 2 1 " 3
In figure VIII 5 the IS's of the X 2 Sn(dtc) 2 complexes with X = halogen are
plotted against the Mulhken electronegativity γ^ of X The linear relationship
thus obtained was used to derive ¿u-values for monodentate hgands, for which
χι values are unknown For complexes with two different monodentate hgands
it turns out that the IS is proportional with the average ^м It is noteworthy
that the three groups of complexes (see figure VIII 3) fulfill the same linear
relationship. From this one may conclude that the IS is independent of the positions
of the monodentate hgands and thus of the geometry of the complex
Independence of symmetry is also supported by the relation between IS and the
frequency of the tin-sulfur IR band depicted in figure VIII6 The frequency
of the tin-sulfur band depends on the effective charge on the tin atom, which
decreases with increasing covalency of the bonds with the monodentate hgands
and which is independent of the positions of these hgands The proportionality
between IS, vsn-s a n d the average ^м supports the idea of partial IS s However,
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Figure Ш.6. Tin-sulfur stretching frequencies for SnfdtclJCY
of the observed IS values.

complexes as a function

although the IS of SnRCl 5 = is the average of the IS's of SnCl e = and S n R 2 C l 4 =
(1.09, 0.52, and 1.62 mm/sec, respectively 174 ) it is observed that on replacing
more chlorine atoms by alkyl groups the additivity rule does not apply any more.
For Sn(dtc) 4 , in which two ligands are likely to be monodentate, 1 5 3 a group
electronegativity value for the sulfur atom in this monodentate ligand can be
found from the IS — ^л plot : γχ = 7.0. With the aid of this value we can
determine an average ^j[ of all nearest neighbours for the six- and five-coor
dinated complexes in table VIII. 1 and for the probably eight-coordinated 153
Sn(me 2 dtc) 4 . In figure VIII.7 the IS's of all complexes are plotted against this
^м- Again a linear relationship was found, suggesting that the nature of the
atoms directly bound to the tin metal governs the IS.
It is useful to compare the JJM values of alkyl and phenyl groups obtained from
IS and IR data with values that have been derived theoretically. Huheey 1 7 5
found for tetrahedrally hybridized carbon ^м.і = 7.98, which is about the same
as the value for iodine (^.MJ refers to the MuUiken-Jaffé
electronegativity
scale; 176 using ^ц.і values the same relationships between IS and γ_ are found
as for ¿M values); if the charge dependence of χ is taken into account the
calculated JJHJ may change somewhat. The group electronegativity for the methyl
group was calculated to be χ.\υ = 7.37. The values found in this work and those
derived from IR data are considerably lower (for an alkyl group χΆ} = 5.9 ±
0-3 or ХУІ = 5.2 ± 0.4), but they are in agreement with the weak electronegative
character of carbon. The larger χΜ value of the phenyl group (хш = 7.2 ±
2
0.3) can be understood as a consequence of the larger s-participation in the sp
3
177
hybrid orbitals compared with sp hybrid orbitals.
Figures VIII.l. and VIII.3 can be used for predicting the sign of an EFG. For
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Figure ПІ.7. IS values of ttn(lV) dtthiocarbamate complexes, plotted against the average
electronegativity of all ligands. The open circles refer to complexes represented m figure
VUU.

trans-R2Sn(dtc)2 (R = alkyl) the EFG is negative because of the high occupation
of the 5p2 orbital, for the cis-ph2Sn(dtc)2 the EFG then will be positive (see Vzz
in figure VIII.3). Replacing the phenyl groups by more electronegative ligands
such as I, S, Br, CI, and F, in order of increasing electronegativity, the EFG will
decrease, go through zero and then become negative again.
Unfortunately this prediction cannot be checked directly for the halogen com
plexes, since the QS is too small to be resolved. However, the large linewidths
observed on the halogen complexes can be taken as evidence for the presence of
a small QS 1 7 3 increasing with χιι (see table VIII.1).
С Conclusions.
It was shown that compounds with axial symmetry can be described with the
help of group theory, taking into account the covalent nature of tin complexes
and the limited significance of the 5d electrons in the bonding. The EFG0"V was
shown to be responsible for the observed QS, and is brought about by electrons
occupying the 5p orbitals. As far as the EFG is concerned, the 5d orbitals and
л-bonding can be neglected in first approximation.
The exceptional position of carbon in tin Móssbauer spectroscopy has been
ascribed to the very covalent nature of the tin-carbon bond. The IS and QS are
determined mainly by the electron distribution in the tin-ligand o-bonds and the
rest of the molecule has only slight influence. This explains why the IS and QS
parameters of these tin(IV) complexes can be considered as additive quantities.
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VIII.2

TIN(II) COMPLEXES WITH BIDENTATE LIGANDS

It would be interesting to extend the use of the MO model to rin(II) compounds
with D 4 h symmetry. However, in general tin(II) compounds have a very low
symmetry.
178
1
Orgel
considered the excitation to low lying s ^ electron configurations as the
2
main cause for the low symmetries observed in compounds with ns configuration.
Nevertheless we will discuss shortly possible consequences of the MO model for
tin(II) complexes, and thereafter report on our work on tin(II) dithiocarbamate.
Ш.2.1

THE ΛίΟ MODEL FOR TIN(ll)

For an MO description of a tin(II) complex with D 4 h symmetry the MO scheme
for tin(IV) given in figure III.9 can be used. The two extra electrons are then
situated in the anti-bonding A* orbital, in agreement with the oxidation sen
sitivity of tin(II) complexes. Since the bonding and anti-bonding MO's with
5s character are both doubly occupied, the 5s population is large, which explains
the characteristic large IS of tin(II) compounds. Moreover, the 5s population will
be insensitive to the nature of the ligands (cf Eq (3.43)), which is in agreement
with the absence of IS — χχ relationships for tin(II) compounds. In figure
VIII.8 the IS is shown as function of χιι for four halides of tin(II) and tin(IV);
the tin(II) IS is seen to be much less sensitive to ^м variations. Finally, the QS
mm/sec
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Figure V1I1.8. IS's of tin(ll) and tin(lV) halides as a function of the Mulliken electro
negativities of the halogens.
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is expected to obey the same rules as have been observed for tin(IV). Since no
tin(II)-carbon bands occur in compounds known so far, this means that the QS's
of all tin(II) compounds are expected to be small. In spite of the large distortions
from axial symmetry these general conclusions from the MO model are in qua
litative agreement with the experimental results.
In this picture the additional electrons occupy a spherically symmetric MO and
this electron pair will be an „inert pair" rather than a lone pair, which is supported
179
by chemical evidence. This is in contrast with the common point of view, in
165
which the tin(II) is considered to be tetrahedrally hybridized,
a lone pair
occupying one of the four ,,positions".
The assumption that the MO model is applicable to both tin(II) and tin(IV)
complexes enables us to estimate the QS brought about by one electron in a 5p
orbital (cf Eq(3.54)). In tin(II)phtalocyanine, that has approximately D 4 h sym
180
metry,
the 5p z orbital can be assumed to be empty, and hence the EFG is
positive (QS = 1.44 mm/sec). In the tin(IV) phtalocyanine complex with two
carbon atoms located along the z-axis, the resulting QS arises from a negative
EFG which sign is determined by the 5р г population of about unity (see section
VIII.l); this QS is approximately 4 mm/sec. Combination of these two results
suggests that one electron in the 5p z orbital results in a QS of about 5.5 mm/sec.
From the QS's of these tin complexes it can also be concluded that the occupation
4+
of 5p x and 5p v is about 0.25 electronic charge due to the N-»-Sn charge
transfer (cf figure VIII.l).
VIII.2.2

BIS(DIALKYLDITH¡OCARBAAÍATO)TIN(n)

As an extension of the measurements on iron(II) and tin(IV) dithiocarbamates
the tin(II) complex Sn(dtc) 2 was investigated.
A. Experimental part.
Sn(dtc) 2 was prepared by the reaction of ethanol solutions of SnCl2 and the
ligand; the ligand solution was prepared by the reaction of carbon disulfide and
the appropriate amine. 74 The pale yellow complex precipitated immediately after
mixing, and to avoid oxidation all reactions had to be carried out in vacuum as
described in section II.3. By dissolving the complex in a degassed chloroform/
ethanol mixture and slowly evaporating off the solvent, small crystals of Sníet^dtc).,
could be obtained. A crystal structure determination of this complex is underway, preliminary results indicate 181 that the tin is five-coordinated since [Sn(dtc)2]2 dimers are present. The tin-sulfur distances in the monomeric unit are
2.823, 2.521, 2.553, and 2.743 A, and the fifth tin-sulfur distance is 3.841 A.
The distortion of the symmetry around the tin is thus very large.
From the IR spectra it could also be observed that the dtc~ ligands are bidentate;
no bands characteristic for monodentate e^dtc" 7 5 - 7 6 1 5 3 occur in the spectrum.
The low frequency of the tin-sulfur bond (one band at 355 cm"1) is in agreement
with the low oxidation state of the tin; this frequency should be compared with
382.0 cm -1 for Cl 2 Sn(dtc) 2 and 379.8 cm -1 for Snidtc),,. This value is also
reasonable compared with metal-sulfur stretching frequencies found for other
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metal dirhiocarbamates.74 The C-N frequency is significantly lower than that
observed for CI2Sn(dtc)2, viz. I486 cm"1 vs 1511 cm-1. The mass spectrum of
Sn(dtc)2 shows only Sn(dtc)2+ and Sn(dtc)+ fragments at mass numbers higher
than 80. No dimeric species were observed.
When a Sn(dtc)2 solution in chloroform is exposed to air, oxidation takes place
rapidly. The Mössbauer spectrum of the oxidation product shows a broad band
between 0 and 1 mm/sec, the IR spectrum contains all Sn(dtc)4 peaks. We suggest
O,
that on oxidation tin(IV) oxide is formed according to 2 Sn(dtc)2 •=>·
Sn(dtc)4 -|- Sn0 2 . When dry, the tin(II) complex is oxidized very slowly.
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Figure VIH.9. Mossbauer spectrum of SMmeJtc), (peak positions with respect to BaSnO,).
The presence of some oxidized species can be seen.

B. Discussion.
The IS of Sn(me2dtc)2 and Sn(et2dtc)2 is 3.16 mm/sec, the QS of both com
plexes is 0.90 mm/sec. The IS lies in the range normally observed for tin(II)
compounds (cf SnS : IS = 3.42 mm/sec).165 The reasons for the small QS were
discussed above. As shown in figure VIII.9 some asymmetry in the spectrum is
observed, which is still under investigation. This asymmetry seems to be due to
a Goldanskii-Karyagin effect (see section III.4). This is, as far as we know, the
first time that asymmetry has been observed in the spectrum of a tin(II) complex.
Attempts have been undertaken to measure the Mössbauer spectrum of tin(II)
complexes with Schiff bases and other ligands mentioned in chapter VI. However,
though on preparation in vacuum always a precipitate is formed,182 with Mossbauer parameters similar to the ones of Sn(dtc)2, the products could not be
characterized sufficiently to allow conclusions concerning IS and QS data. Tin(II) nitrogen bonds occur only in a few compounds.183
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IX.

CONCLUSIONS A N D SUMMARY

In the theoretical section it was shown that the Mössbauer parameters are
governed by the occupation numbers of the AO's of the central atom. If the
structure of a molecular complex is known the АО populations can be calculated
by means of an MO procedure. For complexes of high symmetry, but with not
completely known structure, the occupation numbers can be found with the use
of a crystal field model introducing afterwards the covalency effects in a qua
litative way.
An Extended Hiickel calculation has been carried out for Fe(dtc) 2 Cl, where the
QS in a purely ionic CF model is expected to be zero, while actually the QS is
very large. It was shown that this discrepancy can be explained by covalency
effects occurring mainly in the o-bonds. This complex is suitable for an LCAOMO calculation, since the influence of spin-orbit coupling and thermal excitations
can be neglected due to the low symmetry. Comparing these results with the
results for an iron(II) complex with the same geometry, it was shown that the
IS is changed on going from iron(III) to iron(II) due to the variation of the 4s
orbital population as well as of the 3d occupation. Also the QS found for this
iron(II) complex is in reasonable agreement with the QS observed for the fivecoordinated [Fe(dtc) 2 ] 2 .
In general the orbital populations can be expressed in terms of covalency factors
with the help of group theory. We have illustrated that for tin(IV) compounds,
for which EFG 1 0 " = 0, the general trends in the Mössbauer parameters can be
qualitatively described by means of an MO scheme. A simple MO description of
one tin-ligand bond showed the relation between the QS and the electronegativity
of the ligands.
The relationships between IS and the electronegativity of the ligands and
between the QS's of cis- and trans-R,SnX 4 complexes (R = alkyl, X is another
ligand) can be understood if one assumes that each tin-ligand bond is only
slightly affected by the rest of the molecule. The dtc-complexes investigated
support the idea of partial IS's and QS's. The influence of л-bonding can be
neglected. Some general features of the parameters of tin(II) compounds can be
rationalized with the same MO model.
In the case of divalent iron EFG' 0 " ^= 0, which makes the situation considerably
more complicated. Only in a series of compounds with the same nearest neighbors
of iron, so that variations in IS and QS can be ascribed to small changes in
110

covalency, could an IS-QS relationship be observed. The temperature depen
,on
dence of EFG gives information about the symmetry distortions around the iron.
For all high spin iron(II) compounds the IS is characteristically large (1.15 - 1.60
mm/sec). The IS depends mostly on the nature of the atoms bound directly to
the central atom, and for tin(IV) and iron(II) compounds the IS is proportional
to the electronegativity of the ligands and changes in the order of the nepheIS ( mm/sec ] IB
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Figure IX.1. IS and QS parameters of high spin tron(II) compounds. In (a) the solid
circles represent the data given m chapter VI, the open circles represent data for other
neutral six-coordinated iron(II) chelates, taken from ref. 185 and 186. In (b) the para
meters of all other iron(II) compounds are collected, taken from ref. 185-199 and from
chapter V. Closed squares represent compounds with four- or five-coordinated iron, open
squares represent ferrous salts, and open circles indicate various types of six-coordinated
tron(II) compounds. Parameters given in ref. 200 are not shou n, since the IS is said to
increase with increasing temperature. If only room temperature measurements are reported,
IS values have been increased by 0.1 mm/sec to account for the second order Doppler shift.
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lauxeric series С, Se, S, Ν, O, F (only ligands with mainly o-bonding are given
here). This means also that the difference normally made between iron salts and
iron complexes or chelates does not necessarily reflect a different degree of
covalency in the metal-ligand bond. The iron can be just as covalently bound
in a salt as in a complex; only stability, solubility, oxidation potential, etc. are
different for these two groups, but these properties are mainly determined by
intermolecular interactions. In the case of the tin(IV)dithiocarbamates the ob
served relationship between IS and the average electronegativity of the ligands
is almost linear.
Although the QS's of high spin iron(II) compounds vary over a wide range and
the QS is sensitive to chemical changes in a molecule, no relationship between
the type of ligand and the QS of a complex has been observed. In figure IX.la
the IS and QS values of neutral high spin iron(II) chelates are shown; it was
concluded that all chelates with N-,0-binding ligands studied in this work con
tain six-coordinated iron. In figure IX.lb most known values for all other high
spin iron(II) compounds are shown. It is clear that the range of QS's of neutral
six-coordinated iron(II) chelates is rather small, while no difference between
bidentate and polydentate ligands is observed. It was concluded that in these
neutral chelates a strong axial distortion occurs, and that the monodentate ligands
are weaker than the bidentate or polydentate ones (cf. section VI.4). The QS's
of Fe(i-propsal) 2 and Fe(t-busal) 2 do not fall in the range that is characteristic
for neutral chelates (2.0-2.9 mm/sec), which was ascribed to sterical hindrance.
From figure IX.lb it is also seen that the IS tends to decrease with decreasing
coordination number, and that no general IS-QS relationship occurs due to the
large QS variations for all types of compounds.
The QS has been shown to be unpredictable in complexes with bidentate ligands
in which counterions occur, like РеЬ л "К + . Even if the geometrical deviation from
octahedral symmetry is small, the QS may be large, since it is very sensitive to
small deviations from spherical symmetry. Therefore we conclude that from the
observed QS's of six-coordinared high spin iron(ll) compounds no direct con
clusions can be drawn about the positions of the ligand atoms surrounding
the iron.
Several iron(II) chelates were reported that have not been described before. A
vacuum technique was used for the preparation of these compounds. In many
chelates the occurring six-coordination is a consequence of polymerization. The
polymerization process could be influenced by the experimental conditions, but
this did not change the direct environment of the iron markedly. Polymerization
may also be responsible for the failure of attempts to prepare crystals or
to change the molecular structure by doping a chelate of another metal with
57
1B4
Fe-chelate.
The six-coordination in iron(II) chelates is also suggested by the
electronic d-d spectra, recorded in the solid state. However, in the spectra of
chelates with tetradentate ligands the splitting in the spectrum has to be assumed
to be unusually large.
For conclusions concerning relaxation effects, solvation effects, polymerization
of Fe(dtc) 2 , and oxidation reactions of the airsensitive iron(II) chelates, we refer
to the sections in which these subjects are reported.
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APPENDIX A

THE INFLUENCE OF COVALENCY ON THE RADIAL 3cJ WAVL FUNCTIONS
1. o- AND л-BONDING
The most commonly occurring nearest neighbors of iron in high spin compounds are N,
O, F, S, CI, Br, and I, this order being gi\en by the spectrochemical series Since the
elements at the right side of this row act like π-donors due to filled л-bondmg orbitals,
the MO scheme in figure III 3 has to be extended by л bonding effens In the order given
above the degree of .-r-bondmg increases, but in general the covalency in the σ bonds
increases also (see the nephelauxetic series F, O, N, Cl, Br, S, I; Iherefore on replacing
a ligand or on changing an iron-ligand distance both a- and л-bondmg are expected to
change in a similar way The effect on the LFG of the ligand—(-iron transfer via the лbonding orbitals can be described similarly as for о bonding (see Eq (3 45)) This means
that the л-donor properties of a ligand increase the total 3d population, but reduce the
EFG, since most charge is transfered into the highest-lying л orbital, giving a more
spherical charge distribution As has been pointed out in section III 4, changes in the
3d density by σ-bondmg have only a minor effect on the IS compared to the effect of
changes in the population of the rr-bonding 4s orbital From the low IS s of the ferrous
halides we conclude that this is still the case if л-bonding occurs Thus the IS will decrease
according to the nephelauxetic series, while the QS is reduced by о and л-covalency both
3

2. VARIATIONS OF < i - >
In section III 3 it was mentioned that as a consequence of covalency all АО s of the central
atom expand Therefore an MO calculation should be used with variable radial functions
However, since we want to describe IS and QS by as few parameters as possible, we have
assumed that the effects of radial expansion (which reduce the QS and in the case of iron
increase the IS in first order) can be neglected in comparison with E F G i m and the effect
of covalency on n(4s) For the interpretation of our measurements no extra variable
describing АО expansion was needed, the correction factor a' in Eq (3 53), which is
applied afterwards on the calculated EFG, was shown to be a minor contribution to the QS.
Futhermore a2 can be considered as a constant in complexes with ligands of comparable
electronegativity ^
A completely different approach is given by Hazony,4 who ascribes QS variations mainly
to variations of the < r - 3 > value for the iron t J ( t orbitals In this crystal field model
EFG1-»4 is not taken into account The reduced < r ' ^ j , , values, that are obtained
directly from the observed QS, are also used for rationalizing results from other techniques
However, the resulting differences between the < r 3 > values of tj^ and e K orbitals
turn out to be very large For example, in Feidtc), <i—,>t.>Ä = 0 75 a u , - 0 1 and
<r- 3 >(. p (Fe(III)) > < г - 3 > е к ( Р е ( І І ) ) > 5 1 a u , since the eK orbitals are assumed to
be contracted The corresponding increase of < ! r > on going from an e,, to а г,в orbital
is more than 80 % Such a change seems improbable considering the fact rhat the
molecular volume of Fe(dtc)| decreases by 0 7 % when two electrons are transfered from
the e B (high spin) into t 2 K (low spin) orbitals, which is ascribed to a decrease of the Fe-S
bonds by 0 07 A 6»
Hazony used the <r- 3 >t_„ r values obtained from QS data to derive the magnetic field Η, ,
which is brought about by the s-electron spin density at the nucleus due to core polarization
by the unpaired 3d electrons 2 0 2 For strongly covalent compounds it was suggested that H c .
becomes positive due to the large АО expansion This is in aqretment with calculations of
Watson and Freeman, 2 0 1 who however considered the required expansion unrealistic
Moreover, especially in mainly covalent compounds H, cannot be calculated usini; an
expression based on the crystal field approach (cf chapter IV)
From the MO scheme in figure III 3 it is clear that by the mixing of a singly occupied
metal orbital and a doubly occupied liçand function a net charge transfer occurs onto the
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metal, while spin density is transfered in opposite direction This spin delocalization
should result in a reduction of the core polarization of the inner shells, but no conclusion
can be drawn from this with certainty because of the effect of the 4s density originating
from the ligands

3.

APPLICATIONS OF THE LCAO-MO MODEL ON RESULTS OF OTHER
TECHNIQUES
Electronic spectra.
The reduction of the interelectronic repulsion parameter β, that can be measured ex
20 1
perimentally, is a consequence of covalency J0rgensen ' ascribed this reduction, due to
electron delocalization, to metal-hgand interaction and to radial АО expansion (central
field covalency) However, in estimating the influence of radial expansion a two-orbital
MO model was used for describing metal ligand interaction, more sophisticated MO cal
culations using fixed AO's can account rather well for the observed reductions of β
Neutron form factors
Neutron scattering experiments give an impression of the spatial distribution of the
unpaired electrons, and therefore may be very useful for studying radial expansion
205
Hubbard and Marshall
have explained the results of neutron scattering experiments by
using simple MO theory for a chain of ligand metal ions forming an antiferromagnet
4
06
The observed contraction of the e,, spin density of N i - in NiO - and the u^ spin density
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of СГ+++ in CrjO,
is shown to be in agreement with the change from a metal АО into
an anti-bonding MO as a consequence of covalency The apparent contraction of the spin
density is shown to be due to the cancelling of spin densities transferred from two
neighboring metal ions to each ligand ion (and does not reflect orbital contraction, as
Hazony 4 assumed) This simple picture, representing a net charge transfer inward and net
spin transfer outward, has been verified by the calculations of Ellis et alím for NiF e 4 However, for MnF n 4 , having unpaired e, and t¿ electrons, an apparent expansion of the
spin distribution has been observed21"1. Freeman and Lilis210 ascribed this rather to a real
orbital expansion (due to the formation of ' bridges' between p-orbitals of different F
ions) than to admixture of fluorine density At this moment it is not clear why this effect
could be neglected in other compounds discussed
However, apart from MnF e 4 , an LCAO MO description can be used for a qualitative
calculation of the spin densities The different direction of spin and charge transfer in
this model emphasizes that the spin distribution is not directly related to the EFG or QS

APPENDIX В
EXPERIMENTAL SECTION
The preparation procedures of all complexes studied have been discussed in chapters
V-VIII or have been reported in the literature In this appendix the results of elemental
analyses are given and the problems in preparing some of the complexes will be mentioned
For the preparation of all complexes the starting materials (ferrous sulfate and the ligand)
were used in stoichiometric amounts Water was used as a solvent and if necessary a small
amount of ethanol was added for dissolving the ligand All ligands are commercially
available or can easily be prepared from chemicals that are commercially available, the
sodium salt of most ligands was prepared by the reaction of a concentrated aqueous sodium
hydroxide solution with an ethanol solution of the ligand In all preparations a precipitate
is formed immediately after mixing the starting materials, purification proceduces are
described in section II 3 Sn(dtcb could be obtained in crystalline form by evaporating a
chloroform/ethanol solution in the absence of air
The results of elemental analyses are given in table В 1 During the analyses all samples
are exposed to air, so that most iron(II) chelates were oxidized In column a) a correction
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factor is given that was applied on the C, H, N, percentages found experimentally, to obtain
optimal agreement with the theoretical percentages (eg 3 % means that the 'exp " C, Η, N
amounts were obtained by multiplying the analyses results by 1 03) In many cases the
oxygen taken up during oxydation justifies this correction However tor several samples
(not shown in the table) this correction turned out to be considerable, although the Mossbauer spectrum is the same as for samples represented in the table This means that in
these cases no other iron compound was formed and no decomposition of the ligand had
taken place Therefore the enclosure of small amounts of Na,S0 4 may be responsible for
too large correction factors
Now for each section some experimental details will be discussed shortly
VI.l. As was mentioned in this section, the analyses of the FeLjMj complexes with M =
РФ>Руг>еп,ЫНз posed many problems On oxidation M may be replaced by oxygen (e g
analyses of Ре^Ьт)^(ЫН л )_, show a composition corresponding with Fefdbm),), and M
is easly removed anyway (see e g b) in the table, where the results are adjusted to a 9 %
loss of pyridine in this sample) No explanation was found for the considerable corrections
needed to rationalize the analyses of Ре(асас)^ ( > 10 % ) , in contrast with results for

Ре(аЬт)г.

VI2
Analyses of the pyr-adducts sometimes showed the С Η N ratio required for
Fe(Rsal) 2 (pyr) ) , but in many samples the amount of pyridine was higher or lower Many
samples of the Schiff base chelates Fe(Rsal) 2 also showed the correct С Η N ratio, while
an adjustment was needed for obtaining the theoretical percentages, the magnitude of this
correction did not influence the Mossbauer spectrum (see above)
It has been mentioned in section VI 2 that partial decomposition into Fe(sal)_,(H_,0), was
observed many times This reaction can rationalize the elemental analyses completely,
consider as an example the data for Fe(phsal), (d) in table В 1) the results given were
obtained by assuming 29 9? decomposition in this sample Difficulties mainly occurred
for R = ph (formation of the sal-complex), R = t-bu, R = H (which was not further
investigated), and R = OH ( = salicylaldoxime, this complex could m t be prepared
without the formation of iron(III) products, which means that decomposition takes place)
It is remarkable that all failures show up in the Mossbauer sprectra a large IS is ob
served, suggesting a Fe/O,, coordination, e g Fe(salicylaldoxime), IS = 156, QS = 2 53,
and a second site sometimes observed in Fe(t-busal)_, samples IS = 1 53, QS = 2 56
(mm/sec).
In samples of Fe(Rsal)j water is removed completely by drying, an Η,Ο analysis gave as
a result 0 25 % water in Fe(i-propsal), (c))
VI 3
In preparing chelates with tetradentate Schiff bases the same problems can occur that
were mentioned above for Fe(Rsal) > The m-phensal, p-phensal, and hexensal chelates could not
be prepared satisfactorily, and the observed IS values of about 1 50 mm'sec (see table VI 3)
confirm that no Schiff base complex was formed The analyses of chelates with tetradentate
ligands is complicated by solvation effects, as e g the presence of en in Fe(ensal), and
of water in Fe(o-phensal) (in the latter complex a water analyses indicated 1 20 HoO
per iron atom (e))
VII
The analyses of the Feidtc), - complexes are satisfying, and the correction used is
mainly due to oxygen taken up on exposure to air Like for Fe(acac),, analyses of NaFe(acac), samples indicate the absence of solvent or of decomposition, but all percentages
found are generally more than 10 % too low The preparation method is quite reproducible
VIII The preparation methods of the tin(IV)dithiocarbamates were described elsewhere,
except for F_,Sn(dtc)2 This complex (prepared from SnFj and Na(dtc)) ¡»ave good Mossbauer and IR results, but could not be purified without decomposition Attempts to
replace iodine in I 2 Sn(dtc) 2 with the help of AgF were unsuccessful
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H

С

[FeCetjdtc),]^
[Fe(me 2 dtc)j],0
tFe(phjdtc) 2 ] 2 0
Fe(buxci)2
Fe(i-propsal)jCl

Fe(dtc)2a
Fe(MNT)ä(Et4N)
Fe(acac) 2 .ï.5H»0
Fe(acac) 2 (pyr) 2 b)
Fe(dbm) ä (H 2 0) 2
Fe(dbm) 2 (en)
Fe(dbm) 2 (pip) 2
Fe(dbm) 2 (pyr).
[Fe(dbm) 2 ] n
Fe(sal) 2 (H 2 0) 2
Fe(mesal) 2
Fe(etsal) 2
Fe(propsal) 2
Fe(busal) 2
Fe(i-propsal) 2 c)
Fe(i-busal) 2
Fe(phsal) 2 d)
[Fe(ensal)] 2 0
[Fe(ensal)(%en)] 2 0
[Fe(ensal)] 2 0 recryst.
Fe(prensal)
Fe(bensal)
Fe(o-phensal)(H 2 0)
[ Fe (o-phensal ) ] 2 0
(Et 4 N)Fe(dtc) 3
(Bu 4 N)Fe(dtc) 3
(Ph 4 P)Fe(dtc)3
Sn(dtc) 2
(prop) 2 Sn(dtc) 2
Table B.l.
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N

exp.

theor.

exp.

theor.

exp.

theot.

a)

33.33
23.93
56.01
33.29
57.86
30.56
41.49
42.92
57.64
66.61
68.73
63.76
72.36
70.54
50.70
59.82
61.18
62.76
64.8-'
62.99
64.81
70.80
57.95
57.04
58.08
58.12
60.21
61.93
63.13
43.54
49.96
55.54
28.66
38.71

33.33
23.68
56.50
33.88
57.78
30.90
41.20
42.73
58.27
66.90
68.09
64.05
72.07
71.13
50.40
59.28
61.38
63.17
64.76
63.17
64.76
69.66
58.19
57.01
58.19
60.74
61.73
61.85
63.69
43.79
50.10
55.76
28.92
38.33

5.67
3.96
3.89
5.19
5.78
5.19
4.34
6.11
5.89
4.79
5.38
6.30
5.03
4.53
4.38
4.90
5.76
6.21
7.13
6.28
6.87
4.45
4.22
4.71
4.32
4.81
5.32
4.08
3.95
7.72
8.96
6.01
4.67
6.54

5.59
3.98
3.64
5.12
5.82
5.20
4.32
6.10
5.87
4.86
5.71
6.22
5.42
4.41
4.23
4.98
5.72
6.36
6.91
6.36
6.91
4.50
4.28
4.50
4.28
4.80
5.18
4.12
3.73
7.99
8.95
6.00
4.85
6.83

7.67
9.29
4.86

7.77
9.21
5.06

3%

—

—

1%
3%

—

—2%

6.68
6.99
15.06

6.74
7.21
15.01

—

6.87

6.80

—

—

4.93
4.09
4.24

4.96
3.93
4.20

—
—

—
—

8.32
7.86
7.51
6.73
7.43
6.73
6.11
8.62
.0.58
8.64
8.70
8.41
7.25
7.55
9.09
7.56
5.14
6.57

8.64
7.95
7.37
6.86
7.37
6.86
6.25
8.49
11.73
8.49
8.33
8.00
7.22
7.41
8 88
7.54
5.00
6.75

—

Results of elemental analyses, a) — e) see text.

3%
—2%

9%
4%
1%
4%
3%
2%
3%

5%
3%
—2%
1%
5%
4%
4%

APPENDIX С
SOME ABBREVIATIONS i
LXM
R alkyl,

ftgure
IV. 1
VI.5
VI. 1
VI1
VI 1
VII
VI1
VI9
VI9
Vili
Vili
VI. 11
VI. 11

eg

etjdre- or dtcRjdtcRsal- H+
sal- H*
aca<r H+
dbm- H+
bza<r H*
hydrac- H+
ensal= Hj*
o-phensal= H2++
m-/p-phensal= H2++
prensal=Hi«
bensal= Н г «
hexensal= Н г «acpyr
pip
en
R4N+

rae
et
prop
bu
i-prop
i-bu
t-bu
ph

SYMBOLS
bidentace univalent ligand
monodentate univalent ligand
monodentate neutral ligand
methyl
ethyl
n-propyl
n-butyl
i-propyl
i-butyl
t butyl
phenyl
N,N-diethyldithiocatbamate
N,N dialkyldithiocarbamate
N-alkylsahcylaldimine
salicylaldehyde
acetylacetone
dibenzoylmethane
benzoylacetone
o hydroxyacetophenone
N,N' ethylenebis sahcylaldimine
N,N' o-phenylenebis-salicylaldimine
NJV -p-phenylenebis-sahcylaldimine
NJSJ'-propylenebis-sahcylaldimine
N.N'-butylenebis-salicyladimine
N.N'-hexylenebis-sahcylaldimine
acetate
pyridine
pipendine
ethylenediamine
tetraalkylammonium ion
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SAMENVATTING
In dit proefschrift zijn een aantal molekulaire komplexen bestudeerd met behulp
van Móssbauerspektroskopie. Het voornaamste probleem bij de interpretatie van
Móssbauerparameters is een passende beschrijving van optredende kovalentieeffekten; voor dit doel werd een „molecular orbital" model gebruikt. De berekening van de elektrische veldgradient laat zien dat de bezettingsgetallen van de
atomic Orbitals van het Mössbaueratoom de doorslag geven voor de grootte van
kwadrupoolsplitsing (QS) en isomer shift (IS). In enkele gevallen kunnen deze
bezettingsgetallen semi-kwantitatief berekend worden, zoals is aangetoond in
hoofdstuk IV. Voor een meer algemene toepassing werden met behulp van groepentheorie de bezettingsgetallen uitgedrukt in kovalentiefaktoren. Aldus bleek
met name in het geval van tin(IV) een konsistente beschrijving van de waargenomen parameters mogelijk. De situatie voor tweewaardig ijzer, dat ook zonder
kovalentie een QS vertoont, is gekompliceerder, al geeft hier de temperatuurafhankelijkheid van de QS informatie over de symmetrieverstoring in de omgeving van het ijzer.
Aanvankelijk werden high spin ijzer(II)verbindingen geprefereerd, omdat IS en
QS in dit geval groot zijn en gevoelig voor chemische variaties. Al spoedig bleek
dat eerder gerapporteerde spektra van ijzer(II)chelaten in feite oxidatieprodukten
betroffen, en Móssbauerspektroskopie bleek een geschikte methode voor het vinden van reproduceerbare bereidingsprocedures voor de luchtgevoelige ijzer(II)chelaten. Ongeacht de struktuur van de ligand bleek het ijzer in deze high spin
verbindingen vrijwel steeds zesgekoordineerd re zijn, hetgeen vaak polymerisatie
impliceert. Tengevolge van de aanzienlijke axiale verstoring liggen de QS's van
chelaten in een beperkt gebied. De IS neemt toe met de elektronegativiteit van de
atomen die rechtstreeks aan het ijzer gebonden zijn. Bij de overgang van komplex
of chelaat naar een ijzerzout blijkt de kovalentie in de ijzer-ligand banden vrijwel
kontinu af te nemen. De veronderstelde zes-koordinatie wordt ook gesuggereerd
door de in de vaste fase opgenomen d-d elektronenspektra. Met behulp van de
toegepaste vakuumtechniek konden nieuwe typen ijzer(II) komplexen met bidentale liganden worden gesynthetiseerd.
In tin(IV)dithiocarbamaten is de relatie tussen IS en de gemiddelde elektronegativiteit van de liganden vrijwel lineair. De mate van kovalentie in een tin-ligand band
is niet erg gevoelig voor de situatie in de rest van het molekule. Derhalve kan de
IS en QS in deze komplexen worden opgesplitst in een aantal partiële IS's en QS's.
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I
In Goldings beschriiving van kovalentie-effekten op de kwadrupoolsplitsing wordt de belangrijkste bijdrage, t.ν. de kovalcntie in de
sigma-banden, verwaarloosd.
R.M. Golding, F. Jackson en C. Sinn, Theoret. Chira. Acta Г5, I2J (1969).

II
De afwijkende Mössbauerparameters die gerapporteerd ziin voor iizer(II)
chelaten met Schiffse basen geven aan dat in feite oxidatieprodukten
werden gemeten.
Zie bv. E. Fluck in "Chemical Applications of Mössbauer Spectroscopy",
ed. V.l. Goldanskii en R.H. Herber, Academie Press, New York (1968), p. 268.

III
In vrijwel alle high spin chelaten met bi- en tetradentale liganden, die
koordineren via stikstof en/of zuurstof, is ijzer(II) zesgekoordineerd,
eventueel als gevolg van polymeervorming.

IV
Ue karakterisering van een iizer(II) verbinding als zout of komplex
betekent niet dat de ijzer-ligand binding dan zonder meer als respektievelijk
ionogeen of kovalent kan worden aangemerkt.

V
De trends in Mössbauer spektra van tin(IV) verbindingen kunnen beschreven
worden zonder gebruik te maken van de invloed van 5d--orbitals, pi-binding
en ladingen op de liganden.

VI
Hazony's konklusie dat bij toenemende kovalentie de sigma-bonding orbitale
in overgangsmetalen kontraheren, berust op een onjuiste interpretatie
van resultaten verkregen uit neutronen verstrooiingsexperimenten.
Y. Hazony, Phvs. Rev. (В) 2» 711 (1971).

VII
Ten onrechte nemen Bancroft et al. aan, dat in ijzerverbindingen met D..
чп
symmetrie de bijdrage die de liganden in het XY-vlak t.g.v. kovalentie
leveren tot de bezetting van een 3d 2_ 2 orbital slechts driemaal zo groot
is als de bijdrage tot de 3d 2-bezetting.
G.M. Bancroft, M.J. Mays en B.E. Prater, J. Chem. Soc. (A) 1970, 956.

Vili
Vooral bij vrij hoge symmetrie is het niet realistisch bij een berekening
van de kwadrupoolsplitsing de invloed van spin-baan koppelinp buiten
beschouwing te laten, hetgeen twijfel doet rijzen aan de bruikbaarheid
van het resultaat verkregen door Ganiel.
U. Ganiel, Chem. Phys. Letters 4, 87 (1969).

IX
Dat in bis(diselenocarbamato)zilver(II), ingebouwd in een gastheer met
vlakke struktuur, de maximale komponent van de g-tensor niet samenvalt
met de maximale komponent van de hyperfijnsplitsingstensor, kan toegeschreven worden aan de invloed van de seleenatomen op de g-waarden, en
hoeft niet te duiden op afwijkingen in de voor een vlak komplex verwachte
elektronenstruktuur.
R. Kirmse, W. Windsch en E. Hoyer, Z. Anorg. Allg. Chem. 386, 213 (1970;.

X
Dat de kosten van een akademische opleiding bestaan uit kollegegeld
en kosten van levensonderhoud, is historisch bepaald. In plaats hiervan
zou een afgestudeerde in de kosten van zijn studie kunnen bijdragen in
een mate die afhankelijk is van de werkelijke kosten van de desbetreffende
studie en de daar rechtstreeks uit voortvloeiende baten.

XI
Een differentiatie qua niveau en moeilijkheidsgraad in overeenkomstige
opleidingen aan verschillende universiteiten kan de meest kapabele
studenten extra stimuleren, het aantal afvallers op natuurlijke wijze reduceren,
de nagestreefde aansluiting met het hoger beroepsonderwijs vergemakkelijken,
en de efficiency bij het wetenschappelijk werk vergroten.

XII
Gemeten naar het aantal medewerkers en de voor zijn taak beschikbare
middelen is een lid van de Tweede Kamer vergelijkbaar met funktionarissen
die in een bedriif een duidelijk ondergeschikte funktic bekleden.

Nijmegen, 10 maart 1972

J.L.K.F, de Vries

PROMOTOR: Prof. Dr. E. DE BOER
CO-REFERENT: Dr. J. M. TROOSTER

